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Preface

This thesis is divided into two parts. Part 1 focuses on different clay-carbon hybrid
materials for diverse applications. Part 2 deals with gas permeation and separation through

layered material membranes.

Chapter 1.1 briefly introduces layered materials with emphasis on clays and their hybrid
materials for multifaceted applications. Use of aminoclay and laponite in hybrid materials
is discussed in detail in this chapter as these are the clay materials used in this thesis.

Chapter 1.2 presents a new strategy to disperse reduced graphene oxide (RGO) in water
by aminoclay- RGO hybrid. The hybrids were synthesized by in-situ synthesis of
aminoclay over graphene oxide (GO) followed by reduction with hydrazine hydrate. The
resultant hybrids are stable in aqueous medium even at concentrations up to 7.5 mg
RGO/mL. The hybrids are amphiphilic in nature and show simultaneous adsorption of

Cytochrome C through hydrophobic interaction and DNA through electrostatic interaction.

Chapter 1.3 discusses the water dispersion of clay-fullerene hybrids. In this chapter we
show Fullerenes, otherwise insoluble in aqueous phase, while being immobilized in an
inorganic clay matrix (Laponite) can be dispersed in aqueous phase. We have also
demonstrated that the Laponite- fullerene hybrids can quench dithiacyanine dyes
embedded on the clay surface by ground state charge transfer.

Chapter 1.4 describes synthesis and application of clay-carbon hybrids for CO> capture.
Self-assembly of laponite and aminoclay has been used to create a laponite-aminoclay
hybrid and then carbonized under nitrogen atmosphere to achieve clay-carbon hybrids.
These hybrids show high uptake of CO> due to their hierarchical porous structure and low
diffusion length.

Chapter 2.1 briefly introduces the concepts of membrane based gas separation. The
history and main mechanisms of gas separation through membranes are discussed. H2/CO-
separation through different porous membranes such as silica, zeolite and metal organic

frameworks have been discussed in detail.
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Chapter 2.2 discusses gas permeation through graphene oxide membranes. The huge
increase in permeability (Up to 20 times) was demonstrated by formation of oxygen rich
and graphitic domains on GO surface without sacrificing their selectivity. The performance
of such membranes in H2/CO> separation compared to previously reported membranes was

investigated and found to be well above the upper bound of polymeric membranes.

In Chapter 2.3 MoS, membranes were investigated for their gas permeation properties and
efficiency of Ho/CO; separation. It was found that these membranes show high H2/CO;
separation at very high H> permeability. Thermal stability of the membrane and the effect
of phase transition of MoS, from 1T to 2H phase on gas permeability and H2/CO-
separation was investigated by heating the membranes at different temperatures. The MoS>
membranes were found to be thermally stable up to 160 °C and a significant increase in gas

permeability was observed.
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PART 1

Chapter 1.1. Introduction to clays and clay based hybrid materials.

Chapter_1.2. Amphiphilic Aminoclay-RGO hybrids: A simple strategy to disperse high

concentration of RGO in water.

Chapter 1.3. Highly water dispersible clay- Fullerene hybrids: Surface mediated quenching
of cyanine dyes.

Chapter 1.4. Clay- Carbon hybrid materials for CO2 capture.






Chapter-1.1

Introduction to Clays and Clay Based Hybrid Materials

Summary:

This chapter gives a short introduction about clays and clay based hybrid materials.
Their structure and classification are described in brief. Several examples of clay based

(mainly aminoclay and laponite) hybrid materials are discussed.

NH2NH, NH,NH,

NH2 NH2 NHzNHZ







Clay based hybrid materials

1.1.1. Clay:

The term ‘clay’ can be interpreted in many ways depending on the point of view of the
interpreter. Geologists, mineralogists, soil scientists and chemists approach clay from
very different perspectives. Historically the term ‘clay’ was referred to soil fraction of <
2 nm in size irrespective of their crystallinity and composition. A more recent definition
of clay is much more precise. According to Encyclopaedia Britannica, clay or clay
mineral is referred to very fine mineral fragments or particles (< 2 nm) composed
mostly of hydrous layered silicates of aluminium, though occasionally containing iron,

alkali metals or alkaline earth metals.(1)

The usage of clay in human civilization dates back to antiquity. The first known
application of clay in prehistoric times was as clay bricks. Even in the ancient
civilizations of Cyprus and Greece clays were used as bleaching material and as soaps
for removing grease and stains 5000 years ago. Mankind has come a long way from
then regarding the applications of clays. In modern civilization clays find their use in a
tremendous number of places. From toothpaste, pencils (laponite), paint and plastic
additives (kaolinite), household ceramics (kaolinite) to the cores of dams or as a barrier

against toxic and radioactive leakage (bentonite) clays are literally everywhere.
1.1.1.1. Structure of clay:

The essential features of hydrous-layer silicates (clay minerals) were revealed by
various scientists including Charles Mauguin, Linus C. Pauling, W.W. Jackson, J.
West, and John W. Gruner through the late 1920s to mid-1930s. Clay minerals mostly
consist of two types of sheets- tetrahedral and octahedral.(Figure 1.1.1) Tetrahedral
sheets contain silicate layers of composition Si4Oo, where SiO4 tetrahedrons are linked
with one another via oxygen atoms by sharing three corners of each tetrahedron in a
hexagonal mesh pattern to form the basal plane. The remaining apical oxygens are
shared with another layer of cations forming octahedral sheet. The octahedral sheets
have cations (usually magnesium or aluminium) that are coordinated with six oxygen
groups. These octahedrons are joined with each other by sharing the edges, thus
forming an octahedral sheet. Natural minerals made up with only octahedral sheets are
gibbsite [Al(OH);] and brucite [Mg(OH);]. In gibbsite, only two third of the octahedral

positions are filled with aluminium, therefore clay minerals based on this structure are



Chapter 1.1

called dioctahedral. On the other hand, in case of brucite all the octahedral positions are

occupied, therefore clay minerals based on this structure are called trioctahedral.(2)

(a) _ A _ /J\ A

X

Tetrahedral
Octahedral

Tetrahedral

Figure 1.1.1: A clay structure comprised of tetrahedral and octahedral sheets. Silicate
[SisO1]* tetrahedral sheet in (a) top view and (b) side view, and a clay octahedral
sheet in (c) top view and (d) side view. The [Al;015]**" dioctahedral top view is shown
in (c); a [MgsO1,]*** trioctahedral top view would show a continuous sheet of

octahedral units. Adapted from ref (2)

There can be partial substitution of Si (IV) in the tetrahedral sheet by trivalent ions such
as Al (IIT), which can cause negative charge in the clay structure. But in most of the
cases (except mica) this substitution is quite small. Substitution of cations in octahedral
sheets are more common. In dioctahedral sheets most common substitution is Mg (II)

for Al (III) whereas in trioctahedral minerals Li (I) can replace Mg (II). Isomorphous
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substitution of higher charge cations by lower charge cations (the most common
occurrence) creates a net negative charge on the octahedral layers, leading to presence
of charge compensating cations on the basal oxygen planes. Due to this clays generally

have a high cation exchange capacity (CEC).

1.1.1.2. Clay groups and subgroups:

The major classification of clay minerals is by their layer type and charge. Clay
minerals can be classified by two major predominate classes according to the ratio of
tetrahedral and octahedral layers- 1:1 and 2:1. Clay structures formed by aligning one
octahedral sheet to one tetrahedral sheet is referred to as a 1:1 clay. Whereas, if the unit
clay sheet consists of one octahedral sheet sandwiched by two tetrahedral sheets that
are oriented in opposite directions it is termed as 2:1 clay as shown in figure 1.1.2. The
clays can be further classified by the inherent charge in their basal plane due to
different substitutions in the octahedral and tetrahedral layers. The major clay groups

with their compositions and most common examples are presented in table 1

A 1:1 layer structures B 2:1 layer structures

.. .. - - »
. 3 ' .
I |
Nt

along x-axis

view fro

() hydroxyl
@ oxygen

® aluminum
@ silicon - W

©1998 Encyclopaedia Britannica, Inc.

Figure 1.1.2. Schematic of 1:1 and 2:1 layered structures of clay. Adapted from ref (1).
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Structure | Charge Mineral Ideal Notes
Type per Group examples composition
unit cell
Kaolin
Kaolin- Kaolinite, Al4Si4010(OH)s8 subgroup,
serpentine dickite, nacrite dioctahedral,
nonswelling
1:1(TO) 0
Chrysotile, MgeSi4O10(OH)s ,
antigorite, Serpentine
lizardite subgroup,
trioctahedral,
nonswelling
2:1(TOT) Pyrophyllite- Pyrophyllite AlsSis020(0OH)4 Dioctahedral,
0 talc nonswelling
Talc MgeSisO20(OH)4 Trioctahedral,
nonswelling
Beidellit [(Al4)(Si7.5-6.8Al0.5-1.2)
eidellite
. 020(OH)4]Exo0.5-1.2
0.5-1.2 Smectite (OH)s]Exos Dioctahedral,
[(Al3.5-2.8Mgo.5-1.2)(Sis) swelling
Montmorillonite 020(0OH)4]Ex0.5-1.2
Saponite [(Mgo)(Si7s-68Al0:5-1.2) Trioctahedral,
020(0OH)4]Ex0.5-1.2 swelling
L [(Al4)(Sis.8-6.2Al1.2-1.8) .
12-18 Vermiculite 020(0OH)4]Ex1 218 Dloctahfzdral,
Vermiculite L . swelling
Vermiculite [(Mg6)(Sis.8-6.2Al1.2-1.8)
020(OH)4]Ex1.2-1.8 Trioctahedral,
swelling
Ilite Illite [(Al$)(Si75-65Al05-15) Dioctahedral,
020(0OH)4]Ko.5-1.5 nonswelling
5 ) ) [(A14)(SI6A12) Dioctahed_ral,
Mica Muscovite 020(0H,F)4]K> nonswelling
Taenolite [(Li2Mga)(Sis) Trioctahedral,
020(OH,F)4]K2 lithium mica
4 Brittle mica Margarite [(Als)(SisAl4) Dioctahedral,
O20(OH,F)4]C32 nonswelling
2:1 [(Mg,Al)4(Si7.5-7.75Al0.5- Dioctahedral,
channels Palygorskite- Palygorskite 0.25)020(OH)2(OH2)4]EXyqr nonswelling
or . sepiolite
inverted Variable L Trioctahedral
ribbons Sepiolite [(Mg,M)s(Si,M )12 (M = Al, Fe(Il);
030(OH)4(OH)2)4]Ex M = Fe(ID),
Fe(1IT), Mn(II)
2:1:1 Variable Chlorite Clinochlore [TOT]O[TOT]
structure

Table 1.1.1. Classification scheme of phyllosilicate clay minerals (T = Tetrahedral, O
= Octahedral) Adapted from ref (2)
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1.1.2. Aminoclay:

The emerging applications of clay in catalysis(2-4), separation(5, 6), nanocomposites
(7-11), ferrofluids(6, 12), biomedicine(13) and for many other purposes(14-29)
generated a great deal of interest in the design and synthesis of tailor made clays
suitable for different applications. For example when the application of clay, the
layered material requires a good dispersion in water(7, 27, 30, 31), poorly dispersible
clays like smectite, kaolinite, and bentonites are of little use (32, 33). Many biological
and catalytic applications necessitate the synthesis of functional clay which would be

highly dispersible in water and interactable with desired molecules or substrates.

One such tailor made clay, magnesium (organo) phyllosilicate, having propylamine
functionalities (henceforward referred to as aminoclay) (34-36) reported by Mann and
co-workers shows high dispersity in water with interesting properties and
structures.(37-48) It can be prepared by a room temperature, sol-gel process using
magnesium chloride and organotrialkoxysilane as precursors.(35, 49, 50) Depending on
the choice of organic group of the organotrialkoxysilane, clays with different organic
pendant groups can also be prepared.(51) The interesting feature about aminoclay is its
free and reversible exfoliation in water by protonation of amine groups. They can be
reverted back to their stacked form by the addition of less polar solvents like ethanol.
The exfoliated layers can further be sonicated to obtain nanosize, oligomeric clay units
which can be assembled around biomolecules such as enzymes, DNA to produce

functional hybrid materials.(38, 39, 43, 45) .

Aminopropyl-functionalized magnesium phyllosilicate can be prepared by co-
condensation in an ethanolic solution containing magnesium chloride and 3-
aminopropyltriethoxysilane. The high pH associated with APTES (ca. pH 10) helps in
autocatalyzing the formation of aminoclay without the requirement of acid/base catalyst
to form white precipitate at room temperature.(34-36) The aminoclay belongs to 2:1
trioctahedral smectite structure consisting of a central brucite sheet of octahedrally
coordinated MgO/OH chains overlaid on both sides with an aminopropyl-
functionalized silicate network to give an approximate unit cell composition of
[HoN(CH»)3]3S1sMgeO16(OH)s a4y (Figure 1.1.3a). The powder X-ray diffraction
(PXRD) pattern of aminoclay shows a disordered, talc-like structure with a basal

spacing consistent with the interdigitated organic aminopropyl pendants. The as-

N7N
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synthesized aminoclay shows a low-angle reflection with a dg, interlayer spacing of 1.6
nm corresponding to the bilayer arrangement of propylamine groups (Figure 1.1.3b).
The broad in-plane reflections at higher angles (do2o.110 = 0.41 nm, d;30200 = 0.238 nm)
and the characteristic (060) reflection at 20 = 59° confirm the formation of 2:1
trioctahedral Mg-phyllosilicate clay with talc-like structure.(34, 36) The transmission
electron microscope images of aminoclay showed a stacked lamellar structure having

the lateral dimensions extending to micron regime (Figure 1.1.3b, inset).

K NH>NH, NH,NH,
a S

. .

-
Yo

* * .
& 4 ‘ . .
Q. AR *. K
J adey e e,
P “aiwe” 4o ae ¢ Silicon
[ N2 NH, NH, NH, ) P .
I : rrrere @ Magnesium
dOOlI : I :’:l ’:I":I ”::’:* ’ oxygen
~
s | I ¢+ + 1+ @ hydroxyl
S NH, NH, NH, NH, J Ao do e
N - "p:; b g ::"’\‘
- . * . s
* Y ¢ ’ ¢

* ’ - -

" NH, NH, NH,NH,

d, (1.6 nm)

50 nm

Intensity (a.u)

S doso,33o

10 20 30 40 50 60

Figure 1.1.3. a) Two dimensional structural representation of amine functionalized
magnesium phyllosilicate, b) XRD pattern of aminoclay, inset corresponding TEM

image showing layered structure. Adapted from ref (52)
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The important property of aminoclay is its switchable organization of the layered
structure with respect to the polarity of the solvent (Figure 1.1.4). On addition of polar
solvent like water to aminoclay, protonation of the amino groups results in the
exfoliation of the organoclay layers forming a clear dispersion. The resulting
delaminated layers would be having the lateral size of 30 to 150 nm and approximately
2-4 nm in thickness, corresponding to single or few layers stacking.(53) The extent of
exfoliation can be controlled with the pH of the medium. The zeta potential of
aminoclay at pH 9.6 (without any pH modification) showed +25 mV due to protonation
of amines in the propylamine functional group.(54) Addition of low polar solvent like
ethanol to the aqueous dispersion containing exfoliated clay layers induces stacking,
leading to its precipitation due to the deprotonation. The switchable property of
aminoclay helps the physical entrapment of various guest molecules,(43) while the
amine groups aid in stabilizing metal nanoparticles and acidic components by chemical

and electrostatic interaction.

NH,NH,NH, NH,

NH N,
NH,NH, NH, NH,

H,O
Ethanol

NH,NH, NH, NH,
NH,NH,NH, NH,

NH,NH, NH, NH,

Figure 1.1.4. Top: Schematic showing disorder-order arrangement of aminoclay in
ethanol and water respectively, bottom: corresponding optical images. Adapted from
ref (52)
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1.1.3. Laponite

Laponite is an entirely synthetic layered silicate developed by Laporte industries
between 1965-1970. There are many advantages of making synthetic clays compared to
naturally occurring clays, such as low cost, reduced impurities and controlled physical
properties such as shape, size and charge of the particles. It has found widespread use
as rheology modifier in many technological applications such as surface coatings,

ceramic glasses, paints, household cleaners and personal care products.

The chemical formula of Laponite is given by Nag7SigMgssLig3020(OH)s. It is
structurally analogous to naturally occurring clay hectorite. In contrast to hectorite,
Laponite particles have a relative uniform diameter of 25 + 2 nm and a thickness of
about 1 nm. Laponite has a 2:1 clay structure in which the octahedral layer is
sandwiched between two tetrahedral silicate layers. (Figure 1.1.5a) The octahedral layer
consists of a brucite [Mg(OH),] sheet in which few Mg (II) atoms are substituted by Li
(D) as isomorphic substitution. This creates a deficiency of positive charge in the sheet.
The excess negative charge is balanced by the presence of sodium ions in the interlayer

galleries.

trioctahedral smectite

9
-

teuahedra‘%g(/g‘\%i/

-
octa hedrat‘
N

Interlayer region

- o
tetrahedral g " & S Isi
A 33 o 96 o @o

]

9 @ 29 o

Figure 1.1.5. a) Structure of Laponite clay, b) Pictorial representation of single

Laponite particle. (Adapted from Rockwood Ltd. Information brochure)

In aqueous dispersion the Na" ions dissociate creating a permanent negative charge to
the face of Laponite sheets. The edge of Laponite particles, which predominantly
contain MgOH from the dangling octahedral layer. In normal pH these OH groups are
protonated (point of zero charge of the edges being pH 11) creating positive charge on
the edges(55). This creates a very asymmetrical charge distribution in Laponite

particles, with faces being negative and edges being positive. (Figure 1.1.5b)
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Figure 1.1.6. Top(a-c)- pictorial representation and pictures of Laponite solution at
different stages of the phase diagram, bottom- Phase diagram of diluted Laponite
suspensions, in the waiting-time-versus-concentration plane. Adapted from Ruzica et.
al.(56)

This asymmetric charge distribution in Laponite gives rise to unusual properties in
solution which gives rise to a unique phase diagram(57). (Figure 1.1.6) There can be
two kinds of Laponite-Laponite interactions. Firstly, there is the van der Waals
interaction between Laponite particles which is isotropic in nature. In addition to that
there also exists the electrostatic interaction, which can be either repulsive (face to face
and rim to rim) or attractive (face to rim). Depending on the experimental conditions,
any one of them can be dominat. However, van der Waals interaction only comes into
picture where the particles are in close contact or when the electrostatic interaction has
been nullified at high salt concentration. At low salt concentration and high Laponite
concentration (Cy >2%) Laponite particles form an arrested gel (Wigner glass) by face

to edge interaction, (Figure 1.1.7a) according to the phase diagram given below. This
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gel formation can be modulated by changing the ionic strength of the medium. (Figure

1.1.7b)

a) 700
/’.ﬂ!ﬂe,&wrﬂ"f"'

/Ag regamm)

attractive Gel

------
............
.....

Attractive Glass
\ Wigner Glass:
Isiv. N
STRRANN
1 2 3
#(wt %)

Figure 1.1.7. a) Schematic representation of Laponite particles forming house of cards
formation in an arrested gel. b) The phase diagram of laponite solution with respect to

weight % of clay in solution and ionic strength. Adapted from Tanaka et. al.(58).
1.1.4. Clay hybrids:

Due to their versatile application opportunity and abundance in earth crust a huge
amount of research has been directed towards improving the properties of clays. Clay
based hybrid materials have seen myriad of uses due to their versatility. Various recent
reports present application of clay based hybrids in different prospects. These include
polymer nanocomposites, organic catalysis. CO, photoreduction, ferrofluids and
ferrogels, adsorbent for hydrophobic materials, optical, electrical and antimicrobial

applications and many more.

The addition of clays to polymeric matrices enhances mechanical, physical (thermal
and barrier) and chemical properties which are useful for packaging, tough polymer
nanocomposites, etc. Moreover, the two dimensional nanospace and biocompability
offered by the clays can also be useful for hosting various dyes and biomolecules. Some

typical examples involving aminoclay and Laponite are given below.
1.1.4.1. Aminoclay-biomolecule hybrids

A striking feature of layered materials is their ability to accommodate a range of guest

molecules within constrained interlayer regions.(13) Considerable interest has been
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Figure 1.1.8. Top- lllustration showing protocols involving magnesium aminopropyl-
functionalized phyllosilicate (top centre of figure) in the preparation of self-assembled
bio-inorganic nanocomposite hybrids. (1) Formation of intercalated biofunctionalized
nanocomposites with mesolamellar structure by protein- (top left) or DNA- (bottom
left) induced assembly of exfoliated organoclay sheets. (2) Wrapping and encapsulation
of single molecules of negatively charged proteins (bottom centre right) or DNA
(bottom centre left) with low molecular weight cationic organoclay clusters to produce
core-shell nanoparticles or nanowires, respectively. (3) Synthesis of partially ordered
superstructures of organoclay-enveloped biomolecules by chemical modification of
covalently linked organic groups attached to the phyllosilicate framework. Bottom-
TEM images of oligomeric aminoclay wrapped a) myoglobin and b) haemoglobin; c)
DNA templated aminoclay nanowire. Adapted from ref (52)
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focused on the synthesis of organic- inorganic host-guest systems by insertion of drug
and biomolecules(59, 60) within the clay galleries. The positively charged nature and
the nanoscopic gap of the aminoclay in combination with negatively charged
biomolecules has also been successfully utilized in the formation of intercalated, core-

shell, nanowire type nanoarchitectures.(43)

Although there is a widespread interest in the biotechnological applications of various
proteins and enzymes, very often their use in real world applications is hampered by the
short term stability of these biomolecules in the process. In this regard,
biomineralization methods can often enhance their stability for repetitive use.
Negatively charged biomolecules such as myoglobin, haemoglobin, DNA and glucose
oxidase were co-assembled in the presence of as synthesized aminoclay. The
aminoclay-biomolecule hybrids showed retention of their secondary structure and
enhanced biochemical activity. In another approach, cage like encapsulation of
biomolecules has been achieved by using oligomeric aminoclay. This method produces
individually wrapped biomolecules such as myoglobin, haemoglobin and glucose
oxidase within ultrathin sheet of aminoclay. Such individually wrapped biomolecules
retain their individual catalytic properties, and are even accessible to small gaseous
molecules by diffusion through the defects. This approach of wrapping biomolecules
with oligomeric clay sheets have also been adopted with DNA as a template to form
clay wrapped DNA nanowires. The key factor in the spontaneous self-assembly of such
mesolamellar nanocomposites is the coloumbic interaction between the cationic
exfoliated amino propyl groups and the negatively charged biomolecules. More on this

topic can be found in the review by Mann et.al.(43)
1.1.4.2. Aminoclay-metal nanoparticles hybrids:

The chemical and physical properties associated with metal nanoparticles make them
attractive candidates in the fields of catalysis, optics, storage and biology.(61-63) Thus
for aqueous phase, heterogeneous catalysis, keeping in mind the prerequisites of
recyclability and stable water dispersion, it is common to embed them in solid supports

like porous metal oxides, carbons, zeolites and clays.(64, 65) However, for biphasic
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Clay @ agueous-organic
interface

Figure 1.1.9. (a and b) TEM images of Au and Cu nanoparticles embedded in an
aminoclay matrix respectively. (c) Optical images of aminoclay—metal nanoparticle
hybrids forming transparent dispersions in water: (from left to right) aminoclay
dispersion and aminoclay with Au, Ag, Pt and Pd nanoparticles and (d) aqueous Au—
clay hybrid on addition of hexadecanethiol at the time of addition (left) and after 14
days (right). Adapted from ref (67, 68)
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reactions their use is limited by their poor dispersibility in aqueous/organic medium.
Therefore, it is essential to explore new solid-supports which could keep the catalyst at
the oil-water interface for efficient catalysis.(66) The presence of amine groups and
hence its high water dispersibility makes the aminoclay an attractive heterogeneous
support for metal nanoparticles.(67, 68) TEM images show that the metal nanoparticles
of size less than 10 nm (Figure 1.1.9a,b) can be effectively dispersed on aminoclay
layers. Optical image of the hybrids containing aminoclay stabilized metal
nanoparticles (Au, Ag, Pt and Pd) shown in Figure 1.1.9c are transparent in nature and
highly dispersible in water. Furthermore, the interaction between the metal

nanoparticles and clay is so strong that even hexadecanethiol, known to have very
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Figure 1.1.10. UV-Vis spectra of (a) freshly prepared Cu—aminoclay solution, (b) Cu—
aminoclay solution after the addition of Na,S solution, (c) Cu—aminoclay solution after
the addition of NaHSe solution, (d) Cu—aminoclay solution aged for 6 days in air. The

inset shows the corresponding optical images. Adapted from ref (68)
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nanoparticle, cannot separate Au nanoparticles from aminoclay matrix (Figure 1.1.9d).
Addition of hexadecanethiol (oil phase) to the aqueous dispersion brings the Au-
aminoclay layers to the oil-water interface because at the interface the gold-bound

hydrophobic hexadecanethiol and the hydrophilic clay layers can stabilize very well.

The gas barrier property of aminoclay layers is an added advantage in stabilizing
oxophilic nanoparticles, such as copper. Copper nanoparticles are quite sensitive to air
and form cuprous oxide and then cupric oxide upon exposure to ambient
atmosphere.(69) Thus synthesis and storage of copper nanoparticles require stringent
inert atmosphere.(70) The gas barrier property and the presence of reductive amine
environment effectively prevent the oxidation of copper nanoparticles stabilized within
the aminoclay layers even after prolonged exposure to air.(68) Furthermore, the
permselective nature of aminoclay towards ionic species such as S*, Se”” was evident
by the formation of copper chalcogenides when respective anions (S, Se*) were
introduced in solution (Figure 1.1.10). The composites are inert to atmospheric oxygen

even in dry form.

The metal nanoparticle grafted aminoclay was used for various catalytic hydrogenation
applications.(68, 71-74) Pd nanoparticles dispersed on aminoclay has been effectively
utilized as a recyclable catalyst for the hydrogenation of a,f-unsaturated carbonyl
compounds and Suzuki coupling reactions in aqueous media.(71, 73) The basic nature
of aminoclay has also been exploited in carrying out Suzuki reaction in the absence of
external base.(73) The catalyst could be easily recovered and recycled three times
without a significant loss of activity in hydrogenation and Suzuki cross coupling
reactions. The Pd-aminoclay catalyst was also used for Mizoroki-Heck reaction
between aryl halides and n-butyl acrylate or styrene under solvent free conditions.(71)
Very recently, Cu-aminoclay nanocomposite has been employed as a catalyst for
cycloaddition of aromatic azides with terminal alkynes to produce the corresponding
1,2,3-triazoles via Click reaction in good yields and selectivity.(74) Besides, Cu and Pt
nanoparticles embedded aminoclay layers display high catalytic activity towards the

reduction of the toxic pollutant, p-nitrophenol.(68, 72)
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1.1.4.3. Aminoclay as a template for flexible porous layered carbon:

The making of intelligent host materials that are responsive to guests under appropriate
conditions possessing integrated attributes of zeolite like regularity (ordering) and
enzyme-like specificity is a challenging task for material scientists.(75) These
structurally flexible porous inorganic materials could find enormous applications in
sensors, sorption, catalysis, separation and gas storage owing to their unique properties
and functions.(75) Introducing flexibility within the walls of porous carbon networks
would be very advantageous for the size-selective separation of molecules or switching
between different properties of the material itself. However, all the synthetic procedures

(both hard and soft templating) to prepare porous carbons usually yield rigid pore

—_—— —— —\ Glucose
| m N
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lCarbonization
Etching of clay Etching of clay
[Filtration ICentrifugation
Soaking in water
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s
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walls.(76, 77)

Figure 1.1.11. Stepwise formation of ordered and disordered layered flexible carbon
materials. Adapted from ref (52)

Recently porous layered carbon (PLC) possessing switchable pores as a response to an

applied mechanical force has been made using aminoclay as a soft-template and
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glucose as a carbon precursor (Figure 1.1.11).(78) The layer thickness of the PLC
varies from 3-4 nm and the spacing between the layers varies from 2-4 nm. The layers
are supported by soft, pillar-like, carbon nanoparticles of size around 3 nm. PLC
possesses functional groups containing oxygen (15 %) and nitrogen (5 %) in addition to
carbon. These functional groups play an important role in the loose connection of
pillar-like structures within the layers. During centrifugation (or shear force) the layers
slide over one another through buckling of the pillars (PLC- C) which results in the
squeezing out of water between the layers. When there is no centrifugal force and the
PLC is allowed to settle on its own in water, the layers would have a breathing space
between them supported by the pillars and the water molecules in between. Similarly,
when the PLC-C sample is soaked in water, the buckled, pillar-like carbon structures
revert back to their original shape. Moreover, the variation of the pore size associated
with the flexible carbon displayed size selective screening of dye molecules with
different molecular sizes. The aminoclay has also been used as a template to synthesize

layered carbon nitride from the cynamide precursors.(79)
1.1.4.2. Laponite-dye hybrids

The usage of clay as a host material for the entrapment of dye molecules dates to
prehistoric times.(80-82) Maya blue is one such organic-inorganic hybrid material has
been known for 4000 years, combines the color of organic pigment (natural blue
indigo) with inorganic palygorskite mineral.(81-83) There are several other examples
where dye molecules entrapped in the clay matrix has been used for various
applications. Recently laponite has been used for solubilizing the insoluble blue dye
indigo.(84) On the other hand, efficient light harvesting needs special supramolecular
organization of fluorescent donor and acceptor molecules.(85) Clay materials with their
layered structure and water dispersibility are one of the most favorite candidates in this

regard.

Laponite has been used as a host for dispersing water insoluble dye molecules in
aqueous media. In a recent report Kynast et. al. utilized the excellent water solubility of
Laponite particles to disperse Indigo, a water insoluble dye in water.(Figure 1.1.12)
This approach has also been used to disperse Nile red(86) and phthalocyanine blue(87)
in water. These Laponite dye hybrids are stable in water and can be used for myriad of

application like transparent films, pigments, probe for biomedical imaging etc.
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Laponite-Nile red hybrids also show unusual optical properties that are hard to achieve
in aqueous media. For example, nile red, forming h- aggregates are generally not

fluorescent in aqueous media, whereas, this hybrid shoes an enhanced fluorescence

with a quantum yield of 0.35.

Figure 1.1.12. Top- Schematic representation of the structure of laponite disks with
sodium cations (violet spheres) compensating the negative charges of [LiOg/ — (green
octahedra) in the octahedral [MgOg] sheets (blue). Dispersion in water yields disks
with negatively charged nanoclay surfaces, which can encapsulate positively charged
molecules like cationic dyes and neutral molecules like Nile Red and Phthalocyanine
blue. Bottom- Photographic images of Laponite- Indigo solutions and films. Adapted
from ref (84)

Laponite- dye hybrids have also been used to study unusual optical phenomenon such
as nonlinear optical properties of dye molecules. Nonlinear optical properties are very
demanding for use in device application, on the other hand, they also provide new
techniques to study the properties of new materials. In particular, the second order
processes are very useful because they are very sensitive to material properties.

Laponite adsorbed methylene blue dye has been shown to demonstrate non-linear
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optical properties, in particular second harmonic generation (88). The efficiency of the
second harmonic generation can be increased up to 100 times compared to free dye

molecules in presence of Laponite.

Laponite sheets also provide a good host platform to absorb various kinds of dye
molecules showing different properties that their free state. In a paper, Whitten et. al.
have demonstrated the superquenching of cyanine dyes on clay surface by a dipositive

bipyridine quencher.(89)
1.1.5. Conclusion:

Clays are an attractive class of layered materials with remarkable properties and
applications. Organically modified phyllosilicates are emerging as powerful candidates
in the fields of chemistry, biology, materials, catalysis, etc. The exfoliation/restacking
ability of organoclays in various solvents can be utilized in delivery of guest molecules
and designing smart materials. The functional groups of organoclays can be utilized in
stabilizing noble-metal nanostructures. This is advantageous because the coupling of
size dependent optical, catalytic and electronic properties of nanoparticles with clay
materials lead to the development of novel clay-nanoparticle hybrids. The nanoscopic
voids provided by the clay layers could be used to prepare various layered
nanostructures. On the other hand, the excellent water dispersibility of laponite clays
have been employed to obtain stable aqueous dispersion of insoluble materials.

Laponite-dye hybrids show interesting photophysical properties as well.
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Amphiphilic Aminoclay-RGO Hybrids: A Simple Strategy to
Disperse High Concentration of RGO in Water

Summary

Aqueous dispersion of graphene or reduced graphene oxide (RGO) is very much
important to realize the full potential of these materials in many fields. Herein we
present a simple route to prepare highly water dispersible aminoclay-RGO (AC-RGO)
hybrids by in-situ condensation of aminoclay over graphene oxide (GO) followed by
reduction with hydrazine hydrate. The resultant hybrids are stable in aqueous medium
even at concentrations up to 7.5 mg RGO/mL. To the best of our knowledge this is the
highest concentration of aqueous dispersion of RGO. Significantly, the hybrids are
amphiphilic in nature and show simultaneous adsorption of cytochrome C through
hydrophobic interaction and DNA through electrostatic interaction. This strategy opens

up new possibilities for the prospect of RGO in catalysis and biomedical applications.

RGO-Clay
(AC-RGO)
Water Dispersible RGO Hybrids
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1.2.1. Introduction:

Over the past few years graphene has created enormous interest as a layered material(1)
with promising applications in microelectronic devices(2, 3), sensors(4, 5), polymer
nanocomposites(6), catalysis(7), energy storage devices(8), biology(2, 9) etc. For many
practical applications related to biology and catalysis, the reduced form of GO must be
dispersed in aqueous medium which is quite challenging due to strong van der Waal
interaction between the reduced sheets leading to aggregation. Surfactants(10, 11) and

block co—polymers(12) were often used to reduce this interaction energy (Figure 1.2.1a)
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Figure 1.2.1. a) Schematic of interaction of graphene with block co-polymers. b)
Comparison of relative amount of dispersant needed for dispersing graphene in water.
Adapted from ref (12) and (15)

and hence increase the dispersion in polar solvents. Functionalization of graphene
through covalent linkage(13) and m-m interactions(14) has also been explored to
improve their aqueous dispersion. However, in most of the cases, especially for non-
covalent functionalization the extent of dispersion of graphene/ RGO in water is quite
low (<1 mg/mL).(15) On top of that, the amount of dispersant needed for dispersion of
graphene is also quite high (Figure 1.2.1b). Considering the potential applications of the
reduced form of GO in catalysis, adsorption and construction of novel hybrids it is
essential to develop newer methods to disperse these hydrophobic layers in water

efficiently.



Chapter 1.2

1.2.2. Scope of present investigation

In this chapter we have used highly water dispersible aminoclay nanostructures for
effective dispersion of RGO. The aminoclay used is a magnesium phyllosilicate with
aminopropyl pendants covalently linked to the silicon(16-19). In water, the protonation
of the amino groups favours the exfoliation of aminoclay layers by charge repulsion
and enhance the solvation by polar water molecules. Although clays such as
laponite(20), montmorillonite(21), bentonite(22) etc. have been used to prepare
graphene clay composites, the limited water dispersibility of the clays makes the
resulting composite poorly dispersible in water. The highly water dispersible aminoclay
on the other hand with its strong interaction with RGO is able to disperse it well in
water in large quantities. Moreover, the AC-RGO hybrid has the property of both
aminoclay and RGO and show good uptake of both DNA and cytochrome C.

1.2.3. Experimental Procedure

1.2.3.1. Preparation of graphene oxide:

Graphene oxide (GO) was obtained from graphite by Hummer’s method(23). In a
typical procedure, 23 mL of concentrated H,SO4 was mixed with 1 g of graphite and
0.5 g NaNOs; in a 250 mL round bottom flask and cooled in an ice bath at 0 °C. 3 g
KMnO, was added slowly to the mixture in small portions with vigorous stirring.
Temperature was maintained below 20 °C during this time. The ice bath was then
removed and the reaction was brought to 30-35 °C, where it was maintained for 30 min.
To this 46 mL water was added slowly causing violent effervescence and rise of
temperature to 98 °C. The resultant brown coloured suspension was maintained at this
temperature for 15 minutes. The suspension was then brought to room temperature and
140 ml water was added. The mixture was then treated with 1 mL of 30% H»O; to
reduce any unreacted permanganate. The bright yellow reaction mixture was then
centrifuged at 5000 rpm, washed several times with distilled water until the pH turned

neutral. The precipitate was dried at a 60 °C oven.

1.2.3.2. Preparation of RGO

RGO was prepared by the following method. First, 580 mg of GO was dispersed in 200
mL distilled water by sonication. To this suspension 5 mL of hydrazine hydrate was

added and refluxed for 10 h. The solution turned clear and black cloudy precipitates of
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RGO were seen floating. The precipitate was centrifuged at 5000 rpm, washed with
distilled water until the pH turns neutral. Final product was dried overnight at 80 °C to

get RGO.

1.2.3.3. Preparation of aminoclay

Typically, bulk aminopropyl-functionalized magnesium phyllosilicate clay was
prepared at room temperature by drop wise addition of 1.0 mL (5.85 mmol) 3-
aminopropyltrimethoxysilane to an aqueous solution of 0.84 g (3.62 mmol) magnesium
chloride in water (25 mL) The solution was left stirring for 24 hours, dried at 60 °C,
dispersed in water, reprecipitated from ethanol and dried. The yield of the product was

1.0 g.

1.2.3.4. Preparation of aminoclay-GO and aminoclay-RGO hybrids: (In-situ
synthesis)

In this method, the aminoclay nanostructures were allowed to form over the surface of
GO sheets dispersed in water. In a typical procedure, for preparation of AC-GO-25
(hybrid containing 25 wt% GO) 0.35 g of GO was dispersed in 25 mL water by
sonication for 10 min. To the dispersion 0.84 g (3.62 mmol) magnesium chloride was
added followed by drop wise addition of 1.0 mL (5.85 mmol) 3-
aminopropyltrimethoxysilane. The solution was stirred for 48 hours to form a brown-
black slurry, which was dried at 100 °C. The solid thus obtained was dispersed in water
(20 mL) and precipitated from ethanol (100 mL). The precipitate was centrifuged and
subsequently dried at 60 °C to get the aminoclay-GO hybrid (AC-GO-25).

For preparation of aminoclay-RGO hybrids (AC-RGO-25) 0.35 mL hydrazine hydrate
was added to the AC-GO-25 slurry followed by drying at 100 °C. The resultant hybrid
was dispersed in water and reprecipitated from ethanol followed by drying to get the
aminoclay RGO hybrid. Thus prepared aminoclay GO and RGO hybrids are
abbreviated as AC-GO and AC-RGO respectively followed by number which indicate
the weight percent of GO or RGO with respect to clay. The amount of GO introduced
was varied to get different compositions- AC-GO-7.5, 25, 35 and AC-RGO-7.5, 25, 35.

The hybrids were dispersed in water (0.1 g in 5 mL) by probe sonication for 5 min. For

comparison 10 mg of RGO was also dispersed in 5 mL water by sonication. High
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concentration water dispersion of RGO was prepared by sonicating 30 mg of AC-RGO

25 1in 1 mL water.

1.2.3.5. Preparation of APTMS functionalized RGO:

To a 0.35 g GO dispersion in 20 mL distilled water 1 mL of APTMS was added. The
reaction mixture was stirred for 48 h, 0.35 mL hydrazine hydrate was added to it and

dried at 100 °C to get APTMS functionalized RGO.

1.2.3.6. Demineralization of clay from RGO-aminoclay hybrid:

The demineralization of a AC-RGO hybrid was done according to a previously reported
procedure(24). In a typical method 0.25 g of AC-RGO 25 was stirred with 30 mL
solution of 12% HCI and 13% HF for 12 h.

1.2.3.7. Adsorption of biomolecules on AC-GO and AC-RGO hybrids

Adsorption studies with biomolecules (cytochrome C and DNA) were done at pH 10.3.
The reason for choosing these biomolecules is that their soret bands are quite apart (260
nm for DNA and 410 nm for cytochrome C) and don’t interfere with one another. Stock
solution (1g/L) of both the biomolecules (DNA and cytochrome C) were prepared by
dissolving them in tris buffer (0.1M) solution (pH 10.3). For each experiment 20 mg of
each hybrid (AC-RGO 7.5, 25, 35) was dispersed in 4 mL of the stock solutions. 20 mg
of aminoclay and 8 mg of RGO were also suspended in 4 mL of the stock solutions as
references. For combined adsorption studies a stock solution containing 1 g/l of DNA
and cytochrome C was used. These solutions were allowed to stand for 24 h at 25 °C to
attain the equilibrium. After ageing of the solutions they were centrifuged at 10000 rpm
and the supernatant liquid was taken for UV-Vis absorption studies to quantify the

remaining biomolecule concentration.

For adsorption measurements at pH 5.8 and 7 phosphate buffer solution of pH 7 was

prepared and the pH was adjusted by addition of acid as required.
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1.2.4. Results and discussion:

The schematic of in-situ formation of AC-GO and their subsequent reduction to AC-

RGO hybrid is shown in Scheme 1.2.1. Hybrids with different RGO content were

O Silicon
@ Magnesium

® Oxygen NH, NH .
@ Hydroxyl X:;\inoélayz RGO-Clay
denoted

Scheme 1.2.1. In-situ preparation of AC-GO and AC-RGO hybrids. The blue platelets
depict aminoclay, the brown and grey sheets depict GO and RGO respectively. Inset:

structure of aminoclay.

as AC-RGO-7.5, AC-RGO-25 and AC-RGO-35 where the numbers indicate the wt% of
RGO in the hybrids. The synthesis of aminoclay in presence of GO facilitates its
formation in the form of nanostructures on the surfaces of GO. On the other hand, bulk
aminoclay synthesis (in absence of GO) leads to larger aminoclay layers. The
negatively charged GO surfaces act as nucleation centers for the condensation of clay
nanostructures from its precursors. The as synthesized clay-GO hybrids have been
converted to clay-RGO hybrids by reducing them in presence of hydrazine hydrate. The
binding of aminoclay nanostructures with RGO is so strong that the clay does not come
out in water even after sonication of AC-RGO hybrids followed by filtration. The

filtrate does not show any precipitation for clay upon addition of ethanol. This strong
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binding indicates that in addition to the electrostatic interaction between aminoclay and
GO (which greatly reduces upon reduction) the chemical linkage formed by the ring
opening reaction of the epoxy groups by amine(25, 26) in the reaction condition play a
significant role in holding the aminoclay nanoparticles over the RGO sheets. This is in
contrast to the phase separation of clay from AC-RGO hybrids (in water) prepared by
mixing preformed aminoclay with GO followed by reduction (Figure 1.2.2). Similarly,
the APTMS functionalized RGO and the demineralized AC-RGO hybrid precipitated

immediately in water (Figure 1.2.2)

Figure 1.2.2. A) AC-RGO-25 hybrid dispersed in water. B) Reduced form of preformed
aminoclay-GO hybrid. C) APTMS functionalized RGO. D) Resultant RGO upon

removal of clay from AC-RGO hybrid by demineralization.

This strongly suggests that the in-situ preparation method is essential to avoid phase

separation and get highly water dispersible aminoclay-RGO hybrids.

Transmission electron microscopy (TEM) images show presence of clay nanoparticles
on RGO surface (Figure 1.2.3 a). Higher magnification image show clay nanoparticles
of size ranging from 5 to 50 nm distributed on the RGO sheet (Figure 1.2.3 b).
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Figure 1.2.3. a) TEM image of the hybrid where clay is dispersed on RGO matrix. Inset
shows ED pattern of RGO. b) High magnification TEM image show clay nanoparticles
of size 5-50 nm c¢) FESEM image of the hybrids showing clay nanoparticles deposited
on RGO. Distribution of clay nanoparticles is not very uniform. d) EDAX analysis of
the composite showing presence of Mg, Cl and Si along with carbon, which confirms

presence of clay in the hybrid.

Field emission scanning electron microscopy (FESEM) images of the AC-RGO-25
hybrid at low magnification show sheet like structures of RGO decorated with
aminoclay nanoparticles (Figure 1.2.3 ¢). EDAX analysis show presence of Mg, Si and
Cl associated with aminoclay (Figure 1.2.3 d). Elemental mapping also shows co-
existence of clay and RGO in the hybrid (Figure 1.2.4). The powder XRD patterns
(Figure 1.2.5 a) show the characteristic (dogo) diffraction peak around 26 = 60°
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Figure 1.2.4. Elemental mapping of the composite showing distribution of aminoclay
(Mg,0) on RGO (C,0)

corresponding to the 2:1 trioctahedral smectite clay for all the AC-RGO hybrids.
However, the low angle peak observed for aminoclay interlayer spacing at 20 = 5.4°
(16, 17) gets broadened and weakened with increasing amount of RGO (AC-RGO-25
and AC-RGO-35). This clearly suggests the existence of aminoclay in the form of
nanostructures over the RGO sheets. The peaks corresponding to RGO at 23° and 42°
were visible for the hybrids with higher RGO content (AC-RGO-25 & 35). Raman
spectra (Figure 1.2.5 b) on AC-RGO-25 shows the characteristic 2D band at 2650 cm™
associated with reduced graphene oxide in addition to the D and G bands at 1325 cm ~

'and 1580 cm™ respectively.
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The appearance of 2D band at 2650 cm™ in AC-RGO-25 supports the conversion of GO
to RGO on reduction of AC-GO-25. Furthermore, the anchored clay nanostructures

prevent the aggregation of RGO layers, as evident from the shift in the G band from
1593 ecm™ for the bulk RGO to 1580 cm™ for AC-RGO-25(27).

Just
sonicated

-

e S

Figure 1.2.6. Picture of aqueous dispersion of RGO, aminoclay—RGO and aminoclay-
GO hybrids. Top panel- as prepared, 2 min after sonication, bottom panel- same

samples left for 30 days.

Figure 1.2.6 shows the optical images of the aqueous dispersions of AC-GO and AC-
RGO hybrids kept for one month along with the freshly prepared dispersions. Aqueous
dispersion of RGO is also shown for comparison. As expected, the strong hydrophobic
interaction between the layers facilitates the immediate precipitation of RGO in water.
The AC-GO-25 hybrid, which contains 25 wt % of GO, dispersed well in water and the
dispersion was stable for more than a month. However, hybrid containing 35 wt% GO
precipitates immediately, most probably by the neutralization of positive charges in the
aminoclay by negatively charged GO. Indeed, zeta potential analysis shows that the
highly positive zeta potential observed for the hybrids decrease as the GO content in the
AC-GO hybrids increases. (Figure 1.2.7) For example, AC-GO-7.5 (containing 7.5%
GO) shows the zeta potential of +28 mV which decrease to +22 mV for AC-GO-25

~ A4 ~
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Figure 1.2.7. Zeta potential of aqueous dispersions of aminoclay-GO and aminoclay —

RGO hybrids, along with aminoclay and GO.

(containing 25% GO). Further increase in the GO content to 35% (AC-GO-35)
neutralizes the positive charges and reverses the zeta potential to slightly negative value
(Figure 1.2.7). Reduction of AC-GO-25 hybrid by hydrazine hydrate increases the zeta
potential to more positive value probably due to the removal of oxygen functional
groups from GO. The charge repulsion from the excess positively charged amine
groups of the clay, coated on the RGO layers prevents their aggregation and keeps the
dispersion stable for more than a month. It is also interesting to note that AC-GO-35
dispersion which precipitates out immediately becomes stable for about 12 h when it is
in reduced form (AC-RGO-35). The relative dispersion stability can be explained from
the increase in zeta potential from -10 mV in AC-GO-35 to +20 mV in AC-RGO-35.
But the dispersion stability of AC-RGO-35 is not as high as that of other hybrids
containing lesser amount of RGO. This is because in high RGO content, the

hydrophobic interaction becomes dominant than electrostatic repulsion.

The highest concentration of stable dispersion is achieved by dispersing 30 mg of AC-
RGO-25 in 1 mL water, which makes RGO dispersion concentration 7.5 mg/mL. To
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the best of our knowledge this is the highest concentration of aqueous dispersion of

RGO achieved.

Adsorption of biomolecules on inorganic substrate is highly beneficial and finds its
application in many fields. For example, adsorption of proteins or enzymes on
inorganic supports increase their temperature stability(28), layered materials are highly
useful for gene encapsulation and delivery,(29) simultaneous adsorption of DNA and
proteins on a surface helps to uncover many aspects of DNA protein interaction which
are useful for structural biology and proteomics.(30) These applications preferably
require a hydrophobic surface. Protein adsorption on hydrophobic surface is well
known.(31) In case of DNA, though the interaction is electrostatic, hydrophobic
moieties enhance the adsorption.(32) Another prerequisite for adsorption of
biomolecule is water dispersibility of the moieties, which increases the interaction with
solvated biomolecules and enhances the adsorption. In this regard, the AC-RGO
hybrids which can be dispersed in aqueous medium in high concentrations and contain
hydrophobic and hydrophilic domains can find huge application. Adsorption of DNA
and Cytochrome C is performed as a proof of concept study to demonstrate the
amphiphilic character of these hybrids. Figure 1.2.8 a shows the adsorption of DNA
over the RGO, aminoclay, and AC-RGO hybrids containing different amounts of RGO.
As expected, the positively charged aminoclay has a strong affinity for the negatively
charged DNA at pH 10.3. RGO on the other hand did not show any significant uptake.
Poor aqueous dispersibility and the negative charge on RGO hinder the effective
interaction with DNA. Interestingly AC-RGO-7.5 and AC-RGO-25 show higher
amount of DNA uptake than aminoclay itself. This suggests that though the nature of
interaction between DNA and aminoclay hybrids are mostly electrostatic,
hydrophobicity of RGO also contribute to the uptake. Hydrophobic domains in the
dispersed AC-RGO hybrids interact with the hydrophobic nucleobases of DNA and
hence increase its adsorption. Though the amount of interaction in double stranded
DNA is very less compared to single stranded DNA because of the pairing of
nucleobases it still plays a part.(32) The increased uptake also hints the exposure of
individual RGO sheets to the solution as a result of hybridization with aminoclay. As
the RGO content increases to 35 wt% in the hybrids the uptake of DNA decreases
which is in commensurate with its poor dispersibility in water. The amount of DNA

uptake was more than that observed in mesoporous silica materials (~ 6 pg/mg).(33, 34)
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Figure 1.2.8. Bar diagram for uptake of DNA and cytochrome C (Cyt C) in AC, RGO
and different AC-RGO hybrids at pH 10.3. a) Uptake of DNA, b) Uptake of Cyt C, c)
Estimated uptake of Cyt C per mg of RGO in the AC-RGO hybrids and in RGO, d)
Simultaneous uptake of DNA and Cyt C over AC, RGO and AC-RGO hybrids.

The adsorption of Cytochrome C (Cyt C) was studied at its isoelectric point (pH 10.3)
and the results are shown in Figure 1.2.8b. Cyt C being neutral at its isoelectric point
did not show any significant uptake either with pure aminoclay or with RGO whereas,
the hybrids show considerable uptake of Cyt C. The amount of uptake increases with
increased amount of RGO in the hybrid. Since the electrostatic interaction is unlikely to
influence the adsorption at the isoelectric pH, where Cyt C is neutral, it is evident that

hydrophobic interaction plays a dominant role in higher amount of adsorption in the
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Figure 1.2.9. Adsorption profiles of a) Haemoglobin on GO at pH 5.8, where
Haemoglobin is positively charged, b) Haemoglobin on GO at pH 7 , where the protein

is almost neutral, ¢) Adsorption of haemoglobin on AC at pH 7.

hybrids. In case of RGO, the strong interlayer interaction resulted in settling of the
sheets in water and reduces the Cyt C uptake. In the hybrids, the aminoclay
nanoparticles play a pivotal role in blocking the interlayer interaction between the RGO
layers and hence large hydrophobic regions of RGO are accessible to Cyt C. This is
reflected in increase in uptake of protein in the hybrids. Indeed, the hydrophobic
interaction play a strong role is confirmed by carrying out the adsorption of
haemoglobin on graphene oxide at pH 5.8 when both of them are oppositely charged
(Figure 1.2.9 a). The uptake of haemoglobin in GO is high and comparable to the
uptake of the protein at pH 7 where it is almost neutral (Figure 1.2.9 b). Again, the
contribution of aminoclay to the adsorption can be ruled out as it adsorbs neither Cyt C

nor haemoglobin (Figure 1.2.9 c) at their respective isoelectric points.
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This strongly indicates that unlike DNA adsorption, where the electrostatic forces are
crucial, protein uptake is strongly influenced by the hydrophobic interaction. The
discontinuous sp> hybridized patches present in GO(35) interacts with the hydrophobic
amino acid side chains of the protein making the adsorption possible. Interestingly,
when the amount of Cyt C uptake plotted against per mg of RGO in hybrids it was
found that AC-RGO-7.5 has maximum protein adsorption (Figure 1.2.8c). This is quite
understandable that at low amount of RGO in the hybrids, all the RGO layers are highly
exfoliated by the large amount of positively charged aminoclay nanoparticles. As the
RGO content increases amount of aminoclay nanoparticles available per sheet
decreases and the RGO sheets are not as exfoliated as those with low loading. Hence
the available amount of RGO surface interacting with the protein decreases which
explains the lower uptake in AC-RGO-35. Indeed, we observe an increase in uptake by

RGO in the AC-RGO hybrids by more than 20 times in the hybrid than RGO itself.

For simultaneous adsorption of these biomolecules the hybrids were allowed to stand
with a solution containing 1 mg/mL of both cytochrome C and DNA in 0.1M tris buffer
as before. The hybrids simultaneously adsorb both the biomolecules and the adsorption
does not differ significantly from the individual adsorption profiles (Figure 1.2.8 d).
This similarity indicates that there are hydrophilic pockets (aminoclay nanoparticles)
where DNA gets adsorbed and hydrophobic pockets (uncoated RGO sheet segments)
where adsorption of Cyt C happens, making the adsorption of one biomolecule

independent of the presence of other.

1.2.5. Conclusion

In conclusion, aminoclay-RGO hybrids with high water dispersibility were prepared in
a simple method. Highest concentration of RGO (7.5 mg/mL) could be dispersible in
aqueous media for the first time in the form of AC-RGO hybrids. The dispersion
stability of the hybrids is a tradeoff between electrostatic repulsion between positively
charged aminoclay nanoparticles and hydrophobic interaction between RGO sheets.
The ambiphilic nature of these hybrids is utilized for the simultaneous sorption of
cyctochrome C and DNA — two different kinds of biomolecules. Furthermore, we
believe that the amine groups from the clay would give the flexibility to modify the

surface of the GO and RGO with various biomolecule receptors to improve the
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selectivity in sensing applications. Besides, these hybrids can also be used as catalytic

support which could provide localized interfaces to carry out biphasic reactions.
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Chapter- 1.3

Highly water dispersible clay- Fullerene hybrids: Surface
mediated quenching of cyanine dyes

Summary:

Very low water solubility of fullerene Cgp prevents its use in many areas such as
catalysis and biomedical applications. We have demonstrated a cheap and easy way to
disperse fullerene in aqueous media by immobilization onto laponite surface. These
laponite-Cg hybrids show high water dispersibility and fullerene concentration of up to
3x10™ M was achieved. We have also demonstrated the surface mediated quenching of

3,3’ dithiacyanine molecules in aqueous solution.

Laponite- Cg,

Fluorescent Quenched
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1.3.1. Introduction:

Ever since the discovery by Kroto et. al.(1) and the first large scale synthesis by
Huffman and co-workers(2), fullerenes have caught everyone’s imagination as the next
highly functional material due to its exciting electronic (3) and catalytic (4-6) properties
as well as its importance in biological applications (7, 8). One of the main reasons for
not achieving its full potential of Ceo fullerene in many areas is its insolubility in
aqueous media. A list of solubility of fullerene in different media is given in the table
below. The solubility of Cgy in water is in the order of 10%* moles/litre (9). Hence,

water solution of fullerene is of no value for many applications.

Solvent Solubility (mol/L)
1-chloronaphthalene 7x107
1,2-dichlorobenzene 4x107

carbon disulphide 1x107
Chlorobenzene 1x107

Toluene 4x107

Benzene 2x107

Decane 1x107

Acetone 1x10°®

Water 2x107

Table 1.3.1. Solubility of Cg fullerene in different solvents.

Many methods have been developed to overcome this problem, such as
functionalization of fullerene with hydrophilic counterparts (10-12) immobilizations in
cyclodextrin moiety etc. have been explored to improve their solubility in water (13).
However, most of the organic functionalization methods have serious drawback of not
being regio-specific, having over functionalized or giving low yield which lower their
scope to produce materials with much practical value. Keeping the fullerene dispersed
in water with its structure and functionality intact would widen the scope of application

of fullerene beyond organic media.
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1.3.2. Scope of the present investigation:

Herein we present a very interesting clay based strategy to enhance the application of
fullerene in aqueous medium. Clays have been used as hosts to organic moieties for a
long time since mayan civilization, more recent examples include use of laponite as a
hydrophilic matrix to solubilize indigo and red dyes(14, 15). Very few reports exist in
literature that deals with incorporation of fullerenes into clay(16) or LDH matrix(17),

but none of them show the high water dispersibility we have seen here.

In this report we show Cg fullerene, otherwise insoluble in aqueous phase, while being
immobilized in an inorganic clay matrix (Laponite) can be dispersed in aqueous phase.
Furthermore, we have demonstrated that the laponite- fullerene hybrids can quench

dithiacyanine dyes embedded on the clay surface.
1.3.3. Experimental Procedure:
1.3.3.1 Materials and characterization techniques:

Laponite XLG clay was obtained from Rockwood Additives Pvt. Ltd., Sodium
polyacrylate (Sigma), 3,3’-diethylthiacyanine iodide, (Sigma) Cg (Alfa- Aesar) were
used without any further purification. Toluene and Acetonitrile (AR grade, Merck)

were used as solvents.

Powder X-ray diffraction (PXRD) patterns were recorded using Rigaku diffractometer
using Cu Ka radiation, (A\=1.54 A). Electronic absorption spectra were recorded on a
Perkin Elmer Lambda 750 UV-Vis-NIR Spectrometer. 1 cm path length cuvette was
used for recording the spectra. Zeta potential studies were performed with Malvern
Zetasizer nano ZS with a green laser at 173° backscattering detector.
Photoluminescence spectra were recorded on Perkin Elmer Ls 55 luminescence

spectrometer.

1.3.3.2. Preparation of laponite Cgo hybrids (LPCsgo):

Laponite —fullerene hybrids were prepared as follows. First the desired amount of
fullerene was dissolved in 10-15 mL of toluene. 100 mg of laponite was taken in a
morter. The fullerene solution was added dropwise with continuous grinding until

toluene evaporated. The obtained solid was outgassed at 100 °C under vacuum to
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remove excess toluene and water. Scheme 1.3.1 shows synthetic scheme. Different
compositions of hybrids were prepared by this method with fullerene content of 1.0, 1.5
and 2.3 wt% which are denoted by LPCgp-x where x is the weight % of Cgy in the
hybrid.

1.3.3.3. Dispersion of Laponite fullerene hybrids in water:

The required amount of LPCg hybrids were added to Millipore water under sonication.
The suspension was sonicated for 30 min to obtain a clear dispersion. The LPCg
hybrids form Wigner glass type arrested gel over time, to overcome this a stabilizing
agent, sodium polyacrylate was added to the solution (4 mg/ 20 mg of hybrid) prior to
the addition of LPCgy.

Toluene solution
of fullerene + laponite, Grind

Outgas at 100 °C

Sodium polyacrylate
In water, Sonicate

e

Scheme 1.3.1. Schematics of preparation of LPCg, from Laponite and fullerene and

their dispersion in water.
1.3.3.4. UV-vis and PL studies:

20 mg/mL Laponite and LP loaded with 1.5 wt% Cg stock solution was prepared with
4mg/mL poly sodium acrylate solution. 10™* M 3,3"-Diethylthiacyanine iodide solution
was used as stock solution. The UV-vis studies were performed with fixed
concentration of dithiacyanine at 10° M while varying the Laponite and LPCg
concentration as required in a 1 cm quartz cuvette as required. Steady state PL studies
were performed with similar solutions in a 2 mm quartz cuvette in a front facing

geometry.
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1.3.3.5. Time correlated single photon counting (TCSPC) studies:

The lifetime measurements were carried out with an EPLED-380 (Ax = 404 nm) pico

second pulsed light emitting diode.

1.3.4. Results and discussion:

Laponite was used here as an inorganic matrix to immobilize C¢ fullerene. Laponite is
a synthetic clay belonging to the family of smectites with a chemical composition
Nag 7[Mgs sLip 3Sis020(OH)4](H20),. It consists layers of octahedral Mg+2 sandwiched
between tetrahedral SiO, layers. Partial substitution of Mg in Oy, sheets with Li" gives
negative charge to the clay faces, while protonation of the dangling Si-OH and Mg-OH
hydroxyl groups in the edges can bring positive charge in aqueous medium. Physically,
laponite sheets have diameter of around 25 nm with thickness less than 1 nm (Figure
1.3.1). Due to its high charge and small size, this clay is highly water dispersible and

hence a suitable host material for water insoluble molecules.

® Magnesium
Silicon

® Lithium

® Hydrogen

Figure 1.3.1. Structure of laponite- left: a laponite sheet, the diameter of which is
about 25 nm, with a thickness of about 1 nm. Right- structure of the sheet consisting of
Mg*? octahedra (blue) sandwitched between tetrahedral Si* layers. The corner atoms
of both octahedral and tetrahedral layer are oxygen (red). Partial substitution of Mg*?
with Li** gives the faces negative charge, while protonation of the edge hydroxyl

groups (Si-OH and Mg-OH) gives the edges positive charge.

Scheme 1.3.1 shows the synthetic scheme of laponite- fullerene hybrids (LPCg).
Continuous grinding while mixing the fullerene in toluene is necessary to prevent the

crystallization of fullerene molecules separately. The removal of water molecules from



Water soluble fullerene

laponite surface during degassing step allows fullerene molecules rearrange themselves

on this surface rendering the interaction stronger.

We prepared laponite fullerene hybrids with different fullerene loadings of 1.0, 1.5 and
2.3 weight%. The amount of Cg loading on laponite determined by TGA analysis, from
the difference in weight loss between LP and LP loaded with different amounts of Cgg
in the temperature range 250 °C to 500 °C. (Figure 1.3.2.a) Laponite fullerene hybrids
with different amount of loading of Cg fullerene were tested for their water solubility
at concentration 10 mg/mL. While LP loaded with 1.0 wt% Cgy formed a transparent
brown solution at 10 mg/mL, LP loaded with 1.5 wt% Cgo formed a dark brown
solution, but both of them were fully dispersible in water. On the other hand, at higher
fullerene loading, LP with 2.3 wt% Cs formed a turbid dispersion (Figure 1.3.2.b).
This can be explained from the fact that with increase in fullerene loading the
hydrophobicity of the hybrids increase making their water dispersion more difficult. LP
loaded with 1.5 wt% Cgp was taken up for further studies and is referred henceforth as
LPCeo.

a ) — LPCgo-2.3
— LPCgy-1.5
— LPCgo-1.0

—LP

200 400 600 800 1000
Temperature(°C)

Figure 1.3.2. a) TGA profiles of Laponite fullerene hybrids with different amount of
fullerene loading of 1.0, 1.5 and 2.3 weight%. b) Picture of water dispersions of

different laponite-fullerne hybrids at 10 mg/mL.

Figure 1.3.3a inset shows the dispersion of LP and LPCgy in water. While laponite
dispersion is colourless, LPCgy shows a deep brown colour due to incorporation of
fullerene. UV- Vis spectra of LPCgqy (Figure 1.3.3.a) shows features identical to
fullerene, including its characteristic absorption peak at 360 nm and a high intensity

absorption peak at 240 nm assigned to 31T1u «— llAg, and 6' Ty, — llAg transitions. At
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high concentration dispersion (10 mg/ mL) we also observe a weak and broad peak

around 540 nm, which can be attributed to the vibronic transitions.(18)

)1 2
a —LP 5 mg/mL
1.0 — LPCgg 5 mg/mL b) —LP
— LPCgg 10 mg/mL — LP-Cg

Absorbance
Counts (a.u.)

300 400 500 600 700 800 -150 -100 -50 0 50 100 150
A (nm) Zeta Potential (mV)

Figure 1.3.3. a) UV-vis spectra of laponite and LPCgy hybrids at different
concentration. LPCgo hybrids show typical fullernene absorption peaks at 350 nm and
260 nm with a broad low intensity peak at 540 nm. Inset shows optical images of LPCg
(A) and LP (B) dispersion in water (5 mg/mL). b) Zeta potential distribution of laponite

and LPCgg in water.

Zeta potential measurements (Figure 1.3.3.b) show that laponite immobilized fullerenes
(LPCgp) possess higher negative zeta potential (-51.7 mV) compared to laponite (-37.2
mV). This could be attributed to acquisition of negative charge by fullerene molecules
in aqueous media as a form of charge transfer from the water molecules due to its

superior electron affinity(19).

At lower concentration (< 20 mg/mL), the LPCgy forms transparent solution, however,
at higher concentration it forms gel due to the electrostatic interaction between the
positively charged edges and negatively charged faces (the house of cards arrangement)
(Figure 1.3.4a and c). The highest concentration of fullerene that can be achieved
without gel formation was 3x10™* M (without addition of polyanion), which is around
18 orders higher than solubility of fullerene in water. The gel formation can be
prevented to some extent by coating the positively charged edges of laponite with a
negatively charged polymer like sodium polyacrylate (Figure 1.3.4b and d), however,
excess of this polymer increases the ionic strength of the solution, thus resulting lower

solubility. It is clearly shown that the dispersion capacity of fullerene in aqueous phase
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is only limited by the water dispersibility and gel formation by laponite itself.

Figure 1.3.4. a) and b) Images of high concentration (20 mg/mL) LPCg hybrids in

absence and presence of sodium polyacrylate. ¢) and d) represents the schematic of

LPCso hybrids in gel formation and in presence of sodium polyacrylate (red)

The powder X-ray diffraction pattern of laponite show a low angle peak at 26 = 5.9°
(d=1.5 nm) corresponding to interlayer distance between laponite sheets (Figure 1.3.5).
The higher angle peaks correspond to in-plane lattices of laponite, all the peaks are
broad and have shark fin like feature, characteristic of turbostratic effect, commonly
observed in clay minerals. After immobilization of fullerene, the pattern remains more
or less same, depicting no loss of ordering of laponite. The unchanged nature of low

angle peak of the laponite-fullerene hybrid is in accordance with immobilisation of

uncharged species(14), which do not affect the d- spacing the way intercalation of
charged molecules do. At high loading characteristic XRD peaks of fullerene crystal
start appearing at 20 = 10.5° and 17°(20).
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—LP
. —— LPCgo-1.6
= — o -
| 8, S g')/ —— LPCgo-2.3
~2 )

20 40 60 80
20 (Degree)

Figure 1.3.5. XRD profile of LPCg, in comparison with laponite. At high fullerene
content the peaks due to fullerene are visible (blue arrows)

The dye used to study the quenching properties of such LPCgy hybrids, is 3,3'-
Diethylthiacyanine iodide (CY). This dye was chosen for two main reasons. Firstly, it is
a donor molecule. Secondly and most importantly, it is a positively charged molecule.
The negative charges on laponite sheets can effectively attract it electrostatically,
making it sit on the laponite surface. In addition to this, cyanine dyes are very useful in
photovoltaics because of their high extinction coefficients, the ease of solution

processing as well as their advantageous electrochemical properties.

Cyanine dyes are known for forming H-aggregates in the literature.(21) 10™* M solution
of the dye in aqueous solution forms H-aggregate, as evident from the appearance of an
absorbance shoulder at lower wavelength region (402 nm). The 10” M solution is

rather molecularly dissolved (Figure 1.3.6a).

To determine the effect of laponite on CY, 10° M solution of CY was titrated

spectroscopically with laponite solution (20 mg/mL). With increase in laponite
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Figure 1.3.6. a) Monomeric (10°M) and h-aggregated (10*M) forms of CY in water.
Inset- structure of CY, b) initial increase of H- aggregate band on titration of 10° M
CY with laponite, c) decrease of aggregated form and return of the monomeric state at
higher concentration of Laponite, d) Titration of 10° M CY with LPCg €) Schematic
representation of conversion of h-aggregated CY on laponite to monomeric form upon

addition of excess laponite.

concentration, up to 2 mg/mL, formation of H-aggregates of CY on laponite sheets was

evident, as observed from the strong aggregate band (402 nm) (Figure 1.3.6.b, c, e).
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Further increase in laponite concentration (> 2 mg/mL in solution) reduces the
aggregate band intensity (Figure 3e), bringing it closer to molecularly dissolved state.
This suggests that as the concentration of laponite increase, the preformed H-
aggregates on the clay matrix gets more room to reorganize. Thus the dynamic H-
aggregate breaks down to individual molecular state. The same trend is observed in
LPC¢o hybrids as well (Figure 1.3.6.d). These studies are similar to the report by
Whitten et. al.(22), However in this study, instead of J aggregate, formation of H-

aggregates was observed possibly due to the structural difference of the dye molecules.

b 800
) — CY -LP 18 mg/mL
— CY -LP 10 mg/mL
——CY -LP 06 mg/mL
] —— CY - LPCgg 02 mg/mL
© —CY -LPCgg 06 mg/mL
> 400 — CY -LPCgg 10 mg/mL
‘» - LPCgo 18 mg/mL
c
(<]
e
£
LP-CY LPCgo-CY

650

- ] Laponite-Cy,- Cyanine
Laponite- Cyanine (LP-CY) LPC,,-CY

Figure 1.3.7. a) Optical image of A- aggregated (10 M) and B- monomeric (10° M)
CY solutions, C- LP added to CY and D- LPCgy added to CY under UV light. b) PL
spectra pf LP and LPCg, added to 10° M CY solution, lexe=360 nm. ¢) schematic

representation of fluorescent LP-CY and non-fluorescent LPCgo-CY

The PL spectra of CY on addition of laponite show enormous increase in fluorescence

intensity (Figure 1.3.7a, b). Solution of CY in molecularly dissolved state (10° M) and
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H-aggregated state (10 M) are not fluorescent at all (Figure 1.3.7a). The reason of the
monomeric state not being fluorescent is the free rotational degrees of freedom of the
molecule around the C-C bond hindering the conjugation. On the other hand, in H-

aggregated form, the aggregates quench.

On addition of laponite to the 10° M CY solution, CY molecules get bound to the
laponite surface and lose their degree of freedom. Corresponding increase in
fluorescence intensity is observed (Figure 1.3.7.b, ¢). Again, the monomeric CY on
laponite being more fluorescent than the aggregated form, with addition of laponite,
fluorescence intensity increases (as the H-aggregated form shifts towards monomeric
form of CY). The excitation spectra of 10° M CY titrated against laponite show
features same as the UV vis spectra, with the monomer emission band being the most
intense (Figure 1.3.8). From these studies we can confirm that monomeric CY
molecules embedded on laponite surface lose their rotational freedom and show intense

fluorescence.

-_—
o
1

— 0.5 mg/ml
—1.0 mg/ml
2.0 mg/ml
—4.0 mg/ml
6.0 mg/ml
—— 8.0 mg/ml
—10.0 mg/ml

Normalized Intensity
o
(3]

e

o°
(=)
L

350 400 450
A (nm)

Figure 1.3.8. Normalized excitation spectra (Amon= 510 nm, | = 2 mm) of 10° M CY

solution with increase in laponite concentration.

On the other hand, increase in the concentration of LPCg in 10° M CY solution
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(Figure 1.3.7b, c) we see a gradual decrease in fluorescence intensity. At the
concentration of 18 mg/ mL of LPCy the fluorescence almost completely quenches. On
increasing concentration of LPCg, as the amount of fullerene increase with respect to

the CY monomers present, more quenching occurs.

The mechanism of the quenching was investigated by different methods. Lifetime
measurements were done by time correlated single photon counting (TCSPC) method.
(Figure 1.3.8a, b) The results show very low lifetime for 10° M CY of 2 ps,
establishing their non-fluorescent nature in a molecularly dissolved state. On the other

hand, lifetime of the dye dramatically increased to 2.6 ns after addition of laponite,

4
a)10’y . LPCgo-CY T T, T
« LP-CY (ns) (ns) (ns)
3 n
10 CcY cy 0.002 0..002
=
@
S 10%; LP-CY 0.39 2.2 3.88 2.607
IS (3.14%)  (69.2%) (27.6%)
09 22 o Lo LPC,-CY 0375  2.16 3.68  2.562
DL e (4.17%) (64.4%) (31.4%)
20 40 60
Time (ns)

showing increase

Figure 1.3.8. a-TCSPC spectra of 10° M CY in comparison with 10° M CY added to
2.0 mg/ mL of laponite and LPCg hybrids Amen = 480 nm and Aex = 404 nm. b-Table
representing the lifetime of each of the species, through multiexponential fit. The

numbers\in parenthesis represent the composition of the species.

of fluorescence of the dye molecules embedded on the clay particles. We observed no
decrease in lifetime of CY on LPCg hybrids, which suggests the quenching of the CY
molecules does not occur in the excited state. This rules out any possibility of this
quenching being any kind of energy transfer or photo induced electron transfer
processes. Although PET processes are very common with fullerene where fullerene

acts as an acceptor, they are mainly limited to dyad kind of systems.(23)

The solution state quenching behaviour of the molecules were studied in 80:20 toluene-

acetonitrile mixture. This also helps us investigate the contribution of ground state
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charge transfer between the molecules in molecularly dissolved state. The spectroscopic
titration of 10° M CY with fullerene solution do not show presence of any charge
transfer band even in 1:1 concentration (Figure 1.3.9a). PL studies show that though the
fluorescence is low, there is no decrease in CY fluorescence on addition of fullerene
(Figure 1.3.9b). These studies confirm that in molecularly dissolved state in solution,

these molecules do not show any interaction in ground state.

a) —CY10Mm b) —cY105m
0.4 — CY10"9M-C(0.5x10"9M — CY 10°5M-Cgg 0.5x10"5M
— CY10™M-Cgy 10-9M 5 50 —CY 109 M-Cgp 10°5M

- s
@

3] 2
: 5
8 0.2 S
2 E
o

<

0-0 T T T T 0 T T T
300 400 500 600 700 800 450 500 550 600 650
A (nm) A (nm)

Figure 1.3.9. a) UV-Vis absorption spectra of 10° M CY with varying amounts of
fullerene solution in toluene: acetonitrile (80:20) mixture. b) PL spectra of the same,

Aexe= 430 nm, | =10 mm

To further investigate effect of fullerene on laponite embedded CY molecule, cyclic
voltammetry studies were carried out as shown in figure 1.3.10. CY molecules on
laponite sheet show distinct oxidation peak at 1.36 eV (Eqpset = 1.16 €V) and reduction
peak at -0.67 eV (Egnset = -0.52 V). The calculated HOMO and LUMO levels for CY
are at -5.5 eV and -3.9 eV. These values match well with HOMO and LUMO energy
values of CY molecules reported previously. On the other hand, CY molecules
embedded on LPCgy hybrids show a definitive shift in HOMO and LUMO levels,

suggesting charge transfer or hybridization of CY and fullerene molecules.

These studies show that though Cgy and CY do not interact with each other in a
molecularly dissolved state, upon being embedded on clay surface, because of the
proximity to each other successful charge transfer occurs, which results in quenching of
fluorescence of the CY molecules. However, we did not observe any charge transfer

band in the absorbance studies, possibly due to very weak nature of the interaction.
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— LP-CY

45 10 -05 00 05 10 15
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Figure 1.3.10. Cyclic voltammograms of CY molecules embedded on laponite and
LPCso hybrids

The whole process is explained schematically in scheme 1.3.2

Scheme 1.3.2. Interaction of CY with LP and LPCg
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1.3.5. Conclusion:

In conclusion, in this report we have presented a facile and easy method to disperse

fullerene molecules in water by the assistance of clay nanoparticles. Highest

concentration of fullerene in water achieved was 7x10° M, 17 orders of magnitude

higher than the nascent fullerene molecules. We have also shown surface mediated

quenching of 3,3’- dithiacyanine dye on Laponite fullerene hybrids.
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Clay- Carbon hybrid materials for CO, capture.

Summary:

Carbon capture and sequestration presents a huge challenge in today’s world due to the
increased emission of greenhouse gases, especially CO,. Among present technologies
to reduce CO, from earth atmosphere, research in adsorbent based capture of CO,
promises a cheap and formidable solution. Carbon based materials are known for their
high surface area and excellent adsorption capacity. In this work we present a cheap

and easy preparation of clay-carbon composite for CO; capture.
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1.4.1. Introduction:

In modern world, in view of the pollution and global warming concerns, capture and
sequestration of greenhouse gases is highly important. CO, is a major contributor of
greenhouse gas and the escalating levels of CO, are one of the most pressing concerns

for humankind.(1)
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Figure 1.4.1. Predicted trend of increase in global CO, emission from 1965 to 2035.
OECD-Organisation for Economic Co-operation and Development, IEA -

International Energy Agency. Adapted from BP energy outlook 2016.

In worldwide CO, production of 19.4 giga tons in 2008, according to IEA, a third of it
is from power generation and another one third is from transport.(2) Mckinsky and
company submitted a highly cited study of most economically attractive and least
expensive ways to cut the CO, emission of USA by half.(3) They concluded that
reducing the emission of CO ; by that extent was not possible without carbon capture
and storage (CCS) from large power sources such as power plants. The existing
strategy for such carbon capture and storage has been dependent on the use of amine

absorbents and scrubbers.
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There has been a lot of research going on to find cheap and efficient alternatives for
efficient CCS during pre or post combustion processes. The prerequisites for such a
material are energy efficient regeneration of the material and chemical robustness. Past
reports include a variety of different materials. The majority of them can be classified

into the following groups:

» Physisorbnates, such as zeolites, activated charcoal etc.

» Chemisorbants such as oxides of sodium, potassium, calcium, cesium, tantalum,
rhodium, aluminium etc., lithium silicates and zirconates, and hydrotalcites.

» Organic and organic-inorganic hybrids such as amines physically or chemically
adsorbed on solid supports such as oxides or mesoporous silica, amines

supported on solid organic supports and metal organic frameworks (MOFs).

= Chemical

= Microporous materials = Ingrganic * Metal oxides
a.g. alkanolamines e.g zeolites, metal oxides, e.g. ceramic, hydrogen
= Physical metal-organic frameworks, transpon. ion transpo,
eq ionicliquids  carbon acecus adsorbents CEramic
* Pressure/Temparatura Patymeric
|L swing approaches + Hybrid membranes ]I

Separation Techniques

Figure 1.4.2. Materials for CO, capture in the context of postcombustion,

precombustion, and oxyfuel processes. Adapted from ref (4)

While the maximum CO; adsorption for zeolites is about 5.6 mmol of CO,/ g of
adsorbate (hereon referred to as mmol/g),(5) that for functionalized mesoporous silica
is about 5.5 mmol/g for tetracthylene pentamine/ polyethylleneamine impregnated

MCM-41. Among various MOFs MIL type Al, Zn and Cr coordinated metal oxide
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frameworks show high CO, adsorption at low as well as room temperature.(6) Oxide
and hydrotalcite based adsorbents’ adsorption capacity rarely exceed 1 mmol/g whereas

activated carbons are shown to be highly active (~3.3 mmol/g at 1 atm, 298 K).(5)

1.4.2. Scope of the present investigation:

All of these previously mentioned adsorbates either have high regeneration energy
requirement, are costly to prepare or are not very robust. Hence we synthesized a clay
carbon composite by carbonizing a synthetic organo-clay (aminoclay) and laponite
together. As we know clay materials are very cheap and easily available, they are
chemically robust too. Moreover, carbon being the CO, adsorbent, as carbon and CO,
are weakly bound, regeneration of the adsorbate is also easy. The composite of two
different clays give us a hierarchical structure, making it more effective for adsorption

purposes.
1.4.3. Experimental Procedures:

1.4.3.1. Materials used

A synthetic laponite XLG clay with  empirical composition  of
Na'.7[(SisMgs sLig3)O02(0OH)4] "’ xH,O (Rockwood Additives) was used, MgCl
(Merck, India), 3-aminopropyltriethoxysilane (Aldrich), ethanol (HPLC grade) were

used for synthesis of aminoclay.

1.4.3.2. Preparation of aminoclay:

Typically, bulk aminopropyl-functionalized magnesiumphyllosilicate clay was prepared
at room temperature by drop wise addition of 1.0 mL (5.85 mmol) 3-
aminopropyltrimethoxysilane to an aqueous solution of 0.84 g (3.62 mmol) magnesium
chloride in water (25 mL) The solution was left stirring for 24 hours, dried at 60 °C,
dispersed in water, reprecipitated from ethanol and dried. The yield of the product was

1.0 g.(7)

1.4.3.3. Preparation of aminoclay and laponite composite:

The composite was prepared in the following manner. Firstly, laponite was exfoliated
by dispersing 100 mg of sample in 10 mL of water by sonication (for 10 min).

Aminoclay was separately exfoliated in water by dispersing 100 mg sample in 10 mL
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of water by sonication (for 10 min). The laponite suspension was then added drop wise
to aminoclay suspension while continued stirring. The clear solution of aminoclay
gradually turned white slurry during the addition of laponite solution. The suspension
was stirred for 1 h and allowed to stand for 24 h, followed by filtration and washing
with water, finally the precipitate was then dried at 50 C for 48 h. Following the same
procedure, composites with different weight ratios of aminoclay and laponite (5:1; 3:1;

1:1; 1:3; 1:5) were prepared.

1.4.3.4. Carbonization of composite:

The composite was carbonized at 600°C for 6 h under N, atmosphere at a step rate of
1.5°C. To remove clay residue from carbonized composite, the carbonized compote
was dispersed first in 3 M Sodium Hydroxide solution, stirred for 24 h, centrifuged,
collected the precipitate and redispersed in 12 % Hydrochloric acid, followed by
stirring for another 24 h, then centrifuged, washed two times with water and one time
with ethanol. The carbonized composite was allowed to dry at 80 °C for 24 h. On the
other hand, the composite was burnt under O, atmosphere at 600 °C for 24 h in order to
remove all carbon content. Same procedures were followed for carbonization and

burning of aminoclay and laponite.

1.4.3.5. General characterization and equipments.

Powder XRD patterns were recorded using Bruker-D8 diffractometer using Cu Ka
radiation, (A=1.54 A, Step size: 0.02, Current: 30 mA and Voltage: 40 kV). The N,
sorption studies at 77K, CO2 sorption studies at 195K and 273K were performed on a
Autosorb-1C (Quantachrome corp.). The samples were outgassed at 100 °C for 12 h
under high vaccum before the analysis. The specific surface areas (SSA) were
calculated according to the BET method using the Quantachrome software (ASiQwin).
Ultrahigh purity gases (99.9995%) were used for all experiments. Thermogravimetric
analysis experiments were performed using Mettler Toledo 850 from 30 °C to 900 °C
in oxygen stream with a heating rate of 10 °C/min. FT-IR spectra were recorded on a
Bruker IFS 66v/S spectrometer. FESEM images were obtained by means of Nova-Nano
SEM-600 (FEI, Netherlands). Electronic absorption spectra were recorded on a Perkin
Elmer Lambda 900 UV-Vis-NIR spectrometer.
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1.4.4. Results and discussion:

Intercalation of two different layered structures to get a new three dimensional structure
has picked up immense interest recently for their ample demand in semiconductor and
electronics.(8) On the other hand, clay based porous heterostructures are well known
and used for different applications.(9-11) Lately, two different types of clays-
hydrotalcite and montmorrilonite also have been assembled periodically in search of

new properties.(12) The clays used in this work are aminoclay and laponite.

Aminoclay is a synthetic 2:1 smectite type of clay with aminopropyl pendant groups. In
aqueous solution protonation of the amine groups makes the clay positive and helps its
exfoliation.(13) On the other hand, laponite has unique disk like shape of around 25 nm

diameter; while the faces of the disks are negatively charged, the edges are positive.

Aminoclay (AC) Laponite (LP) Laponite-Aminoclay hybrid (LAC)

Scheme 1.4.1. Self-assembly of aminoclay and laponite in aqueous media.

The laponite particles assume an overall negative charge. In aqueous solution, the
positively charged aminoclay and negatively charged laponite nanoparticles self-
assemble to form a hierarchical network, (Scheme 1.4.1) which is evident from the fact
that the solution turns cloudy when these two clear clay dispersions are mixed together.
Zeta potential measurements also support the fact, as the charge of the resultant
composite turns neutral (Figure 1.4.3a). IR spectra of aminoclay show peaks for the
aminopropyl chain (C-H streach at 3040 cm™, H-C-H bend at 1502 cm™, H-N-H bend
at 1617 cm™, and a peak for NH;" at 2001 cm™) as well as the inorganic framework (Si-
O streach at 1022 cm™, and Mg-O streach at 560 cm™).(14) In the spectra of laponite,

the bands corresponding to organic counterparts are missing. The composite shows the
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combined spectra of aminoclay and laponite, though the relative intensities of organic
moieties are less compsred to pure aminoclay. (Figure 1.4.3b) Moreover, the peak
corresponding to NH;" is shifted to higher wavenumber, which proves that the clays
interact electrostatically and that interaction is present even in dried state. Composites
with different weight ratios of aminoclay and laponite were prepared. Figure shows the

respective XRD spectra. Both laponite and aminoclay have a low angle peak at 5.5°,
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Figure 1.4.3. a) Zeta potential of laponite (LP), animoclay (AC) and Laponite-
aminoclay composite (LAC). b) IR spectra of LAC in comparison to LP and AC. c)
XRD spectra of LP, AC and LAC and d) XRD profile of different composites with

varying aminoclay:laponite composition.

corresponding to the interlayer spacing. While aminoclay has a strong and well defined

low angle peak, that of laponite is broad, probably because of its small size and low
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structural ordering. Higher order peaks of both the clays are broad and have
asymmetric, shark fin like structure due to turbosratic disorder so commonly observed
in clay minerals. The XRD of the composite has a broad, but intense low angle peak
and the spectrum is more similar to laponite than aminoclay. (Figure 1.4.3c)
Composites with different weight ratios of laponite and aminoclay do not show much
difference structurally according to their XRD. (Figure 1.4.3d) Hence, rest of this work

has been carried with 1:1 aminoclay-laponite composite.

Individual materials and the composites were heated under two different conditions.
Heating under inert condition (N,) produces carbonized materials, whereas, heating
under O, burns all the carbon as CO,. The XRD of the burnt, carbonized and as
synthesized composites suggests that the low angle ordering is almost invariably lost

after heating in all the materials. (Scheme 1.4.2)

N, atm.
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C X2 -
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*NH; H, H2+ H; B 7
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@ Hydroxyl +NH3 NH,*NH, NH,
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Scheme 1.4.2. Formation of carbonized (LAC-C) and burnt (LAC-B) hybrids form

laponite-aminoclay hybrids.

The amount of carbon in the carbonized materials can be assessed from the weight loss

in between 200 °C to 600 °C in TGA profile (Figure 1.4.4a). Pure laponite shows
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minimal weight loss (about 1%) in this temperature window, whereas as-prepared LAC
has weight loss of almost 10-15% due to the aminopropyl groups. The carbonized
composite has carbon content of 2%, whereas the burnt composite has almost no weight
loss. Laponite loses some structural water molecules in this temperature range,
accounting for its low weight loss, but as the burnt and carbonized composites are pre

heated up to 550 or 600 C the weight loss directly corresponds to their carbon content.
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Figure 1.4.4. a) TGA profile of as- prepared laponite-aminoclay hybrid in comparison
to carbonized (LAC-C) and burnt (LAC-B) hybrids. The amount of carbon was
determined from the weight loss from 200 °C to 600 °C. b) XRD profiles of aminoclay,
laponite, laponite-aminoclay hybrids and their burnt and carbonized counterparts. c)
Raman spectra of carbonized aminoclay in comparison with carbonized hybrid. d) N,
adsorption isotherms of as-prepared laponite-aminoclay hybrids along with burnt and

carbonized hybrids.
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The XRD profiles of as-perpared, carbonized and burnt hybrids do not show any loss of
structure after heating (Figure 1.4.4b). On the other hand, aminoclay after carbonization
loses its structure while laponite retains its structure even after heating. The Raman
spectra of carbonized hybrid and carbonized aminoclay show graphitic nature, where
the D band is much less intense than the G band. The peaks for Mg-O, Si-O-Si and C-C

are also present. (Figure 1.4.4.c)

The surface area of the as- prepared, burnt and carbonized hybrids were studied by
Nitrogen adsorption measurements at 77 K. The isotherms are (Type-I) fully reversible
in nature. The as-prepared hybrid shows a very less uptake of Nitrogen. On the other
hand, carbonized hybrid and burnt hybrid isotherms show a rapid uptake at low
pressure (0 — 0.1 bar) indicating a paramount microporous nature. (Figure 1.4.4.d)
Applying the Brunauer — Emmett - Teller (BET) model in the pressure 0 - 1 bar
resulted in apparent surface areas of 4.51 mz/g (LAC), 257 mz/g (LAC-O), 197 m2/g
(LAC-B). The excess uptake by LAC-C can be attributed to the microporous carbon

formed on the clay surface.

100
a - -o- LAC-C oo b) 60 —e- LAC-C-273K os °
o —e- LAC 0*® —_ —m- LAC-C-298K S
8 go o’ = Lo
= —-o- LAC-B o’ o o-®
/2] ® - _®
™ o®® ) .,.
£ o’ ™ 404 o~
L 601 .o".. £ o/. u-m-E-E-m-E-g-N-E-E-E
ko] O o o -
g ,". T o ’.,l’.
5 401 /". g /°/.)'/.
ﬁ / 32014 o
¢ o
o 20 ..“.......n-“' < 1
g ....-noooo""' QE) .
© °® 3
> 04 . o 0 y , .
0.00 0.25 0.50 0.75 100 = 0 1000 2000 3000
P/Po p (kPa)

Figure 1.4.5. a) CO, uptake by the composites at 195K and b) CO, uptake by the
composites at 273K and 298K under high pressure.

CO; uptake studies at 195K show remarkable uptake for the carbonized hybrid. (Figure
1.4.5.a) Uptake by the burnt hybrid is negligible whereas as-prepared hybrids show
little uptake probably due to the presence of amine functional groups. The carbonized
composite shows an uptake of 18.7 wt% (4.25 mmol/g), the uptake of as-synthesized
hybrid was 4.5 wt% (1.05 mmol/g), for burnt hybrids the uptake was 1.7 wt% (0.38

mmol/g). If we consider the uptake for carbon alone, the uptake is much higher (193.5
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mmol/g) compared to other previously reported porous carbons. We believe this
increase is due to the hierarchical structure of the hybrids which helps to reduce

diffusion length and increase in uptake of the gas molecules.

CO, capture
.NO. capacil
carbon pactty (bar) (K) Reference
(mmols/g)
. NORIT R1 02 40 2o
Extra ' (15)
0.5 1 298
2 MAXSORB (16, 17)
25 30 298
04 1 208
3 BPL Carbon (16, 18)
4 10 298
4 Activated 6.5 . 208
Charcoal ' (19)
5 BCN 22.7 1 195 (20)
4.25 1 195
6 LAC-C
2.8 35 273
193.5 1 195
7 LAC-C*
90 35 273

Table 1.4.1. Comparison of CO, capture performance of different porous carbon
adsorbents. LAC-C represents the results obtained in this work. LAC-C* represent CO,
adsorbed by carbon alone. Data was obtained by substituting adsorption of LAC-B
from LAC-C and accounting for 2 wt% of carbon in LAC-C.

The hybrids show high CO, uptake even at high temperature. (Figure 1.4.5.d) Amount
was 7.4 wt% at 35 atm. A comparison of CO, uptake capacities of different activated

hybrids is shown in the table above.
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1.4.5. Conclusion

In conclusion, clay hybrid materials were prepared by self-assembly of two types of
clays: aminoclay and laponite. The differently charged clay sheets dispersed in water
attract each other electrostatically to form a cloudy precipitate. Carbonization of the
hybrids was achieved by heating them under inert atmosphere at 550 °C. the
carbonization produces microporous carbon on the surface of the clay sheets.
Aminopropyl functional groups of the aminoclay serve as carbon source for the
hybrids. The clay-carbon hybrids show high surface area and high uptake of CO, due to
their microporous nature and low diffusion length for gas molecules due to the pillared
architectures. The CO, capture efficiency of the hybrids were on par with traditional
porous carbons, and much higher if estimated based on the available carbon in the
hybrids.

1.4.6. References:

1. H. Yang et al., Progress in carbon dioxide separation and capture: A review. J.
Environ. Sci. 20, 14-27 (2008).

2. S. Solomon, Climate change 2007-the physical science basis: Working group |
contribution to the fourth assessment report of the IPCC. (Cambridge
University Press, 2007), vol. 4.

3. P. Enkvist, T. Nauclér, J. Rosander, A cost curve for greenhouse gas reduction.
McKinsey Quarterly 1, 34 (2007).

4. D. M. D'Alessandro, B. Smit, J. R. Long, Carbon Dioxide Capture: Prospects
for New Materials. Angew. Chem. Int. Ed. 49, 6058-6082 (2010).

5. S. Choi, J. H. Drese, C. W. Jones, Adsorbent Materials for Carbon Dioxide
Capture from Large Anthropogenic Point Sources. ChemSusChem 2, 796-854
(2009).

6. K. Sumida et al., Carbon Dioxide Capture in Metal-Organic Frameworks.

Chem. Rev. 112, 724-781 (2012).



Chapter 1.4.

10.

11.

12.

13.

14.

15.

K. K. R. Datta, M. Eswaramoorthy, C. N. R. Rao, Water-solubilized aminoclay-
metal nanoparticle composites and their novel properties. J. Mater. Chem. 17,
613-615 (2007).

A. K. Geim, 1. V. Grigorieva, Van der Waals heterostructures. Nature 499, 419-
425 (2013).

J. A. Cecilia, C. Garcia-Sancho, F. Franco, Montmorillonite based porous clay
heterostructures: Influence of Zr in the structure and acidic properties.
Microporous Mesoporous Mater. 176, 95-102 (2013).

A. Galarneau, A. Barodawalla, T. J. Pinnavaia, Porous clay heterostructures
formed by gallery-templated synthesis. Nature 374, 529-531 (1995).

A. C. Perdigon et al., Synthesis of porous clay heterostructures from high
charge mica-type aluminosilicates. J. Mater. Chem. A 1, 1213-1219 (2013).

R. Chalasani, A. Gupta, S. Vasudevan, Engineering New Layered Solids from
Exfoliated Inorganics: a Periodically Alternating Hydrotalcite —
Montmorillonite Layered Hybrid. Scientific Reports 3, 3498 (2013).

K. K. R. Datta, A. Achari, M. Eswaramoorthy, Aminoclay: a functional layered
material with multifaceted applications. J. Mater. Chem. A 1, 6707-6718 (2013).
J. E. Martin, A. J. Patil, M. F. Butler, S. Mann, Guest-Molecule-Directed
Assembly of Mesostructured Nanocomposite Polymer/Organoclay Hydrogels.
Adv. Funct. Mater. 21, 674-681 (2011).

S. Himeno, T. Komatsu, S. Fujita, High-pressure adsorption equilibria of
methane and carbon dioxide on several activated carbons. Journal of Chemical

& Engineering Data 50, 369-376 (2005).



Clay-carbon hybrids

16.

17.

18.

19.

20.

K. B. Lee, M. G. Beaver, H. S. Caram, S. Sircar, Reversible Chemisorbents for
Carbon Dioxide and Their Potential Applications. Industrial & Engineering
Chemistry Research 47, 8048-8062 (2008).

F. Dreisbach, R. Staudt, J. Keller, High pressure adsorption data of methane,
nitrogen, carbon dioxide and their binary and ternary mixtures on activated
carbon. Adsorption 5, 215-227 (1999).

A. Phan et al., Synthesis, Structure, and Carbon Dioxide Capture Properties of
Zeolitic Imidazolate Frameworks. Acc. Chem. Res. 43, 58-67 (2010).

Q. Wang, J. Luo, Z. Zhong, A. Borgna, CO; capture by solid adsorbents and
their applications: current status and new trends. Energy Environ. Sci. 4, 42-55
(2011).

K. Raidongia et al., BCN: A Graphene Analogue with Remarkable Adsorptive

Properties. Chem.Eur. J. 16, 149-157 (2010).



Chapter 1.4.




PART-2

Chapter 2.1. Introduction to gas permeation and separation through membranes.

Chapter 2.2. Casting molecular channels through graphene oxide surface: Effect of domain

formation on gas permeation of Graphene oxide membranes.

Chapter 2.3. High performance MoS, membranes: Effect of thermally driven phase transition

on CO- separation efficiency.






Chapter-2.1

Introduction to gas permeation and separation through

membranes

Summary:

Membrane based gas separation methods provide an easy, cheap and energy efficient
solution compared to other traditional techniques. In this chapter, we have briefly
introduced the history and development of membrane based gas separation processes,
and basic theory of gas permeation through different membranes. Few examples of
separation of H, from CO; by porous membranes such as silica, zeolite metal organic

framework and carbon molecular sieve are presented.







Gas separation: Introduction

2.1.1. Introduction:

Separation processes are an integral part of industrial processes for separation,
purification and recovery of substances. Membrane based separation methods are
highly efficient which could reduce capital investment, application cost and safety.
Separation of gas mixtures is an important part of many industries to recover gases and
enable pollution control. Common practices involved for separation gases are cryogenic
distillation, adsorption on solid surfaces and solvent absorption. Recently membranes
are increasingly finding applications in gas separation and have shown a huge potential.
Industrial scale membrane separations have already been employed in industrial sectors
in united states and some European countries. Membrane technology can complement
conventional techniques for efficient separation of gases. Few inherent advantages of

membrane gas separation are as follows.

Cost effective operation.
Less energy consumption.

Lower environmental footprint, no corrosive or harmful chemicals required.

Y V V V

Operates at ambient temperature and pressure unlike other separation processes

like cryogenic distillation, which require extreme condition.

» Membrane based separation processes are very efficient because they can
operate in continuous mode with complete or partial recycling of permeate/
retente.

» Can be integrated to other separation processes seamlessly for better separation
performance.

» Different membranes can be synthesized according to the specific need for the

situation.
2.1.2. History of membrane based gas separation:

The history of membrane based gas separation can be dated back to two centuries. In
1900s a Scottish chemist named Thomas Graham first proposed the laws of diffusion of
gases and liquids through various medium. He discovered that certain substances such
as gelatin and glue pass very easily through a barrier compared to other substances such
as inorganic salts, thus establishing a distinction between two types of materials. In

1885 Fick first studied the laws of diffusion of gas permeation through cellulose nitrate
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membranes and established the concept of diffusion which is known as Fick’s law.
Only in the last 30 years membranes were applied on an industrial scale for gas
separation, since the first industrial installation of PRISM membranes by Perma for

hydrogen separation from purge gas for ammonia synthesis.

| 1850 1950 1960 1970 1980
N

(

Figure 2.1.1: Milestones in the application of membranes for gas separation.

A more detailed description of notable events in development of membrane technology

is given below:
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Scientist (year)
(Ref)

Events

Nollet (1752) (1)

Discovered that a pig’s bladder passes preferentially ethanol
when it was brought in contact on one side with a water—
ethanol mixture and on the other side with pure water. This
was the first recorded study of membrane phenomena and the

discovery of osmosis phenomena

Graham (1829) (2)

Performed the first recorded experiment on the transport of

gases and vapors in polymeric membranes

Fick (1855) (3)

Proposed a quantitative description of material transport

through boundary layers

Graham (1866) (2)

Systematically studied on mass transport in semipermeable
membranes during diffusion of gases through different media
and reported that the natural rubber exhibits different
permeabilities to different gases. Graham’s Law of Mass

Diffusion was proposed

Lord Rayleigh
(1900) (4)

Determined relative permeabilities of oxygen, argon, and

nitrogen in rubber

Benchold
)

(1907)

Prepared nitrocellulose membranes with graded pore size
structure. Defined the relationship between bubble point and

temperature, surface tension, and pore radius

Knudsen (1908) (6)

Defined Knudsen diffusion

Shakespear (1917—

Found temperature dependency of gas permeability that is

1920) (7-9) independent of partial pressure difference across membranes
Dayn Daynes Developed time lag method to determine diffusion and
(1920) (10) solubility coefficient
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Scientist (year)
(ref)

Events

1964) (13, 14)

Barrer (1939) (11) | Applied Arrhenius equation for permeabilities and diffusivities
Barrer and Studied the diffusion and the adsorption of permanent gases
Strachan (1955) through compressed carbon powders

12)

Loeb and Developed RO membrane based on cellulose acetate, which
Sourirajan (1962, provided high fluxes at moderate hydrostatic pressures. Found

dried RO membrane can be used for gas separation

Vieth and Sladek
(1965) (15)

Proposed models for sorption and diffusion in glassy polymers

Stern et al. (1969)
(16)

First to systematically study the transport of gases in high

polymers at elevated temperatures

Cynara and
Separex Company

(1982-1983) (17)

Developed cellulose acetate membranes for the separation of

CO,

al. (1988) (21)

Henis and Tripodi | The first major product Monsanto Prism A® membrane for
(1980) (Monsanto, | hydrogen separation

Inc.) (18)

Gies (1986) (19) All-silica zeolite deca-dodecasil 3R (DD3R)

Paul and Kemp First reported MMM s for gas separation

(1973) (20)

Permea PRISM First commercialized gas separation membrane

membrane (1980)

Kulprathipanja et Mixed matrix systems of polymer/adsorbent might yield

superior separation performance to that of pure polymeric

system
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Scientist (year)
(Ref)

Events

Robeson (1991) Proposed upper bound between gas permeability and

(22) selectivity

lijima (1991) (23) | Discovery of carbon nanotubes (CNTs)

Suda and Haraya Prepared carbon molecular sieve (CMS) membrane, prepared

(1997) (24) from pyrolization of polyimide, and permeabilities of different
gases were studied (H,> He > CO,> O,> N3)

McKeown (1998) | Polymers of intrinsic microporosity (PIMS)

(25)

Yang et al. (1999)
(26)

Proposed gas separation by zeolite membranes on the basis of

different adsorption properties

Caro et al. (2000)
(27)

Proposed gas separation by zeolite membranes on the basis of

differences in the molecular size and shape

Mahajan and Koros

(2002) (28-30)

Application of 4A zeolite in polymers for MMMs membrane

preparation

Skoulidas et al.
(2002) (31)

Made simulations for both self- and transport diffusivities of
light gases such as H 2and CH 4in carbon nanotubes and

zeolite

Ackerman et al.

(2003) (31, 32)

Made simulations for Ar and Ne transport through CNTs

Hinds et al. (2004)
(33)

Tried to incorporate aligned CNTs into the polymer matrix and
proposed the potential of the nanotubes’ inner cores to act as a

channel for gas transport

McKeown et al.

(2005) (34)

PIMS are excellent performers for gas separation

Chen and Sholl

Predicted selectivity and flux of CHs — H, separation using
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(2006) (35)

single- walled carbon nanotubes as membranes

Scientist (year)
(Ref)

Events

Gonzo et al. (2006)
(36)

Applied Maxwell equation to the performance of mixed matrix

membranes (MMMs)

Cong et al. (2007)
(37)

Used BPPO dpmembranes using both pristine single-wall
CNTs (SWNTs) and multi-wall CNTs (MWNTs). Composite
membranes increased in CO, permeability compared to the

corresponding pure-polymer membrane

Husain and Koros

(2007) (38)

Increased hydrophobicity of the zeolite surface by capping
surface hydroxyls with hydrophobic organic chains via

Grignard type reactions (MMMs preparation)

Himeno et al.

(2007) (39)

a-alumina surface coated with DDR zeolite for gas separation

Bergh et al. (2008)
(40)

Separation and permeation characteristics of a DDR zeolite

membrane (gas separation)

Yoo, Lai, and
Jeong group (2009)
(41)

The first MOF membranes were reported

Li et al. (2010) (42)

SAPO-34 zeolite membranes for CO,—CHy separation

Betard et al. (2012)
(43)

Metal-organic framework (MOF) membrane by stepwise

deposition of reactants

Nair et. al. (2012)
(44)

GO first used as membrane material

Kim et. al. and Li
et. al. (2013) (45,
46)

Molecular sieving properties of GO membranes discovered.

Table 2.1.1. Events in development of gas separation membranes. Adapted from ref

(47)
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2.1.3. Theory of gas permeation:

The driving force for gas separation is partial pressure gradient which is the product of
total pressure and mole fraction. Both dense and porous membranes are used for gas
separation. Before going into the detail of gas separation, some useful terminologies to

know are given below.

Permeance: Permeability of a membrane can be described as the state or quality of a
material or membrane that causes it to allow liquids or gases to pass through it. The
productivity of a gas separation membrane is expressed in terms of its permeance, the
amount of permeate that passes through a certain membrane area in a given time for a
particular pressure difference. Values of permeance are often quoted in units of GPU [1

GPU=10"°cm’ (STP) cm *s ' cmHg '].

Permeability: Permeance multiplied by the thickness of the membrane gives
permeability P (sometimes called permeability coefficient). It is a characteristic of the
material. In principle, permeability is independent of membrane thickness for a
homogeneous membrane, but in practice values can depend both on thickness of the

membrane and on its history. Permeability is defined as:

.t
p=1°
A.Ap
where g is the mass flux of gas through a membrane of area 4 and thickness £ under a

partial pressure gradient Ap across the membrane.

Values of permeability are often quoted in units of Barrer [1 Barrer = 10 "° cm® (STP)

cmem s ' emHg '=335x 10 molmm s ' Pa’']

Separation factor or selectivity: Another key characteristic of membranes is their
selectivity in gas separation. There are several definitions of this property. If
permeation of different gases proceeds independently, that is, the permeability of one
gas is not sensitive to the presence of other permeating gases, then the ideal separation

factors defined as:
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Py
Qg = —
Here PA and Py are the permeability coefficients of gases A and B measured in runs

with individual permeation. Commonly, a ‘fast’ gas is taken as A, that is, o> 1

Upper bound relationship: Both high permeability coefficients and high selectivities
of membrane are desirable for increasing process capacity and purity of product;
however, there is an inherent trade-off between permeability and selectivity, whereby
polymers with high permeability typically have low selectivity, and vice versa. This
well- known trend was analysed in detail by Robeson, who empirically deduced the
concept of an upper bound for a variety of gas separations.(22, 48) The upper bound
represents the most favourable combinations of permeability and selectivity
characteristics of polymer membranes reported in the literature, and are described by

the following equation:
PA = kaABn

Where P, is the permeability of the more permeable gas, a is the separation factor of
gases A and B (Pa/Pg), k and n are imperical constants for particular set of gases. An

example of upper bound plot is given below:
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Figure 2.1.2. Upper bound relationship of H, and CO,. The previous upper bound
refers to upper bound in 1991 whereas the present upper bound reflects to the data
collected till 2008. Adapted from ref (48)

2.1.3.1. Gas permeation through a non-porous membrane:

Gas permeation through dense non-porous membranes occur through a solution-
diffusion pathway. The partial pressure difference between the two sides of the
membrane creates a concentration gradient between the faces through which gas
molecule passes through following Fick’s law as depicted in figure 4.2. Let us consider
a steady state isothermal flux through a homogeneous (uniform) polymer film with
thickness that separates two gas phases containing a single gas with pressure p, > p;
(Fig. 2.1.3). According to Fick’s first law applied to the polymer—sorbed gas system,
the flux can be represented as:

dc

J=- dx

where C is concentration, X is the coordinate across the film and the diffusion coefficient

D. This equation predicts a linear concentration profile within the membrane.
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Figure 2.1.3. Schematic of gas permeation through a non-porous membrane.

Two theoretical approaches are employed to explain and describe diffusion and
permeation of gases in polymers. The first one, the transition state theory (49) is based
on the concept that diffusion in condensed media is an activated process like the rate of
chemical reactions. Hence, the Arrhenius equation is applicable to the temperature

dependence of the diffusion coefficients:
D = Dye("Ep/RT)

Although this approach is mainly qualitative, because no straightforward method has
been proposed for prediction of activation energy of diffusion Ep and, especially the
pre-exponential term Dy, its application can be very useful, for example for description
of permeability—permselectivity diagrams.(50) An advanced development of the
activated diffusion approach(51) is extensively used in contemporary simulations of

mass transfer in polymers.

Another approach, the free volume theory is based on the concept that all condensed
(amorphous) media contain a free volume (holes, microcavities) that is either
fluctuating in nature (liquid, rubbers) or is embedded in a rigid matrix (inorganic
glasses, glassy polymers). The presence, size and/or mobility of these microcavities is a
prerequisite for diffusion of small particles in the medium. The concept of free volume
was introduced long ago, (52) but in these works free volume was considered as an
abstract notion. Today, free volume theory is the leading approach for understanding
and description of nanostructure in polymers. It is very helpful that several direct
methods are now available or estimation of free volume in polymers (53, 54) and in
numerous works free volume (its size and size distribution) is related to the observed

values of D and P.

Figure 2.1.4 illustrates a schematic representation of the various models proposed for
polymer microstructure for the transport of small permeant molecules through the

matrix.
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» Figure 2.1.4a illustrates a bundle of parallel polymer chains and inclusion of gas
molecules. In order to move into the polymer matrix, the gas molecule pushes

the polymer chain and jumps into a new position.

» Figure 2.1.4b shows that the polymer segments are in a normal and an activated
state. In the activated state the polymer chain accommodates a diffusing mole-
cule, allows it to diffuse, and then returns to the normal configuration after the
jump of the molecule. It also shows the normal and activated states of the

polymer segments.

» Figure 2.1.4c shows the model proposed by Pace and Datyner (55). The model
accounts for the structure of the polymer contributing to gas diffusions and

incorporates some of the features of models Fig. 4.4a, b.

In the model illustrated in Fig. 4.4c, it is assumed that non-crystalline polymer regions
possess an appropriate semi-crystalline order with chain bundles. These bundles are
parallel along distances of several nanometers and can be considered as tubules. The
tubules, consisting of parallel chains, facilitate the movement of the permeant, and the

transport occurs by leaps between these tubules. These jumps occur when the thermal

a) POLYMER - PENE TRANT
CHAMNS MOLECULE

AFTER BRANDT

NORMAL STATE ACTIVATED STATE HORMAL STATE AFTER OME
DIFFUSIONAL ¢

Fenatront
o -39 B
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motions of local segments of the polymer chain open up a sufficiently large channel to
a neighbouring gap. The gas molecule/particles can then diffuse through this channel.
Once the channel closes, the jump is successfully concluded. According to this model,
the selectivity of a membrane material depends on the control of these leap channels.

Large

Figure 2.1.4. Schematic representation of the various models proposed for transport of

small molecule through a polymer membrane. Adapted from reference (56)

openings or high flexibilities cause large diffusion coefficients and low apparent
energies of activation for diffusion, whereas more limited motions permit the passage

of smaller species much more readily than the large particles.
2.1.3.2. Gas permeation through a porous membrane:

A porous membrane is a rigid, highly voided structure with randomly distributed
interconnected pores. The separation of materials by porous membrane is mainly a

function of the permeant character and membrane properties, such as the molecular size

‘ ii 0i.‘...00. ¢ o ° [ ]

>
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of the membrane polymer, pore size, and pore size distribution. A porous membrane is

Figure 2.1.5. Four types of diffusion mechanisms through a porous membrane. a)
Knudsen diffusion, b) surface diffusion, c) capillary condensation and d) molecular

sieving

very similar in its structure and function to a conventional filter. In general, only those
molecules that differ considerably in size can be separated effectively by microporous
membranes. Porous membranes for gas separation do exhibit very high levels of flux
but inherit low selectivity values. Microporous membranes are characterized by the
average pore diameter d, the membrane porosity, and tortuosity of the membrane.
Porous membranes can be utilized for gas separation. The pore diameter must be
smaller than the mean free path of gas molecules. Under normal condition (100 kPa,
300 K) diameter is about 50 nm. The gas flux through the pore is proportional to the
molecule’s velocity, i.e., inversely proportional to the square root of the molecule mass
(Knudsen diffusion). Flux through a porous membrane is much higher than through a
nonporous one, 3—5 orders of magnitude. Separation efficiency is moderate—hydrogen

passes four times faster than oxygen.

Four types of diffusion mechanism can be utilized to effect separation by porous

membranes (see Figure 2.1.5).(57) The four diffusion mechanisms above are:

1. Knudsen (or free molecule) diffusion: In Knudsen diffusion, a gas molecule will
experience more collisions with the pore walls than with other gas molecules. The

Knudsen selectivity depends on the ratio of molecular weight of the molecules.

Let us consider the effusion of a gas mixture through a long channel with circular cross
section. The nature of the flow depends on the comparative magnitude of the mean free
path 4 and the radius r of the opening. When the opening is large (r>>41), there is a
continual momentum transfer from the lighter and faster molecules to the heavier and
larger molecules in the gas mixture by collision. Since both the molecules pass through
the orifice with same drift velocity, the flow is ideally non separative. In this region the

flow is ideally governed by Poiseuille equation.
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In the other limiting case (r<<A), a molecule going through the orifice have very little
chance to collide with another molecule in the vicinity of the orifice. The molecules
travel through the channels independently with a velocity component to the mean speed
v of thermal agitation and inversely proportional to the square root of its molecular
mass (m~1/?). The flow in this limit is separating. In this limit the flow is governed by

the well-known Knudsen formula.

16r dp
3mmv dx

F=-

Where I denotes the mean flow of molecules per unit area per unit time in the X
direction across a pressure gradient dp. This formula has been confirmed by Knudsen
and Adzumi in experiments with bundles of capillary tubes at very low pressure. This

equation is only valid when 1>>r.

The Knudsen number (K,) is defined as the ratio of the mean free path of the gas

molecules (A) and a representative physical length scale (e.g., the pore radius), (r)

-
r
Gas Pair Separation factor v (mz/ml)
H,/CH, 2.82
Ho/N, 3.74
H,/CO 3.74
H,/O, 4.0
H,/CO, 4.69
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Knu

N,/O, 1.07 dsen
se

0,/CO, 1.17 sepa

ratio

n can be achieved with membranes having pore sizes smaller than the mean free path of
gas molecules. Table 4.2 presents the ideal separation factors of various pairs of gases

based on Knudsen flow.

Table 2.1.2. Calculated separation factors based on Knudsen flow of selected binary

gas mixtures.

Momentum transfer theory: Let us consider first the changes that take place in the
character of the flow as A decreases from an initially large value. In a long tube of
length L>>r there will be no intermolecular collisions so long as A>>r. If L>>A>>r, a
molecule will make many intermolecular collisions before reaching the outlet, but for
every collision that a molecule makes with another molecule, it will make many
collisions with the wall. Now the flow is ideally separative as long as intermolecular
collisions can be neglected; when these occur momentum is transferred on the average
from the lighter to the heavier gas so that the flow rates tend to equalize. If A>>r, the
effect of a momentum transfer in an intermolecular collision is effaced during the many
subsequent collisions with the wall which precede another intermolecular collision, and
in which the molecule comes into equilibrium with the molecules of the wall. Thus the
flow remains ideally separative Knudsen flow until the mean free path 1 becomes
comparable to the diameter of the tube. When A ~ r the effect of an intermolecular
collision persists until the next intermolecular collision, and the cumulative effect of
collisions between unlike molecules is to equalize the flow rates and diminish the

separation efficiency.

2. Surface diffusion: Surface diffusion can occur in parallel with Knudsen diffusion.
Gas molecules are adsorbed on the pore walls of the membrane and migrate along the
surface. Surface diffusion increases the permeability of the components adsorbing more
strongly to the membrane pores. At the same time, the effective pore diameter is

reduced. Consequently, transport of non-adsorbing components is reduced and
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selectivity is increased. This positive contribution of surface diffusion only works for

certain temperature ranges and pore diameters.

3. Capillary condensation: Capillary condensation occurs if a condensed phase
(partially) fills the membrane pores. If the pores are completely filled with condensed
phase, only the species soluble in the condensed phase can permeate through the
membrane. Fluxes and selectivities are generally high for capillary condensation. The
appearance of capillary condensation, however, strongly depends on gas composition,

pore size, and uniformity of pore sizes.

4. Molecular sieving: Molecular sieving occurs when pore sizes become sufficiently
small (3.0-5.2 A), leading to the separation of molecules that differ in kinetic diameter.
The pore size becomes so small, that only the smaller gas molecules can permeate
through the membrane. Typical examples of molecular sieving membranes include
zeolites and Metal organic frameworks. A table of different gas molecules and their

kinetic diameters is given below in table 2.1.3.

Gas molecule Mol. Wt. Kinetic diameter (A)
H, 2 2.89
He 4 2.6
CH4 16 3.8
N, 28 3.64
0)) 32 3.46
CO, 44 3.3

Table 2.1.3. Molecular weight and kinetic diameter of gases.

In some cases, molecules can move through the membranes by more than one
mechanism. Knudsen diffusion gives relatively low separation selectivity compared to
surface diffusion and capillary condensation. Shape selective separation or molecular

sieving can yield high selectivities. The separation factor of these mechanisms depends
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strongly on the pore size distribution, temperature, pressure and interaction between

gases being separated, and the membrane surfaces.
2.1.4. Separation of H, from CO; by porous inorganic membranes:

In today’s world, scientific community is concerned by the rising levels of CO; in the
atmosphere as a greenhouse gas due to the increase in consumption of fossil fuel,
industrial processes, deforestation, and use of fertilizers. CO, is considered to play a
major part in global rising of temperatures. CO, emissions account for 70% of global
emission of greenhouse gases followed by CH4 and N,O. Since the industrial revolution
global CO; levels have increased dramatically from 280 ppmv at 1975 to >380 ppmv at
present with an annual increase of Ippm. This increase in CO, levels have led to
increase in global temperatures 0.6 to 0.7 C. During the period (2000-2004) global
temperature have risen by more than 0.3%. on current trends, the Intergovernmental
Panel on Climate Change (IPCC) projects 1.8-4.0 C increase in temperature by the end
of the century, leading to irreversible consequences (like increase in sea levels) to
mankind and ecosystem. In this context, according to a number of technical reports and
papers, CO2 capture, transport and storage (CCS) is considered one of the most viable

strategies to control the levels of atmospheric CO,.

Among the steps involved in CCS chain, CO, capture is by far the most important and
challenging one. This step can account for about 50%-90% of the total cost of the
whole process depending on the source of CO, emission. Among the existing
technologies, chemical adsorption of CO, by alkanolamines and variants is the most
adopted one in capturing CO, from flue gas streams in large quantities.(58) One of the

major disadvantage of this process is that it cannot be operated in a continuous mode.
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For regeneration of the adsorbents, adsorbed CO, must be released in a separate
chamber by decreasing pressure or increasing temperature. Also the stability of the
adsorbent in the presence of O, or SO, remains a challenge. A schematic depicting
capture strategies as a function of the combustion type, and implementation is presented

in figure 2.1.6.

Figure 2.1.6. CO, capture strategies as a function of the combustion type,
implementation in the overall strategy for energy production and CO; capture/storage,
strategic target separations, and relevant FP6 and FP7 European projects recently

accomplished. Adapted from reference(59).

In this chapter we focus only on porous inorganic membranes (PIMs) as alternative
candidates to chemical absorption and other prospective technologies for CO, capture
in different pre and post combustion scenarios as depicted in figure 4.7. Although some
studies point out the advantages of chemical absorption over membrane technologies
for CO;, capture,(60) most of these statements focus on nonoptimized membrane
materials (e.g., resistant to water and acids, manufacture of thin layers, reproducibility

of synthesis protocols), offering a biased view of the field.

In term of membrane technologies, PIMs for gas separation are still in early stage of
development, yet they show tremendous potential for pre and post combustion CO,

capture for different reasons.

» PIMs show higher thermal, chemical, and mechanical stability than polymers
and are therefore more robust and offer potentially longer life and reduced

maintenance costs.

» PIMs offer higher permeability than polymeric membranes, allowing smaller

layouts and lower investment costs.

> Unlike adsorbents PIMs can function in continuous mode.
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CO, capture (pre-, oxy- and postcombustion) |

Absorption |> > [ Membranes | <————=| Adsorption

(wet scrubbing) (dry scrubbing)
[ Physical | | Chemical | [ Physical/Chemical | [ Polymer | [ ceramic | [ Tsa |[ psa || vsa |
| I [
RECTISOL BENFIELD SULFINOL | mmm || Hybrid | | RCPSA |
(MeOH) (K,CO/KHCO,) (DIPA + MDEA)
: [ |
Sl CHILLED NH, AMISOL
; I_'—‘ (MEA+DEA+DIPA)
SELEXOL Alkanolamines
PEG, DME) | | (MEA, DEA, TEA, ]
(50, e MDEA, DIPA)
Cryogenic Chemical
distillation looping (CLC)

Figure 2.1.7. Summary of technologies for CO, capture stressing the intimate synergy
between absorption and adsorption concepts for membrane design (violet,
precombustion; blue, oxy-combustion; orange, postcombustion). Adapted from

reference(59).

Up to now, a range of inorganic materials have been applied to the separation of
hydrogen, including silica, zeolite, MOFs, carbon and amorphous metal oxides. These
materials have well-defined or amorphous pore structures and can selectively separate
hydrogen mainly based either on size-exclusion, i.e., the so-called molecular sieving or
selective. Since weak adsorption is generally observed for H, on these membrane

materials, surface treatment seems not an effective method to improve hydrogen
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selectivity.
Membrane type Membrane material Driving force Selectivity Permeation Features
Glassy & Rubbe i i i L ;
POLYMER : Y : ry S{.)lutu.mf High selective ow LOW
Mixed Matrix Diffusion CO, or H, Moderate resistance
Metal (Pd, Pd(Ag), Solution/ High selective
Metal . .
era Ni...) Diffusion H, High T
: - : Moderate
Molten carbonates Solution/ High selective Low / resistance
M5(CO;)x Diffusion CO, Moderate
Metal & !\/lctal, ceramic  with . . Selective Moderate
ceramic impregnated / | Chemical reaction istan
_ immobilized liquids Co, fesistance
DENSE Ceramic
Composite:
* Metal-glass . . . High T
Solution/ High selective
s Metal-ceramic Di fE.ISiDIl gh H v Moderate | Moderate
e Metal-metal (metal : resistance
=Pd, Pd(Ag)...)
Meso Amine-erafied silicas Adsorption/ Selective Low / Moderate
(2-50 nm) £ Diffusion co, Moderate | resistance
Amine-functionalized Adsorption/ Selective Hieh Moderate
silicas Diffusion Co, & resistance
. . . High T
Inorganic s . Molecular sieving / Selective .
. Stabilized silicas o i High Low/moderate
POROUS Mr;ro Activated Diffusion H, resistance
s
(<2 nm . Adsorption/ Selective . High
Zeolites ) . High -
Diffusion CO, or H, resistance
Adsorption/ Selective Moderate / | Moderate
MOFs / ZIF . .
SIATS Diffusion CO, or H High | resistance

Table 2.1.4. Classification and characteristics of membranes for pre- and post-
combustion CO;, capture. Adapted from reference(59).

2.1.4.1. Microporous silica membranes:

Microporous silica membranes show promising potential in two separations: (1) Ha
separation from H,/CO; mixtures at high temperatures (>473 K) driven by preferential
H, diffusion and a molecular sieving effect, and (2) near-room temperature CO,
separation from CO,/N, and CO,/H, mixtures based on preferential CO, adsorption
(amine-functionalized silicas). In this report, we shall focus on H, selective silica

membranes only.
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Pore nature | Diffusion Scheme Framework | Membrane
mechanism separations
Microporous | Single-file MOR Slowing down
diffusion in 90— o of faster
channels 209 L molecules
e ® o0 g0 0 4
Diffusion within q I/W NP MFI, BEA CO,/H, at T
intersecting N JEI o CO,/N,atTd
channels Ny
[
\l o - .I |
Diffusion CHA, DDR, CO,/N,atTd
between cages LTA, ITQ-29, | CO,/CH atTd
separated by ~ O ZIFs, ZMOFs | CO,/H, atT
windows u H=/CO,atT{
(ZIF)
Diffusion within Microporous | H,/CO, at T
intercrystalline ";",l-. e, | silica
domains Ll | @
Mesoporous Mesoporous | N2/CO2 at T,
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Table 2.1.5. Summary of the Structural Features of Silicas, Zeolites, and MOFs with

Potential for Membrane Design for CO, Capture. Adapted from reference(59).

Silica membranes show a huge promise in H; separatioin due to their high permeability
of 10™®* — 107 mol/(m”s Pa) and a varying separation factor (10-1500). The main method

for preparing such membrane is either sol-gel approach or CVD.

One main drawback of silica membranes is their low hydrothermal stability. Recent
research in this area has led to the development of hybrid structure silica membranes,
which in addition to providing hydrothermal stability also provide other interesting
properties. For example, metal doping of silica membranes can offer a reasonable

H,/CO; selectivity up to a several thousand, which is quite high and was not achievable
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with bare silica membranes due to preferential adsorption based transport of CO, and a

small difference in kinetic diameter between H; and CO,. (61-64)

The incorporation of Nb in microporous silica membrane can create new Bronsted and
Lewis acid sites which improves H, selectivity of the membranes. On the other hand
the increase in stability of the doped membranes with niobium(61), cobalt (63) or Ag
(65) was also reported. Figure 2.1.8a shows the long term stability of Nb doped silica
membranes up to 300 h at the presence of steam at a pressure of 150 kPa while

retaining the H,/CO, selectivity.
2.1.4.2 Zeolite membranes:

Because of its small pore structure, zeolite membranes can separate gas molecules

based on their size. The molecular sieving nature of zeolite membranes have led to its
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application in various gas separations.

Figure 2.1.8. a) Hydrothermal stability test of NS-1 membrane. Shown are the H, and
CO; gas permeance at 200°C and the calculated single gas H2/CO, selectivity as a
function of the time of exposure to 150 kPa steam. Adapted from reference(61). b)
Long-term stability of the modified silicate/ ZSM-5 bilayer membrane under water gas
shift reaction conditions (gas composition on feed side: H,:CO,:H,0:CO = 1:1:1:1,
with the presence of 400 ppm H,S at 500 °C, total gas flow rate: 80 ml/min (STP),
sweeping helium gas flow rate: 20 ml/min (STP), permeate side pressure: 1 atm.
Adapted from reference(66)
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In the last decade zeolite membranes have received increased interest in the field of H,
separation as H, permeance was increased by one order (10® to 107 mol/(m® s Pa))
without affecting the selectivity. This enhancement was achieved by deposition of silica
species in the zeolitic channels via thermal cracking of methyl diethoxysilane(67),
methyldiethoxysilane (MDES).(68, 69) The modified zeolite membranes also show
promise to improve hydrothermal stability under WGS conditions.(68) An alternative
approach to improve the hydrogen flux is to prepare a thin and high quality zeolite
functional layer on a thick silicalite bottom layer, i.e., the so-called bilayer zeolite
membranes.(66) It is remarkable that the bilayer membranes demonstrated a long-term
stability of at least 24 days under WGS conditions in the presence of 400 ppm H,S at
773 K, as shown in figure 2.1.8b.

2.1.4.3. Metal organic framework (MOF) membranes:

In recent years metal organic framework (MOF) membranes have emerged as a new
material for H,/CO,; separation. Metal organic frameworks consist of metal ion centre
linked with organic linkers thus forming a 2D or 3D crystalline nanoporous
architecture. MOFs offer a various functionality with a huge range of pore diameter.
This chemical and physical properties can also be customized with proper choice of
organic linkers and metal sites for specific applications. (70, 71) In addition to these,
MOFs offer the advantages of uniform pore size, strong adsorption sites and high

porosity making them very applicable for gas separation applications.
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Figure 2.1.9. a) Permeances of single gases (circles) and from 1:1 mixtures (squares:
H,/CO, mixture, rhombuses: H,/N, mixture, triangles: H,/CH4 mixture) of the ZIF-7

membrane at 200 °C as a function of molecular kinetic diameters. Adapted from
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reference(72) and b) Permeance of H,, N, and CO; through a carbon molecular sieve

hollow fiber membrane for several hours. Adapted from reference(73).

Extensive research has been dedicated towards synthesis and fabrication of MOF
membranes for H, separation. H, permeance of the order of 10°® mol/(m’sPa) was
reported for MOF membranes which is an order of magnitude higher than other
microporous membranes such as carbon molecular sieve, silica and zeolite. Two main
mechanism exists for selective separation of H, from gas mixture: (1) Preferential
adsorption and (2) size selective permeation (molecular sieving). In preferential
adsorption, the permeation depends on the interaction of the gas molecule with the pore
wall and the diffusion properties. Though the interaction of H, is with the pore walls is
less in comparison to molecules such as CO, or CHg4, the faster diffusion of H, makes
its separation much easier. For example, HKUST-1 membrane, which shows weak
interaction towards H, reaches H,/CO; selectivity of 3-10. Caro et. al, Li et. al. and
Huang et. al.(72, 74-76) have developed ZIF membranes in which pore size is close to
the kinetic diameter of H, thus showing molecular sieving effect and efficient
separation of H, and CO; (as shown in figure 2.1.9a ) with separation factor in the

range of 4-64.

Latest discovery in MOF molecular sieving membranes include fabrication of ultrathin
2D MOF membranes for separation of H, and CO,; by prof. Huang and co-workers.(77)
The membranes show a hydrogen selectivity of 200 with excellent hydrothermal
stability of up to 400h. Interestingly, they observed a simultaneous increase of both
permeance and selectivity by suppressing lamellar stacking of the nanosheets. This
discovery may create new opportunities for MOF based molecular sieving membranes

for H,/CO, separation.
2.1..4.4. Carbon Molecular sieve membranes:

Carbon molecular sieve membranes are made of microporous carbons in the form of
hollow fibres or tubes. They are made from pyrolysis of various polymer precursors

such as phenolic resin, cellulose acetate or polymeric hollow fibres or films.(78, 79)

Based on the size of the pores, CMS membranes can be classified into two types-

molecular sieving (pore size < 4A) and adsorption selective carbon membranes (pore
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size 5-7A). CMS membranes can separate gases based on their molecular diameter.(80)
However, the H, permeance of these membranes turn out to be lower than MOF, silica

or zeolite membranes.

Recently great effort has been devoted towards improving hydrothermal stability of
CMS membranes. These membranes perform well under flue gas atmosphere
containing acid gases such as SO, or NOy. Their performance for water gas shift
reaction under industrial condition show high stability for several hundred hours, as

depicted in figure 2.1.9b.

In addition to these membranes several other kinds of porous membranes exist e.g.
amorphous metal oxide or covalent organic framework (COF) membranes. But they are

still in the early stage of development to be commented upon.

Very recently layered materials, especially graphene and graphene oxide have come to
the forefront of research as membrane materials for gas separation. Nair et. al(44) first
demonstrated the excellent barrier properties of freestanding membranes. Two very
recent studies by Joshi et al.,(81) Li et. al.(46) and Kim et al.(45) reported small
molecule and gas permeation properties through GO. Kim et al. and Li et. al. reported
highly permeable and selective GO membranes with molecular sieving properties for
separating mixtures of gases of industrial relevance. The next two chapters will be
focused on gas permeation and separation properties of graphene oxide and MoS,

membranes.
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Casting molecular channels through graphene oxide surface:
Effect of domain formation on gas permeation of Graphene

oxide membranes.

Summary:

Recent progress on gas separation by graphene oxide (GO) membranes has generated a
great deal of interest in the development of high performance membranes. However, it
is crucial to enhance the permeability and study their performance at elevated
temperatures for practical applications. We have demonstrated that by formation of
oxygen rich and graphitic domains on GO surface the permeability of annealed GO
membranes can be enhanced immensely up to 20 times without sacrificing their
selectivity. We attribute this enhancement to the formation of molecular channels on
GO surface which provide easy permeation pathway for gas molecules for better
permeability. We have also demonstrated that these membranes perform very well for

H,/CO, separation compared to previously reported membranes and are well above the

upper bound of polymeric membranes.
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2.2.1. Introduction

Compared to other techniques (e.g. adsorption and cryogenic distillation) membrane
based gas separation offers a cheap and energy efficient solution for separation of gas
mixtures(1l). From the late 1970s polymeric membranes have been commercially used
for gas separation(2). An area of emerging interest in this field is separation and
recapturing CO, from industrial processes (such as water gas synthesis, industrial
exhaust purification etc.) for reuse and sequestration. Recent advances in membrane
science and technology have led to the discovery and industrialization of polymer(3),
zeolite(4, 5) and silicon(6) based membranes for these applications. However,
permeability and separation factor are two key trade-offs in these membranes which
limit their use. In last few years, the advent of graphene and graphene oxide membranes
has opened a brand new era for fabrication of high performance membranes(7).
Graphene and graphene oxide, due to their atomic level thickness, two dimensional
structure, high mechanical strength and chemical inertness are perfect materials for

such kind of membranes.

Single layer thick film of graphene has been proven theoretically to be impenetrable to
even monoatomic gases such as Helium,(8) nevertheless, porous single layer graphene
has been estimated to be an excellent material for water desalination in a study.(9, 10)
But it is very difficult to have a defect free single layer graphene sheet big enough for
any practical applications; moreover, precise control of the pore size in porous
graphene is also very difficult. Membranes consisting of graphene oxide are expected to
overcome these drawbacks. Graphene oxide has the advantages of easy synthesis and
solution processability. Membranes consisting of graphene oxide have the advantage of
being robust, flexible and having easy preparation procedure. These kind of membranes
have been used for molecular separation,(11) water purification,(11, 12) dehydration of
substances(13, 14) and gas separation. In one of the recent reports, Geim and co-
workers showed GO membranes (500 nm to micrometre thick) were permeable to
water but impermeable to helium even at high pressure.(15) Gas permeation through
such kind of membranes is believed to occur through a tortuous path mechanism
through the interlayer spaces of stacked sheets.(Figure 2.2.1a and b) More recently,
Kim et. al. and Li et. al. have demonstrated that ultrathin GO membranes (few layer, 2-
20 nm) are molecular sieving in nature and extremely efficient for H,/CO, separation

(16, 17). In their report, Kim et. al. tested the gas permeation properties of GO
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membranes of thickness ranging from 1.8 nm to 18 nm. The membranes show high

selectivity but the permeability value was low.(Figure 2.2.1¢)
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Figure 2.2.1. a) Mechanism of gas permeation through GO membranes through a
tortuous pathway. Typical L/d is ~1000. b) Examples of He-leak measurements for a
freestanding submicrometer-thick GO membrane and a reference PET (polyethylene

terephthalate) film (normalized per square centimeter). ¢c) Comparison of gas
separation performance between thermally treated GO membranes (Diamonds) and

other membranes in the literature.(hollow circles) Adapted from ref (15, 17)

The mechanism of gas transport through ultrathin GO membranes (in contrast to
submicrometer thick GO membranes) is believed to be due to two different factors 1)
defects on GO sheets and 2) interlayer spacing formed by corrugation, wrinkles and
ripples. For practical purposes, a relatively thicker membrane with high permeability is
essential. Micrometre thick GO membranes as such do not show high gas flux. A very
useful method to enhance permeability for layered membranes is to create ripples on

the surface.

2.2.2. Scope of the present investigation:

GO, being a metastable state, slowly phase transforms to a partially reduced quasi

equilibrium state at room temperature with a relaxation time of 35 days.(18) At
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elevated temperature (80 °C), Grossman and co-workers showed the formation of
oxygen rich and graphitic domains on GO sheet by the migration of oxygen
functionalities.(Figure 2.2.2) (19) Such segregated domains on the GO surface is
expected to create ripples and channels in a membrane made up of GO layers which in

turn have implications on permeation and

C Eae =0.83 6V
Epoxy diffusion
Egey = 0.30 8V

GO as-synthesized GO annealed at 80 °C for five days

Anneal
d Oxygen G/raphene basal plane
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Figure 2.2.2. a) and b) AES oxygen mapping of as-synthesized and annealed GO films.
The white spots indicate oxygen-rich regions and the black spots indicate oxygen-poor
regions or, in other words, carbon-rich regions. Scale bar, 2 um. ¢) Computed
activation barriers for the diffusion of epoxy and hydroxyl functional groups on the
graphene basal plane. d) Schematic depicting our proposed phase-separation process
in as-synthesized GO structures. Synthetic procedures of GO lead to a mixed sp2-sp3
phase that has the potential to separate into two distinct oxidized and graphene phases
through diffusion of oxygen atoms on the graphene basal plane under the influence of

an external stimulus. Adapted from ref (19)

separation performance of the membrane(20). Considering the huge potential of GO

membranes (of thickness few nanometres to few 100 nm) in gas separation, water
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purification and their possible utility at elevated temperature, it is highly important to
study the effect of domain formation on the gas permeability. In this report, we have
showed for the first time that the temperature induced domain formation on GO
membranes enhances the gas permeability several fold (20 times) without

compromising the separation factor of the H,/O, and H,/CO, gas mixtures.
2.2.3. Experimental procedure:

2.2.3.1. Materials and Characterization techniques:

Graphite powder (20 micron) (Sigma Aldrich), NaNOs (Sigma Aldrich), KMnOy4 (S D
Fine chemicals), H;SO4(98%, AR grade), were used without any further purification.

Powder X-ray diffraction (PXRD) patterns were recorded using Rigaku diffractometer
using Cu Ka radiation, (A=1.54 A). Field-emission scanning electron microscopy
(FESEM) images were obtained by using FEI (Nova-Nano SEM-600 Netherlands)
equipment. TEM measurements and elemental mapping were performed on a TEM
(TECNALI T20) operating at an acceleration voltage (dc voltage) of 100 kV. Samples
were prepared by placing a drop of dispersion on a TEM grid (holey carbon). Electronic
absorption spectra were recorded on a Perkin Elmer Lambda 750 UV-Vis-NIR

Spectrometer. 1 mm path length cuvette was used for recording the spectra.

2.2.3.2. Preparation of Graphene Oxide

Graphene oxide (GO) was obtained from graphite by Hummer’s method (21). In a
typical procedure, 23 mL of concentrated H,SO4 was mixed with 1 g of graphite and
0.5 g NaNOs in a 250 mL round bottom flask cooled in an ice bath at 0 °C. 3 g KMnOg4
was added slowly to the mixture in small portions with vigorous stirring. Temperature
was maintained below 20 °C during this time. The ice bath was then removed and the
reaction was brought to 30-35 °C, where it was maintained for 30 min. To this 46 mL
water was added slowly causing violent effervescence and rise of temperature to 98 °C.
The resultant brown coloured suspension was maintained at this temperature for 15
minutes. The suspension was then brought to room temperature and 140 ml water was
added. The mixture was then treated with 1 mL of 30% H,O, to reduce any unreacted
permanganate. The bright yellow reaction mixture was then centrifuged at 5000 rpm,
washed several times with distilled water and dialysed until pH of the solution turns

neutral.
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2.2.3.3. Preparation of GO membrane:

In a typical procedure, GO solution (~14 mg/ mL, 0.5 mL) was diluted to 30 mL and
centrifuged at 14500 rpm for 15 min. The resultant solution was filtered through a
Millipore filter paper (polycarbonate, pore size 200 nm) to obtain the membranes. For
thicker membranes, 1 mL of the concentrated GO solution was diluted to 30 mL,
centrifuged and filtered. Scheme 2.2.1 represents schematic of preparation of a typical

GO membrane.

=

* !
":‘L

Graphite powder

GO membrane Vacuum Filtration

Scheme 2.2.1. Schematic for preparation of GO membrane.
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2.2.3.4. Gas Permeation Measurements:

Gas permeation measurements were carried out in a custom made permeation cell as
shown in figure. 2.2.3. Accurate gas flow was maintained through mass flow
controllers (MKS and Hitachi). Pure H,, O, and N, were used as feed gases. Gas flow
on the feed stream was kept constant at 100 sccm for individual gases and 50 sccm each
for mixed gas permeation. On the other hand, N, was used as sweep gas and the flow

was kept

C Sweep Permeate
gasin /
f )
Sweep Retente
gas out
Teflon O-rings
ID- 30 mm
d e
+——— 92cm ——» 1 ' I S
“— 41lem —* —_— F N P €
“—— 3m ——> - .}/’
1 pa S
XF N Xp
«— —
X 1:"9 | Pr bp | x %

Figure 2.2.3. a, b) Images of the permeation cell, c) Schematic diagram of the
permeation cell with membrane. d)Cross sectional view of the permeation apparatus. e)
Schematic of gas permeation inside the permeation apparatus. F denotes the feed side,
P denotes the permeate side. 1 is the feed gas while S is the sweep gas. pr and pp
denoted pressures in the feed and permeate side respectively. x denotes the mole
fraction of the respective components.
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Figure 2.2.4. Schematic of the gas permeation setup. MFC- Mass flow controller, P-

permeation cell, GC- Gas Chromatograph.

constant at 50 sccm. The concentration of the gases in the permeate stream was
analysed through gas chromatographs (Agilent 7890 A) fitted with packed molecular
sieve columns for H, and O, separation and capillary molecular sieve columns for CO,
separation. (Figure 2.2.4) The permeation values were calculated according to the

following equation (22):

B xLft
xf,.A_ (pr%' - Pszla)

Py

Where Pa= Permeability of gas 1. x} xi = Mole fraction of gas 1 in feed and permeate
stream, xp= mole fraction of sweep gas in the permeate stream, pp, pp = pressure in the
feed side and permeate side respectively, A = area of the membrane, t = thickness of the

membrane, f = flow rate of the sweep gas.

: .. P
And separation factor or selectivity a = P—l
2

For temperature dependent permeation measurements, permeation cell fitted with GO
membranes were heated at 80 °C for different amount of time, cooled down to room

temperature and permeation measurements were carried out.
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Figure 2.2.5. a) Optical image of a Graphene oxide membrane prepared by vacuum
filtration of GO solution through a polycarbonate membrane (200 nm pore size), b)
cross sectional view of the GO membrane after peeling off the polycarbonate support c)
Magnified image of the cross section showing stacked GO sheets. d)-f) Cross sectional
FESEM images of membranes with different thickness. d) membrane with average
thickness of approx. 700 nm, €) membrane with average thickness of approx. 600 nm

and f) membrane with average thickness of approx. 1000 nm
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2.2.4. Results and Discussion:

The graphene oxide (GO), prepared via a modified Hummer’s method was used to
fabricate GO membranes over porous polycarbonate support via vacuum filtration as
described in the experimental section. The optical image (Figure 2.2.5a) shows that the
GO membrane is yellow in colour, associated with typical unreduced GO. Field

emission scanning electron microscopy (FESEM) images of the cross section of the
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Figure 2.2.6. a-c) Permeability and selectivity of H, and O, as individual gases and as
1:1 gas mixture through a GO membrane of 700 nm thickness. Figure a) and b) show
permeability of H, and O, respectively measured with neat gases and 1:1 gas mixture
in the feed stream over the annealed membranes (at 80 °C) at different intervals of

time. Figure ¢) shows the variation of separation factor for H,/O, for 1:1 gas mixtures
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after different intervals of heating at 80 °C. d) Variation of H,/O; selectivity with H,

permeability

reveal that these membranes have uniform thickness (Figure 2.2.5b) and have a
pronounced layered structure (Figure 2.2.5¢). Membranes with different thickness were
fabricated by controlling the concentration of GO in the stock solution as depicted in

figure 2.2.5 d-f.

Gas permeation studies over GO membranes (700 nm thick) were carried out with neat
H,, O, and CO, gases as well as H,:0, (1:1) and H,:CO; (1:1) mixtures at room
temperature in a custom made apparatus (Figure 2.2.3 and 2.2.4). The composition of
the permeated gas mixture was analysed through an on-line gas chromatograph. The as-
prepared membranes show very low permeability for H,, and O, both in 1:1 (v/v) mixed
gas measurements (permeability of 25 and 8 barrer respectively) and individual gas
measurements (35.8 barrer for H, and 7.2 barrer for O;) with a separation factor of
around 3.7 (Figure 2.2.6 a-c). This value is very close to the separation factor 4
calculated from Knudsen diffusion, where the mean free path of the gas molecules is
larger than the interlayer spacing/ pore diameter.(23, 24) Heating GO membranes at 80
°C results in the segregation of oxygen rich and graphitic domains as the oxygen
functional groups in graphene oxide layers are mobile at this temperature.(25) The
influence of domain formation on gas permeation properties was investigated by
annealing the GO membranes at 80 °C for desired time periods and then brought to
room temperature before carrying out the permeability studies. We observed a huge
increase in permeability for both H, and O, after annealing the membranes at 80 °C.
The H, permeability of as synthesized GO membrane increases from 25 barrer to 315
barrer on annealing it at 80 °C for 12h. Prolonged annealing at 80 °C for 42 h further
increases the H, permeability to 560 barrer, 20 times higher than the as synthesized GO
membrane. Similarly, the permeability of O, increases to 71 barrer after 12 h annealing
at 80 °C and further to 140 barrer after 42 h annealing (Figure 2.2.6 a-c). It is
interesting to note that the selectivity of the membrane (permeability ratio of H»:0,)
remains the same (around 3.7). The plot of selectivity vs H, permeability shows that the
selectivity remains constant with increase in H, permeability (Figure 2.2.6 d), which is
quite anomalous considering the inverse relationship generally observed between
permeability and selectivity.(2) Similar trend was observed in GO membranes with

higher thickness (1000 nm) (Figure 2.2.7 a-c).The performance of annealed (at 80 °C
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for 42 h) GO membrane is very close to the earlier reports for H,/O, separation

membranes as shown in the figure 2.2.7d.
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Figure 2.2.7. a-c- Permeability and selectivity of H, and O; as individual gases and as

1:1 gas mixture through a GO membrane of 1000 nm thickness. Figure a- and b- show

permeability of H, and O, respectively measured with neat gases and 1:1 gas mixture

in the feed stream over the annealed membranes (at 80 °C) at different intervals of

time. Figure c) shows the variation of separation factor for H,/O, for 1:1 gas mixtures

after different intervals of heating at 80 °C. Comparison of H,/ O, separation with

respect to other membranes. The red dots indicate the permeability and selectivity for

current report at different intervals of heating at 80 °C. The grey dots indicate

previously reported values for polymeric membranes.(26)
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GO

Figure 2.2.8. a) and b) optical images of a graphene oxide membrane before and after
annealing at 80 °C for 42 h.

It is to be noted that on heating at 80 °C, the colour of the GO membranes changed
from yellow to dark brown over the course of 42 h (Figure 2.2.8 a and b) which is
similar to that of the colour change observed for aqueous dispersion of as prepared GO
on heating at 80 °C by Kumar et. al.(19) The increase in absorption in the visible range
of the spectrum (of the GO dispersion) is a direct indication of the darkening of the
solution (Figure 2.2.9 a). These as prepared GO samples show a pronounced absorption
peak at ~230 nm, attributed to the ® — n* transition of C=C and a broad absorption at
visible region (27). After annealing at 80 °C for 36 h, the main absorbance peak at 230
nm remains intact while the absorbance in the visible range increases, consistent with
darkening of colour. This increase in absorbance was attributed to the oxygen diffusion
occurred at the annealing temperature to form distinct oxidized and graphitic regions,
having larger m conjugated domains, resulting in higher absorbance in the visible region

(25).

Furthermore, GO shows typical IR peaks at frequencies 1053 cm™, 1724 cm™ and 3416
cm™, corresponding to C-O and C-OH stretching, C=0 stretching from carbonyl and
carboxylate groups and O-H stretching from adsorbed water and hydroxyl groups
respectively (Figure 2.2.9 b).(28) In GO sample after 42 h heating at 80 °C (GO@80)
all these peaks are retained, while after heating at 160 °C for 42 h (GO@160)the
oxygen functional group peaks diminish and new peak at 1560 cm™, corresponding to

skeletal vibrations of graphene domains arise. Isothermal TGA studies of GO samples
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were performed at 80 °C and 160 °C for 24 h (Figure 2.2.9¢). GO annealed at 80 °C
show minimal weight loss (~10 %), which can be attributed to the loss of water
molecules physisorbed on the surface. On the other hand, at 160 °C about 40% weight

loss is observed. As most of the structural oxygenated functional groups are lost, the
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Figure 2.2.9. a) UV-Vis absorbance spectra of GO dispersion heated at 80 C for
different times. The spectra have been normalized to the peak at 230 nm. b) IR spectra
of as prepared GO, GO annealed at 80 °C and 160 °C for 42 h. c) Isothermal TGA
studies of GO samples at 80 °C and 160 °C for 24 h. d) XRD profiles of as prepared
GO membranes along with membranes heated at 80 °C and 160 °C. % Represents the
GO peak of as-prepared GO membranes, it shifts to higher 26 value (M ) after
annealing at 80 °C, while after annealing at 160 °C, a new peak appears at 20 = 22.6°
(®) corresponding to graphitic stacking. The peak at 20 = 17° (A) can be assigned to
polycarbonate membrane.
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The as-prepared GO membrane shows typical low angle XRD peak at 26 = 11.3°,
corresponding to the interlayer spacing, 0.78 nm. The membrane annealed at 80 °C for
42 h shows no significant reduction in interlayer spacing (20 =11.9°, d = 0.74 nm)

(Figure 2.2.9 d) further confirming no loss of oxygenated functional groups.

GO GO@80

F——— 500 nm — 500 nm

Figure 2.2.10. Elemental mapping of oxygen on GO sheets a) before and b) After
heating at 80 °C for 42 h. The colored regions represent oxygen rich domains.
Distribution of oxygen is uniform on the as-prepared GO, whereas there is clear

indication formation of oxygen rich and oxygen deficient regions after annealing.

Figures 2.2.10 a and b show the elemental mapping of oxygen on as prepared GO
sheets and those annealed at 80 °C. Annealed GO shows oxygen rich and poor domains

as against the uniform distribution of oxygen observed over as prepared GO.

From these experiments it can be confirmed that heating GO membranes at 80 °C
induces migration of surface functional groups creating domains without any loss of
oxygen content as observed previously.(25) We believe that the formation of such
oxygen rich- and oxygen-deficient domains on the surface of annealed layers in the GO
membrane could create additional channels between the layers for the gas molecule to
diffuse fast. A schematic of such process is depicted in Figure 2.2.11 a and b. Similar
enhancement of flux were reported earlier in case of fluid transport through GO and

WS, membranes
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with artificially incorporated surface ripples.(20, 29) This mechanism also explains the

constant H,/O, selectivity with increase in H, permeability.

The slightly low permeability of the lighter gas (here H) in mixed transport compared
to the individual permeation (and the reverse trend for heavier O, gas) can be attributed
to the momentum transfer mechanism in mixed gas systems(30). , wherein, the lower
molecular weight gas molecules, having a higher velocity (in this case H») collide with
gas molecules of higher molecular weight, having lower velocity (in this case O;). This
results in transfer of some of the momentum of the higher velocity H, molecules to the
low velocity O, molecules and hence increase their permeability value. This would also

explain the slightly lower separation factor that we obtained for mixed gases.

Figure 2.2.11. a) and b)- schematic of gas permeation mechanism through as-

synthesized and domain formed GO membranes.
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The permeability of both hydrogen and oxygen increases sharply with increase in
annealing time up to 12 hours after which it saturates.(Figure 2.2.6 a,b and 2.2.7 a,b)
This suggests that the major part of oxygen migration and formation of domains happen

within 12 h at 80 °C, which was not realised from spectroscopic techniques before.(25)

Formation of channels on graphene sheets is also evident from N, adsorption isotherms
of as-prepared GO membranes and GO membranes heated at 80 C for 36 h. (Figure
2.2.12) Continuous increase in N, uptake above P/P, > 0.3 indicate enhanced pore
openings of GO membranes annealed at 80 °C (Pore volume 3.026x107 cc/g)
compared to as prepared GO membranes (Pore volume 1.837x107 cc/g) confirms

creations of channels in the interlamellar region.
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Figure 2.2.12. N, adsorption isotherms (77 K) of as-prepared GO membrane and GO

membrane heated at 80 °C.

GO annealed at 160 °C for 42 h on the other hand, loses most of its oxygen functional
groups, as evident from the TGA and IR studies (Figure 2.2.9 b and c respectively). The
GO membrane annealed at 160 °C for 42 h does not show any characteristic GO peak at
20 = 11.9° instead, a new peak appears at 22.6° corresponding to the graphitic

interlayer
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Figure 2.2.13. a) and b) Permeability of H, and O, respectively as individual gases and
as 1:1 gas mixture through an as prepared 700 nm thick GO membrane and after

heating the membrane at 160 °C for 42 h.

spacing (Figure 2.2.9 d). This suggests that at 160 °C the GO layers transform to
thermally reduced graphene oxide (rGO) layers. The permeability studies show little
increase in permeability (74 barrer to 153 barrer in case of H, and 14.6 barrer to 29.5
barrer in case of O;) even after 42 hours of heating at 160 °C (Figure 2.2.13 a and b),

showing the huge importance of domain formation on increase of gas permeability.

The permeation and selectivity studies for H, and CO, were carried out in a separate
GO membrane of thickness 600 nm after annealing it at 80 °C for different time
periods. We have observed a slight variation in hydrogen permeability over the 600 nm
thick membrane as compared to 700 nm thick membrane, probably due to different
batches of GO having slightly different oxygen content and/or inherent inhomogeneity
at the time of membrane preparation. Nevertheless, the permeation behaviour of Hy/
CO; over annealed GO membranes (Figure 2.2.14 a-c) shows similar trend as that of
H,/O, permeation behaviour. Furthermore, the separation factor for Hy: CO; (~6), is
much higher than their Knudsen separation factor (~4.7) owing to the low permeability
of CO; due to its interaction with the GO membrane through quadruple moment.(17,
31) In figure 2.2.14 d the H,/ CO, separation performance of these membranes are
compared against the upper bound of polymeric membranes,(2) carbon molecular

sieve,(32, 33) zeolite,(33) SiO,,(6) and GO(17) membranes previously reported in
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literature. Performance of the GO membranes can be enhanced by annealing them at 80

°C after which they perform much better than the polymeric membranes.
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Figure 2.2.14. a-c)-Permeability and selectivity of H, and CO, as individual gases and
as 1:1 gas mixture through a GO membrane of 600 nm thickness. Figure a) and b)
shows permeability of H, and CO, respectively as individual gases and 1:1 gas mixture
after different intervals of heating at 80 °C. Figure c) shows the variation of selectivity
of H,/CO, for 1:1 gas mixtures after different intervals of heating at 80 °C. Figure d)-
Comparison of ideal H,/CO, gas separation performance (for individual gases) of the
GO membrane with other membranes. The black line represents the 2008 upper bound
of polymeric membrane (2) black dots represent the CMS, (32,33) silica (6) and zeolite

(33) membranes from the literature. Blue dots represent GO membranes reported
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previously (17) and the red dots represent the performance of GO membranes in this

study before and after annealing at 80 °C for 42 h.

2.2.5. Conclusion:

In conclusion, we have demonstrated that by annealing the GO membranes at 80 °C
their permeability can be enhanced substantially in an easy and facile method without
sacrificing their selectivity. The migration of oxygen functional groups on the GO
surface at 80 °C create oxygen rich and graphitic regions, thus forming channels for
easy permeation of gas molecules. Thus, treated GO membranes offer high throughput

H,/CO,; separation superior to previously reported membranes.
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High performance MoS, membranes: Effect of
thermally driven phase transition on CO, separation

efficiency

Summary: Submicrometer thick MoS, membranes were investigated for their gas
permeation properties and efficiency of H,/CO, separation. These membranes show
high H,/CO, separation at very high H, permeability. Thermal stability of the
membrane and the effect_of phase transition of MoS; from 1T to 2H phase on gas
permeability and H,/CO, separation was investigated by heating the membrane at
different temperatures. The MoS, membranes were found to be thermally stable up to
160 °C and a significant increase in gas permeability was observed. The mechanism of

gas permeation through MoS, membranes was found to be through interbundle spaces

instead of interlayer spaces of individual MoS; sheets.
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2.3.1. Introduction:

Separation of H, from other gases carry huge environmental and industrial implications
in processing of hydrogen as next generation clean energy source. Industrial processes
of producing hydrogen by gasification or steam reforming reactions produce a mixture
of gases including CO,, CH4, N, etc. with H,. This requires a separation process to
obtain pure H,. On the other hand, separation of CO,, the main contributor in
greenhouse gases from gas mixtures remain a major challenge in encountering global
warming. Industrial processes such as Fischer Tropsch reaction and water gas shift
reaction produce a mixture of H, and CO, which needs to be separated before

treatment.

Membrane based gas separation techniques are becoming an integral part of many
industries for recovery and purification of gases. Due to its low cost(1) operation and
minimal capital investments it is gaining greater acceptance in industrial scale(2). Gas
separation membranes have found diverse application in numerous processes involving
hydrogen separation from petrochemicals(3), CO, separation from natural gases(4-6),
water gas enrichment(7) and many others. Polymeric membranes have been used
commercially for gas separation from the late 1970s. However, they suffer from the
drawbacks such as low permeance and low stability over time.(8, 9) The quest for new
membranes with higher flux and selectivity has paved the way for use of new
membrane materials. Recent advances in this regard has led to the fabrication of zeolite,
(10) silicon, (11) carbon molecular sieve, (12) and metal organic framework (13, 14)
membranes as selective gas barriers. But the accomplishment of highly selective

membranes with significant flux still remains a challenge.

In the last few years usage of two dimensional layered materials such as graphene and
graphene oxide as perm selective membranes for gas separation (15) has opened up
new possibilities in the field of gas selective membranes. Nair et. al. (16) first
demonstrated ultralow helium permeance in a submicrometer thick GO film while it
was permeable to water and has a high H,/CO; separation factor. Kim et. al. (17) and Li
et. al. (18) have demonstrated that ultrathin (2-20 nm) GO films are molecular sieving
in nature. Though, GO membranes are highly selective for Hy, their permeability values
leave much to be desired. For all practical purposes an ideal gas separation membrane

needs to have a fairly high selectivity with high permeance. Other inorganic analogues
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of graphene such as layered chalcogenides are very little explored in this direction as
membrane materials. In this report, we have employed MoS, for fabricating gas
selective membrane which carries the advantages of easy availability and easy
exfoliation process and explored mostly for its electronic properties. In a recent report it
has been demonstrated that the defect sites on MoS, lattice can have significant
interaction with gas molecules, specifically CO,, making it a perfect material for H,

selective gas separation.
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Figure 2.3.1. Polymorphs of single-layered MoS,. a,b, Schematic models of single-

€

layered MoS, with 2H (a) and 1T (b) phases in basal plane and cross-section views.
Mo, blue; top S, orange; bottom S', purple. The 2H phase shows a hexagonal lattice
with threefold symmetry and the atomic stacking sequence (S—Mo—S’) ABA. The IT
phase shows the atomic stacking sequence (S—-Mo—S') ABC, with the bottom S’ plane
occupying the hollow centre (HC) of a 2H hexagonal lattice. ¢, The S plane glides over
a distance equivalent to aN3 (a = 3.16 A). and occupies the HC site of the 2H hexagon,
which results in a 2H— 1T phase transition. d- Gliding of the Mo plane results in a
2H—2H' transition. The shadow atomic model shows the original 2H-MO0S, structure.
The three planes (Mo, S and S') in single-layer MoS; can glide individually to give
different transitions. Adapted from ref (19)

MoS; crystal is built up on atomic layers stacked up by van der Waals force. Each layer
consists of strong in-plane bonded S-Mo-S atomic planes. One of the unique features of

MoS; is its polymorphism with distinct electronic properties. Depending on the
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arrangement of sulfur atoms, single layer MoS, can exist in two different symmetries,
2H with trigonal prismatic D3h symmetry and 1T with octahedral symmetry. These two
phases display totally different electronic properties. While 2H phase is
semiconducting, 1T phase is metallic. Both phases can easily be converted to each other
through an intra-layer atomic plane gliding. The 1T phase was first reported to be
obtained from 2H-MoS, by Li and K intercalation(20-23) while it is also known to be
stabilized by substitutional doping of Re, Tc, and Mn atoms which serve as electron
donor(24). The phase transitions between 2H, 1T and 2H’ phases due to the atomic
plane gliding are presented in Fig. 2.3.1c and d.
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Figure 2.3.2. a) NO, gas adsorption and orientation onto 2D MoS, flakes grafted in
PDMS membrane. Adapted from ref (25). b- gas permeance of MoS, membranes as a
function of gas dynamic diameter and c) Comparison of MoS, membranes with
polymeric membranes and inorganic microporous membranes for H,/CO, separation.
Adapted from ref (26)
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2.3.2. Scope of the present investigation:

Herein, we have fabricated lamellar MoS, membranes for size selective permeation of
gases. Very few reports exist in the literature which employs MoS, for gas separation
purposes. K.J. Berean et. al. reported 2D MoS, and PDMS mixed matrix membranes
for NO; separation(25). To the best of our knowledge only report that employs laminar
MoS, membranes for gas separation is by Wang. et. al(26)., which have gas selectivity
far below the Knudsen value. In this report, it is demonstrated that the as prepared
MoS,; membranes on AAO disc has high permeability and superior selectivity for
H,/CO, separation. Further, temperature dependent permeation studies up to 160°C
were performed to manifest its high thermal and stability and more importantly, the

effect of phase transition on permeation.
2.3.3. Experimental Methods:

2.3.3.1. Materials and characterization techniques:

Bulk MoS; (< 2micron size, Sigma Aldrich), n-Butyl lithium (2.5M in hexane, Avra
chemicals), Sodium Do-decylsulphate (Merck) were used without any further

purification.

Rigaku diffractometer (Cu Ka radiation, A=1.54 A) and Bruker-D8 diffractometer, (Cu
Ka radiation, A=1.54 A, step size: 0.02, current: 30 mA and voltage: 40 kV) were used
to record Powder x-ray diffraction (PXRD) patterns. Field-emission scanning electron
microscopy (FESEM) images were obtained by using FEI (Nova-Nano SEM-600
Netherlands) equipment. TEM measurements were performed on a TEM JEOL
acceleration voltage (dc voltage) of 300 kV. Samples were prepared by placing a drop
of dispersion on a TEM grid (copper grid). Electronic absorption spectra were recorded
on a Perkin Elmer Lambda 750 UV-Vis-NIR Spectrometer. I mm path length cuvette
was used for recording the spectra. XPS analysis was done in Omicron EA 125 X-ray
photoelectron spectrometer with Al K, radiation of 1486.6 eV. Raman spectra were
recorded at different locations of the sample using Jobin Yvon LabRam HR

spectrometer with 632 nm Ar laser.
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2.3.3.2. Exfoliation of bulk MoS,:

Aqueous dispersion of 1T MoS, was prepared by previously reported lithium
intercalation method(27). Typically, 300 mg of bulk MoS, was dissolved in 5 mL of
dry hexane, to which 2 mL of 2.5 M n-butyl lithium was added under argon
atmosphere. The reaction was refluxed at 80 °C for 72 hours. Obtained product
(LixMoS,) was purified by washing with n-hexane several times to remove excess
organic lithium and unreacted MoS,. The powder was dried in an oven at 60°C and
dispersed in water (1mg/1mL) by sonication for 1 h. The dispersion was centrifuged

repeatedly to remove LiOH and other impurities.

For membrane preparation, diluted solution of MoS; dispersion was vacuum filtered on

AAQ disc of pore size (100nm) as depicted in the following scheme.(Scheme 2.3.1)

. Reflux at 80 °C
72 hours. H,0 p

’ 1T Mos,
dispersion
Bulk MoS, (2H) Li,MoS, (1T)
MosS, sheet J
c o Vacuum
filtration

membrane

Scheme 2.3.1. Schematic of preparation of lithium intercalated MoS; dispersion and

vacuum filtration.
2.3.3.3. Gas permeation experiments:

Gas permeation measurements were carried out in a custom made permeation cell as
shown in figure 2.2.3. Accurate gas flow was maintained through mass flow controllers
(MKS and Hitachi). All the gases used were of high purity. Gas flow on the feed
streamwere kept constant at 100 sccm for individual gases and 50 sccm each for mixed

gas (H,/CO,) permeation. On the other hand, N, was used as sweep gas and the flow
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was kept constant at 20 sccm. The concentration of the gases in the permeate stream

was analyzed through online gas chromatographs (Agilent 7690 A). (Figure 2.3.4)
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Figure 2.3.3. a, b)-Images of the permeation cell, c) Schematic diagram of the
permeation cell with membrane d) Cross sectional view of the permeation apparatus. )
Schematic of gas permeation inside the permeation apparatus. F denotes the feed side,
P denotes the permeate side. A is the feed gas while N, is the sweep gas. pr and pp
denoted pressures in the feed and permeate side respectively. x denotes the mole

fraction of the respective components.
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Figure 2.3.4. Schematic of the gas permeation setup. MFC- Mass flow controller, P-

permeation cell, GC- Gas Chromatograph.

The permeation values were calculated according to the following equation(28):

_ xLft
xp.A. (Dpx} — PpXp)

Py

Where Py= Permeability of gas 1. x} xp = Mole fraction of gas 1 in feed and permeate
stream, xp= mole fraction of sweep gas in the permeate stream, pg, pp = pressure in the
feed side and permeate side respectively, A = area of the membrane, t = thickness of the

membrane, f = flow rate of the sweep gas.

: .. P
And separation factor or selectivity a = P—l
2

For temperature dependent permeation measurements, permeation cell fitted with MoS,
membranes were heated at different temperatures for two hours, cooled down to room

temperature and permeation measurements were carried out.

2.3.4. Results and discussion:

Submicrometer thick MoS, membranes were prepared from the monolayer MoS,
dispersion obtained by exfoliating the lithium intercalated MoS, in water as described in
the experimental section (Scheme 2.3.1). Bulk MoS, exists in thermodynamically stable
2H symmetry with trigonal prismatic co—ordination(19). Intercalation with lithium
induces phase transformation from 2H to octahedral 1T phase (metastable state) due to
charge transfer from butyl lithium to MoS,.(29) Membranes were formed by vacuum
filtration of MoS, dispersion on an anodic aluminium oxide (AAO) substrate having

100 nm pore size.
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Figure 2.3.5. a) XRD pattern of bulk MoS, (Black) and lithiated MoS, (Red). Blue
graph is the XRD pattern recorded for as prepared membrane Fitted XPS spectra
(Mo™* 3d) of b- bulk MoS, powder, c- lithiated MoS, powder and d- as prepared 1T
membrane (black dots). Contributions from the 2H and 1T phase are indicated by red
and blue lines, respectively. Green lines represent the resultant curve. Whereas bulk
MoS; shows pure 2H phase, lithiated MoS, and as prepared 1T membrane shows a

mixture of 1T and 2H phase.

An obvious (002) peak for bulk MoS, is associated with interlayer spacing of 6.12A
(26=14.4"), between the sheets.(Figure 2.3.5a) For lithiated MoS,, an intense 001 peak
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(at 20=7.8") arises with the spacing of 11.32A due to the increased spacing between Mo
Planes, characteristic of 1T phase(30).
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Figure 2.3.6. a) Zeta potential of 1T MoS; dispersion indicating highly negatively
charged sheets and b) Raman spectra of bulk 2H MoS, and 1T MoS, membrane.

The increase in interlayer spacing from 6.12A to 11.32A on lithium intercalation is
attributed to the presence of water bilayers of thickness 2.6A each adsorbed on the
MoS; sheets.(19) XRD pattern of as prepared MoS, membranes prepared from lithiated
MoS,; (Figure 2.3.5a) reveals relatively strong (001) spacing, signifying the prevalence
of octahedral 1T phase in contrast to thermodynamically stable 2H phase with trigonal
prismatic co—ordination observed in the bulk MoS,. We further confirmed the metallic
IT phase of the deposited membranes by XPS Analysis (figure 2.3.5 b-d). It has been
formerly reported that binding energies of 3d states of 1T polytype of MoS, appears at
~0.8-0.9¢V lesser than that of 2H MoS,.(31) The Mo 3d spectra of bulk 2H phase
consists of spin orbit doublet Peaks at 228.90 and 232.53eV corresponding to Mo*"
3ds, and Mo*" 3dsp,(Figure 2.3.5b) while in 1T counterparts, these peaks are shifted to
lower binding energies, appearing at 228.17 and 231.61eV respectively.(Figure 2.3.5¢)
This is because of the increased electron density on the Mo atoms after intercalation.
The peak at 225.27eV is due to 2s region of sulphur. The percentage of 1T phase (blue
curve) in lithiated sample, is found to be around 60%. A small peak at 236 eV is
attributed to Mo®" 3ds, state, caused due to oxidation when exposed to air. From the
deconvoluted peaks we have estimated that the as-prepared membrane consists of 72%

of 1T and 28% of 2H MoS,.(Figure 2.3.5¢c) Zeta potential measurement of lithiated
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MoS, dispersion shows a highly negative value of -35 mV due to charge transfer from
Li (Figure 2.3.6 a). The electrostatic repulsion between the MoS,; sheets due to negative
charge on the sulphur atom(30) helps in dispersion in aqueous medium. Raman
spectroscopy too, offers substantial information on phase transformation of MoS,.
Raman spectra of MoS, membrane and bulk MoS, powder is shown in the figure 2.3.6
b. For bulk MoS,, two prominent peaks appear at 384cm™ and 409cm™ which can be
assigned to Elzg and A, first order phonon modes. Elzg arises because of the in plane
vibration of two S atoms, whereas A, is attributed to out of plane modes of sulphur in
opposite directions. For 1T MoS,, additional peaks appear due to second order phonon
modes. The induced distortion in the 1T MoS, creates numerous Raman active modes
resulting in huge number of second order peaks and a rich Raman spectrum.
Accordingly, IT spectra show two main deviations with respect to 2H- MoS;. 1)
Disappearance of Elzg mode 2) emergence of J;, J, and J; modes attributed to the
superlattice structure of 1T phase. However, we do not see complete absence of Elgg

mode as our sample contains mixed phase.
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Figure 2.3.7. a) UV-Vis spectra of 1T and 2H MoS; dispersion and b) Simplified band
Lattice structure of MoS:in both the in and out-of-plane directions and simplified band
structure of bulk MoS:, showing the lowest conduction band c1 and the highest split
valence bands v1 and v2. A and B are the direct-gap transitions, and | is the indirect-

gap transition. Adapted from reference (32)

Figure 2.3.7a depicts the extinction spectra of 1T and 2H MoS,. The 2H- MoS,

dispersion is prepared using well established surfactant intercalation method.
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Figure 2.3.8. a) Optical image of the as prepared MoS, membrane on AAO Disc b)
Cross- sectional image of MoS, membrane as seen in FESEM. c) High magnification
FESEM image MoS, membrane showing layered structure. d, e- TEM image of
dispersion of 1T MoS,, showing single layered structure. f) Electron diffraction pattern

recorded from single layer MoS; showing typical 1T structure.
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Figure 2.3.7b shows the simplified band diagram of bulk 2H MoS,. 2H-MoS, shows
characteristic doublet peaks at 609nm and 670nm due to Bl and Al excitonic
transitions from K-point of brillouin zone with the energy split from spin orbit coupling
of valence band.(31) Convoluted peaks centered between 360 and 450nm corresponds
to D and C excitons from the M point in the brillouin zone. Where as in 1T phase, no
such transitions are seen because of the lattice distortion.(31) Furthermore, UV visible
spectroscopy can also be used to determine the presence of mixed phase in lithium
exfoliated sample.(33) The absorption peak at 410 nm due to C exciton is a strong
contribution for the 2H-phase. The occurrence of this transition in the 1T phase
suggests the contribution from the 2H-phase.(33) However, this transition at 410nm in
our lithium intercalated dispersion is very less intense, indicating efficient

transformation of pristine MoS, to 1T phase.

Figure 2.3.8 a displays the optical image of the MoS,; membrane on AAO support (of
47 mm diameter) which is uniform.and crack free from naked eye observation Field
Emission Scanning Electron Microscopy (FESEM) images of cross section of the
membrane (Figure 2.3.8b) and the corresponding magnified image (Figure 2.3.8c)
clearly shows uniform thickness (~500 nm) with pronounced assembly of MoS,
nanosheets. TEM image of of 1T MoS, dispersion shows single to few layer bundles
(Figure 2.3.8.d,e). Electron diffraction pattern (Figure 2.3.8f) of the exfoliated sheets
show typical 1T pattern. The bright spots correspond to Mo atoms whereas the weak

spots in between correspond to the sulphur atoms.

Gas permeation studies over these membranes were carried out in a custom made
permeation cell attached with an online gas chromatograph. Permeability of various
gases as a function of their kinetic diameter is outlined in the figure 6.8.a. As
anticipated, hydrogen exhibited highest permeability of 1175 barrer. Permeation of
carbon dioxide (142 barrer) is immensely reduced as compared to hydrogen, making
these membranes highly efficient for H,/CO, separation. The observed ideal H,/CO,
selectivity is 8.29 (Figure 2.3.9a, at room temperature), much higher than ideal
Knudsen selectivity (4.69),(18) demonstrating the remarkable separating ability of the
membrane even at high flux. The same trend was observed over a membrane of larger

thickness (650nm) (Figure 2.3.9b) with similar selectivity.
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Figure 2.3.9. a) and b) Permeability of different gases through MoS, membranes of
thickness 500 nm and 650 nm as a function of their kinetic diameter. c) Variation of
permeability of H, and CO, with temperature. Permeability of H, as individual gas
(black) and in mixed gas (1:1 H,/CO,, red), Permeability of CO, as individual gas
(blue) and in mixed gas (1:1 H,/CO,, green). d) H,/CO, selectivity calculated from the
individual permeability of H, and CO, (black) and selectivity calculated from the
permeability of H, and CO, gases in mixed gas permeability experiments (red) as a

function of temperature.

Phase transition in MoS; is an important factor which can have an impact on its gas
permeation properties. At higher temperatures (>80 °C), metastable 1T MoS, is
reported to convert into stable 2H phase.(31, 34) We have systematically studied the
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effect of temperature and phase transition on gas permeation and selectivity (H,/CO5;)
of 1T MoS, membranes (with a membrane of thickness 1um. The membrane was
heated at different temperatures (from room temperature to 160 °C) for 2 h, cooled

down to room
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Figure 2.3.10. a) XPS spectra of Mo*" 3d region of heated (160 °C) MoS, membrane
(black dots). Contributions from 2H and 1T are represented in red and blue lines
respectively. The resultant curve is shown in green line. Mo®" peak is due to the
oxidation of Mo*" while heating. b) Raman spectra of as-prepared MoS, membrane
and MoS; membrane heated at 160 °C. ¢) XRD pattern of MoS, membrane at different
temperatures (30-160 °C), indicating phase transformation induced change in d-
spacing. d) Raman spectra of dispersion of freshly prepared 1T MoS, (Red) and the

same after standing for 2 hours (black).
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temperature and then the permeability was measured for H,, CO; and their 1:1 (v/v) gas
mixture. Figure 2.2.9¢ and d represents the variation in gas permeability and selectivity
after heating the membrane at different temperatures. The permeability of hydrogen in
1:1 gas mixture was little lower than the pure hydrogen. On the other hand, for CO,, the
reverse was true (194 barrer in H,/CO, mixture and 174 barrer for pure CO;). This
phenomenon can be explained by momentum transfer theory for a mixture of gases
flowing through a narrow tube, where the smaller gas molecules (having higher
velocity) can collide with heavier gas molecules (having lower velocity) and transfer

some of their momentum, which reduces the gas selectivity.(35, 36)

_________f.____:___‘________d

001

Annealed
160 °C 2h

Scheme 2.3.2. Schematic of gas permeation pathway over as-prepared and annealed
MoS, membranes. After heating the 1T MoS, (Grey sheets) converts to 2H phase (Black
sheets) which decreases the interlayer spacing without altering the overall thickness of
the membranes (t). The decrease in d- spacing creates empty spaces or channels inside
the membranes through which gas molecules can diffuse fast. This results in increase in

gas permeability.
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Interestingly, we have observed a significant increase (30%) in permeability (1740
barrer in case of pure H, and 289 barrer in case of pure CO;) for the heat treated
membrane (160 °C) as compared to the as prepared 1T MoS, membrane without
compromising its selectivity. XPS spectra of the annealed (at 160 °C for 2h) MoS,
membrane (Figure 2.3.10a) confirms the transformation from 1T phase MoS, to 2H
phase(31, 33). The relative proportion of 2H phase estimated from the deconvoluted
peaks was about 91%. Raman spectra (Figure 2.3.10b) also support this phase
transition. We have observed the emergence of J;, J,, and J; modes (of 1T phase) after
heating the membrane at 160 °C for 2h. The X-ray diffraction profile of the membrane
(Figure 2.3.10c) shows gradual decrease of (001) peak assigned to 1T phase (26=7.8",

d=11.3 A) with increase in annealing temperature. A concomitant increase of 002

(20=14.7°) peak of 2H phase associated with decrease of d-spacing from 11.32 A to
6.12 A further confirms the phase transition of MoS; layers from 1T to 2H phase while
heating.(37) If one were to assume the gas permeation through the conventional
tortuous path mechanism as observed in many GO and clay membranes(16, 38) it is
obvious that the permeability would decrease when the interlayer spacing decreases. In
contrast, we have observed a significant increase in the gas permeability in spite of
noticeable reduction in d- spacing by phase transition (11.32 A to 6.12 A going from 1T
to 2H phase, Figure 2.3.10c). We believe that the gas permeation is most likely to occur
through inter-bundler space, as represented in scheme 2.3.2, rather than being through
the interlayer spacing. The highly favourable co-stacking nature of 1T MoS, layers
tends to form few layer bundles in solution, which gets deposited as membrane. As the
main permeation pathway of gas molecules is through the space between preformed
MoS,; bundles, decrease in d-spacing does not result in reduction of gas permeability.
Moreover, the FESEM images of membrane cross sections before and after heating at
160 °C do not show any significant shrinkage in the thickness (Figure 2.3.11 a and b).
Thus, decrease in d-spacing by phase transition from 1T to 2H phase leads to the
increase in inter-bundler spaces leading to the observed increase in permeability of the

gases. (Scheme 2.3.2)
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Figure 2.3.11. FESEM images of the as prepared (a) and annealed membrane (b) at
160 °C. The as prepared membrane shows tightly packed MoS, bundles, after heating
we observe formation of irregularities in the membrane cross section. Figure b inset

shows orientation of the membrane.

The appearance of inter-bundle spaces is also evident from the cross sectional FESEM
image of the membrane after heating at 160 °C (Figure 2.3.11). Further, formation of
MoS, bundles in the dispersion is evident from the Raman studies (Figure 2.3.10d).
Raman spectra of freshly prepared MoS, dispersion (lithiated) shows characteristic 1T
phase, identified by the disappearance of E' 2¢ mode, (which is a characteristic feature of
bulk MoS, sample) and emergence of J;(156 ecm™), J, (226 cm™) and J3(333 cm™),
attributed to the superlattice structure of 1T phase(31, 37, 39, 40). On the other hand,
the dispersion on standing for 2h, shows reappearance of the Elzg (386 cm™) band tin
Raman spectra, indicating the partial phase transition back to stacked 2H phase, in the
solution state.(40) Since the membrane formation typically takes few hours, it is
expected that MoS, sheets deposit as few layer bundles in the membrane. This is
indicated in the XPS spectra of the as prepared membrane also, which shows fairly high

amount of 2H phase. (Figure 1b)

The performance of our MoS,; membranes stands out better in terms of permeability
and selectivity for H,/CO, separation as compared to the upper bound of polymeric
membranes,(41) zeolite,(10, 42) carbon molecular sieve (CMS),(43) silica,(11)
graphene oxide(18) and MoS, membranes(26) (Fig 2.3.12). Previously reported MoS,

membranes(26) show very low selectivity which lie very close to the upper bound of
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polymeric membranes. Moreover, the increase in selectivity observed with increase in

membrane thickness is contrary to the Knudsen gas separation, indicating possibility of

Si600
S
Q 10F s
—
N
5
P Si400
>
© (Earlier report)
% 1+ UpperBound °
»n (2008) CMS/ zeolites

10" 1 10 10° 10° 10°
H, Permeability (Barrer)

Figure 2.3.12. Comparison of ideal H,/CO, gas separation performance of as prepared
MoS, membrane (1T) and MoS, membrane annealed at 160 °C, (2H) with other
membranes reported in the literature. The black line represents upper bound for
polymeric membranes (2008),(41) black dots represent other inorganic membranes
such as CMS(43), silica(11) and zeolite(10,42). Cyan dots represent GO membranes
(18) and brown dots indicate MoS, membranes (26) reported previously. Blue dots
represent the permeability and selectivity values of MoS, membranes in this report.

leaks in the membranes, which may contribute to the unusually high flux observed.
MoS,; membranes studied in this report retain more or less the same permeability and
selectivity in all the experiments across different thickness. Moreover, the phase
transition of MoS, from IT to 2H on heating at 160 °C enhances their performance,

making them very useful for practical gas separation even at high temperatures.
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2.3.5. Conclusion:

In conclusion, we have prepared high performance MoS, membranes by vacuum

filtration of 1T MoS, solution. The as-prepared 1T MoS, membranes exhibit very high

permeability and excellent selectivity for H, in Hy/CO, separation. We have also

demonstrated for the first time, the phase transition induced enhancement in the gas

permeability of the membranes without reducing the selectivity performance. We have

also postulated a mechanism for gas permeation through these membranes which occur

predominantly through inter bundler space.
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Conclusions and future outlook

In today’s material science layered materials reserve a huge chunk of interest for their myriad
of applications in various fields. This thesis focuses on different applications of layered
materials such as clay based hybrid materials for solubilization of graphene and fullerene and
biomolecule uptake. We also explored the mechanism of gas permeation through layered

materials membranes like GO and MOS;

The impact the layered materials create in daily life are enormous and proper research is
obviously needed to explore their applicability. For example, in chapters 1.2 and 1.3 we have
explored clay based materials for dispersion of water insoluble components. This technique
can be easily extended for biomedical applications, using clay based hybrid materials as host

for drug delivery

In chapter 2.2 and 2.3 we have explored the mechanism of gas permeation through GO kand
MOS, membranes and achieved high H2/CO, separation performance. Permeation properties
of different layered and hybrid materials can be studied in this method to optimize

performance.
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