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SYNOPSIS

The current thesis contains two parts and each part has three chapters. Part 1 details the synthesis
of few novel open framework materials and their various applications. Part 2 deals about the
development of hybrid materials based on transition metal chalcogenides (TMCs) and reduced

graphene oxide (RGO) and carbon nanotubes.

Part-1
Investigations of Open-Framework Metal Sulfates

Open-framework inorganic and inorganic-organic hybrid materials constitute an important area
of study in materials chemistry, because of their potential applications in areas such as sorption
and catalysis. Besides aluminosilicate zeolites, the metal phosphates and carboxylates constitute
large families of open-framework structures. The possibility of building open architectures with
the sulfate anions as the basic building units has been explored in this thesis. Investigations of a
variety of open-framework metal sulfates are presented.

Part one detail the synthesis of few novel open framework materials and their various
applications. These materials have potential applications due to their unique pore size and
topology. Last two decades have seen the development of such materials based on silicates,
phosphates and carboxylates." However, recently, the attention has shifted towards the use of
other less explored oxyanions like sulfates, sulfites, selenates etc.” to synthesize open-framework
materials. Thus main objective of this thesis is synthesis of new open framework materials based

on sulfate anions and their applications. The part of this thesis divided in to three chapters.
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Chapter-1: Open-Framework Materials: A Brief Overview
A general introduction of open-framework materials, which includes open-framework zeolite
materials, non aluminosilicates which are aluminophosphates, hydrothermal synthesis of
zeolites, mechanism of formation of the open-framework materials, different synthetic
techniques used for open-framework materials, characterization tools and techniques for
synthesized open-framework materials and some of the reported open-framework metal
phosphates and sulfates have been discussed in this chapter.

Chapter-2: Open-Framework Main Group Metal Sulfates

This chapter describes the synthesis of main group (light and heavy weight) metal sulfates, their
crystal dimensionalities and applications in adsorption and photoluminescence properties. Here
depict the two Magnesium (light weight) sulfate frameworks, two Bismuth and four Tin (heavy
weight) sulfate frameworks with different crystal dimensionalities. Two Mg(ll) sulfate
frameworks with composition of [NH4]s[Mgs(SO4):2],% (1) and [NH,]2[Mgs(OH)»(SO4)s(H-0)-],
(2) have been synthesized by hydro/solvothermal method in which both the compounds
ammonium ion act as structure directing agent. Compound 1 crystallized with 3D-framework
structure in cubic with chiral space group of P2(1)3. The anionic layer of 1 has 4-, 6-, and 8-
memeberd apertures formed by corner sharing of MgOs octahedra and SO, tetrahedra through
Mg-O-S linkages. From the first principle calculations suggest structure remains retain even after
removal of ammonium ion. Compound 1 exhibits hydrogen adsorption in the order of 0.7 wt% at
77 K. Compound 2 crystallized with 2D-layered structures in orthorhombic with space group of
Cmc2. Anionic 2D-layered structure formed with diamond chains consisting of Mgs(ps-OH);

units.

12
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Figure 1. (a) Polyhedral representation of the Inorganic layer of 1 in the bc-plane forming 4-, 6-
and 8- membered aperture and (b) Thermogravimertic data for [NH4]s[Mgs(SO4)12], (1).

Two organically-templated bismuth sulfates of the compositions, [CsNaH14][Bi(SO4)2(NO5)],*
(3) and [CsN,H12]4[Bia(SO4)10(H20)4],* (4), with open architecture and their structures
determined by single-crystal X-ray diffraction. These two compounds synthesized by slow
evaporation method by using DABCO and Piperazine as structure directing agents. Compound 3
has a corrugated layered structure with 8- membered aperture where in the SO, tetrahedra and
the BiOg polyhedra join together to form (4, 4) net sheets of the metal centers while 4 has a
three-dimensional structure possessing 8- and 12- membered channels. Both the compounds
show good fluorescence properties exhibiting blue luminescence. Time-resolved fluorescence

behavior of 3 and 4 shows mean fluorescence lifetime of 0.9 and 1.0ns, respectively.

(a) (b)

Figure 2. (a) The stacking of the alternate inorganic layers along the c-axis of the unit cell. The

protonated DABCO molecules reside in the crest and trough regions of the inorganic layer for

13



[CeN2H14][Bi(SO4)2(NO3)], (3) and (b) 8- membered and 12- membered channels in ab- plane

for [C4N2H12]4[Bia(SO4)10(H20)4], (4) and extra amine molecules are sitting inside the channels.

Four new Sn(ll) sulfate materials with the compositions [C3N2H12][Sn2(SO4)s], (5);
[C2N2H10][SN(SO4)2], (6); [C3sN2H12][SN(SO4)2], (7) and [CaN2H14][Sn(SO4),][H20], (8), have
been synthesized by hydrothermal condition using 1,3-diaminopropane (for 5, 7),
ethylenediamine (for 6) and 1,4-diaminobutane (for 8) as structure directing organic amines and
characterized by single-crystal X-ray diffraction. The ratio of Sn/S for all the four compounds is
<1. In compound 5, Sn''ions have three coordination with trigonal-pyramidal geometry where as
in 6-8, four coordination with truncated square-pyramidal. All the structures are slightly distorted
due the presence of lone pair of electrons on Tin atoms which are occupied in the base vertex.

The organic templates are present in between the anionic layers and render hydrogen bond
through N-HO for extra stability of the polymer. Compounds have been well characterized by

FTIR spectra, elemental analysis, powder X-ray diffraction (PXRD), energy-dispersive X-ray

spectroscopy (EDAX), and Thermogravimertic analyses (TGA).

Figure 3. (a) The anionic layer of the compound [C2N2H10][SN(SOs)2], (6), with 4- and 12-
membered apertures in bc-plane and (b) Anionic chain of [C3N2H12][Sn(SO4),], (7), with 8-

membered running along a-axis.
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Chapter-3: Open-Framework Transition Metal Sulfates

This chapter describes the synthesis of open-frame work transition metal (Mn, Co and Ni)
sulfates, their crystallographic signatures and applications in adsorption, magnetic and proton
conductivity measurements. The 3D-frame work of [NH,]s[Mng(SO4)12],> (9) crystallize in the
cubic chiral space group P2(1)3 which is isostructural with 3D-Mg sulfate. In the presence of
NH," cations the framework has three-dimensional framework structures formed by corner
sharing of metal octahedra and sulfate tetrahedra through Mn-O-S linkages, which leads the
pinwheel arrangement of metal octahedra surrounded by six sulfate tetrahedra. This framework
retain crystalline phase upon the thermal decomposition of ammonium ion resulting into the
composition of [H]g[Mng(SO4)12] which is confirmed by first principle calculations. Magnetic
measurement of compound 9 exhibit paramagnetic behavior and hydrogen adsorption shows 0.45

wit% at 77 K.
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Figure 4. Pinwheel arrangement of MnOg octahedra and SO, tetrahedra in [NH4]s[Mng(SO4)12],
(9) and (b) Temperature dependent PXRD pattern for compound 9.
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The 2D-layer of [C4N2H12]2[Co3F2(SO4)3(H20)2], 10 was synthesized by hydro/solvothermal
condition by using Piperazine as structure directing agent. This compound is isostructural with
2D- Mg layered structure. Compound 10 was characterized by all the complementary techniques
like PXRD, EDX, TGA, X-ray single-crystal diffraction. The layered structure was formed by
the diamond chains comprising of Cos(us-F), units. Magnetic studies of 10 revels its
ferrimagnetic nature with a transition at 10.8 K and does not exhibit spin-glass freezing.
Isothermal magnetization shows hysteresis loop at 3.5 K with a coercive field of 1200 Oe and

remnant magnetization of 0.1ug.
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Figure 5. (a) The infinite diamond chain formed by the connectivity of the metal polyhedral. (b)
Presence of triangular units in the diamond chain and (c) Magnetization as a function of
magnetic field at 2.5, 6 and 10 K for [C4N2H12]2[Co3F2(SO4)3(H20),], 10.

Two isostructural 3D-Kagome type structures with composition of [H;O][MSO4F] (where M=Co
(11); Ni (12) and Zn (13)) were synthesized by solvothermal method and structurally
characterized by single-crystal X-ray diffraction, FTIR, TGA and PXRD. In both 3D-crystal
lattice consists of Kagome type entity where sulfate groups replaced one of the metal nodes

when compared with true Kagome structures.> Magnetic studies of these (Co (11) and Ni (12)
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frameworks) 3D-framework structures revolve the paramagnetic nature and shows weak

antiferromagnetic interactions due to their orbital contribution.
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Figure 6. (a) Polyhedral view of 3D-crystal lattice (b) Kagome type structure building block and
(c) magnetization curves for [H3O][CoSO4F], (11).

Part-2
Supercapacitors Based on Vanadium Chalcogenides-RGO/CNT Hybrids

The development of excellent supercapacitors is well sought because the consumption of fossil
fuels and consequent global warming and increase in pollution has forced the research towards
the development of more viable and energy efficient power storage devices. In this regards,
supercapacitors are significantly important because of their high energy density, power density
and long life cycle.® Recent developments have shown the propensity of TMCs-carbonaceous
hybrid materials to perform as alternative electrode materials because of their unique property
like combination of both electrical double layer and Pseudocapacitance behavior.” Hence the

main objective of this thesis is synthesis of vanadium chalcogenides-carbonaceous composite

17
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hybrid electrodes which exhibits high performance supercapacitance, high energy density and
power density. The part of this thesis organized in to three chapters.
Chapter-1: Introduction of Supercapacitor
A general introduction of supercapacitors, which includes comparison of properties and
performance of battery, capacitor and Supercapacitor, various electrolytes used in
supercapacitors, types of electrode materials, calculation of supercapacitance, types of
mechanisms, metal chalcogenides and composite hybrids of TMCs-RGO and TMCs-CNTs
hybrids have been described in this chapter.
Chapter-2: Supercapacitors Based on Vanadium Chalcogenides/RGO Hybrids

This chapter describes the facile hydrothermal synthesis and high performance supercapacitance
measurements of two Vanadium chalcogenides (VS VSe;) - RGO composite hybrids. The
foremost hybrid VS,/RGO synthesized by a facile one-step hydrothermal method and its
supercapacitor performance is tested. The results obtained so far have shown the great potential
of the VS,/RGO hybrids with the specificcapacitance as high as 877 F/g.® Simulations based on
density functional theory confirms an enhanced quantum capacitance when VS, is hetero
structured with graphene, primarily due to the location of the graphene Dirac cone relative to the
band gap of VS,. The hybrids exhibited an enhanced energy density of 117 Wh/kg and a power
density of 20 KW/kg which are compared with some of the reported metal sulfides and their
graphene based hybrids. The second hybrid which is VSe, /RGO where sulfur atom in foremost
hybrid replaced by selenium. VSe,/RGO hybrid exhibits very high specific capacitance in the
order of 500 F/g at current density of 1 A/g, energy density of 128 Wh/kg and power density of
32.81 KW/kg. These experimental and theoretical findings provide useful insights in the design

of supercapacitors for potential high performance energy storage application.
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Figure 7. (a) Comparison of charge-discharge curves at different current densities of VS4/RGO

hybrids and (b) comparison of capacitance for three composite hybrids.

Chapter-3: High Energy Density Supercapgcitors Based on Patronite /CNTs/ RGO
Initially the electrodes used in the supercapalgi){grrslgfe carbonaceous materials which are reduced
graphene oxide, carbon nanotubes and activated carbons etc.® The problem of carbonaceous
materials is having less energy density as compared to rechargeable batteries due to their low
value of energy per unit weight ratio. There are different ways we can enhance the energy
density of the supercapacitor. By increasing the charge storage and /or working potential window
surely enhance the energy density of supercapacitor. The working potential window can be
increased by using the pseudocapacitive materials. But, they don’t have the advantage of long
cyclic stability as in case of carbonaceous materials.'® This chapter describes the facile synthesis
and supercapacitance measurements of high energy density material i.e Patronite/CNTs/RGO
composite hybrid. The prepared hybrid is resulted because of the nucleation of VS,, in presence
of CNTS/RGO as an active template.™* Other intermediary samples such as VS, bare CNTs, bare
RGO, CNTs/RGO, VS4/CNTs and VS4/RGO were also obtained under different controlled

experimental procedures. Structural and morphological properties of the hybrid, VS4/CNTs/RGO

were studied and its electrochemical properties towards supercapacitor application were
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investigated using a swagelok type two-electrode setup using 0.5 M aqueous solution of K,SO,4
as the electrolyte.*® A thorough comparison was carried out for the supercapacitive properties of
all experimentally obtained samples mentioned above, under similar testing conditions. The
hybrid, VS4/CNTs/RGO showed an impressive energy density of ~174 Wh/kg and a moderate

power density of ~13.8 KW/kg.
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Figure 8. (a) comparision of specificcapacitance for all the hybrids from cyclic voltmetry
method and (b) Comparison of power densities and energy densities for all hybrids by using
typical Ragone plot.
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View of inorganic layers of 1 in bc-plane with eight- membered
apertures.

View of packing layers in 1. Hydrogen bonding interactions between
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Asymmetric unit of compound [NH4]s[Mg2(SO4)12], 2.

(@) Pinwheel arrangement of MOg octahedra and SO, tetrahedra (b)
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Excitation and emission spectra of compounds 3 and 4. In set show an
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Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Asymmetric unit of [H3O][MSO4F], 9. The disordered extra framew-

ork hydronium ion is omitted for clarity.

One-dimensional Co-F chains in 9 running in bc-planes; (b) Formation
of 2D-layer in bc-plane by connecting each layer through sulfate
anions (S(1)Og); (c) Interconnection of 2D-layer as highlighted with
different color via sulfate anions (S(2)O,); (d) 3D-lattice as a results of
interconnection via crystallographically distinct sulfate anions which

are highlighted with different color.

(a) Polyhedral view of the 3D-crystal lattice; (b) Magnified view of the
Kagome type structural building block in 9.

Temperature dependence of the magnetic susceptibility for both 9 and
10 compounds measured at 1000 Oe. Inset (a) shows the isothermal
M-H cycles at 5 K (b) shows the y " vs T.

Asymmetric unit of [C4N2H12]2[CosF2(SO4)3(H20),], 12.

(a) The infinite diamond chain formed by the connectivity of the metal
polyhedra. (b) Presence of triangular units in the diamond chain. (c)
Anionic inorganic layer in 12 in the ac-plane. Note the presence of
eight- membered apertures.

View down the crystallographic 12.

Temperature dependence of the DC-magnetic susceptibility of 12
measured at 100 Oe under FC and ZFC conditions. Inset shows the

variation of inverse susceptibility.
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Schematic diagrams for the electrochemical supercapacitor.
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CD curves at different current densities for the MoS; in the 1 M KCI
electrolyte.
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(@) Low and (b) high magnification FESEM images of VS,/RGO_1.5
hybrid. (c) EDAX spectrum, atomic percentage and weight percentage
of the elements.

Elemental analysis of VS4/RGO_1.5. (a) Electron image of the hybrid
over which the mapping has been done. Presence of (b) Carbon, (c)
Sulfur and (d) Vanadium in the hybrid. (¢) XRD pattern of
VS4/RGO_1.5 showing prominent growth along (110).
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for GO, RGO and VS4/RGO. (c) Raman spectra for GO, bare RGO and
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Figure 3.1

(blue), and VS4/RGO_0.75 (green). (a) CV curves, (b) comparison of
capacitance vs scan rate and (c) Capacitance vs current density plot.

(a) Ragone plot for VS4/RGO_1.5. (b) Last 5 cycles taken from the
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pattern even after 1000 cycles. (c) Capacity retention of the hybrid
showing much better stability even after 1000 cycles.
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(a) Low and (b) high magnification FESEM images of VSe,/RGO 0.3
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spectrum.

(@ Low and (b) high magnification FESEM images of VSe;. (c)
PXRD pattern for VSe, and (d) EDAX spectrum.

Supercapacitor performance of VSe,/JRGO 0. 3. (a) CV curves at
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specific capacitance and current density.

Comparison of capacitance vs. current density.
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Low (a) and high (b) magnified FESEM images of VS,/CNTs/RGO.
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1.1 Introduction

The synthesis of inorganic materials with open architecture is one of the major activities in
contemporary solid state chemistry for their applications in the areas of catalysis, ion-exchange,
separation and sorption process.® At the bottom of the synthesis of such structures lies the idea
of rational design that involves the assemblage of small molecular units to obtain the desired
solid. Open-framework materials often referred to as molecular sieves or microporous materials
are a class of inorganic solids, which possess regular pores, or void in the size range 5-20 A.
During the last two decades or so large number of new materials with novel architectures have
been synthesized and characterized. Attempts are being made to exploit some of the exciting
properties of the newly discovered open-framework systems and the results appear to be
promising. In this chapter we have includes a brief history and summarize the various types of

inorganic open-framework materials and their properties.
1.2 Zeolites and Zeolite like materials

Microporous materials such as open-framework materials, metal-organic frameworks (MOFs),
covalent-organic frameworks (COFs) with having pore diameter < 2 A are great interest because
of their broad applications in industrial purpose. Among all these, open-framework inorganic
materials (Zeolite, phosphates, sulfates arsenates etc) are great interest due to their interesting
pore structures and surface area. Zeolites are the oldest open-framework materials, which were
discovered in 1756 Swedish mineralogist A. F. Cronstedt.* When he was heating the silicate
mineral “Stilbite” it produced large amounts of steam from water that has been adsorbed the
material, based on this he called Zeolite. Zeolite word came from Greek word Zeo means “boil”

litho means “stone”.
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Zeolites are crystalline aluminosilicates (AlSiO4s) of a group 1A and group IIA elements of
sodium, potassium, magnesium and calcium. Chemically Zeolites are represented by the

following formula
Mz/no b A|203. b ySi02 b WHzo

Where M = IA or IIA group elements, n is the cation valance, y is varies from 2 to 10 and w

represents the no of water molecules presents in the voids of the Zeolite.

Zeolites are formed by three-dimensional (3D) four-connected framework of TO,4 (T =
Al, Si, P, S) tetrahedra linked through the corner sharing of oxygen atoms. These SiO4, AlQO,,
PO, tetrahedra are the primary building unit (PBU) of the Zeolite frameworks. Zeolites form
uniformly sized pores of molecular dimensions. The preferentially adsorb molecules that are fit
in to pores and neglect the molecules which are large. So these molecules act as molecular
sieves. In Zeolites, at some places AI** has been replaced by the Si** atoms. So the Charge
neutrality of the framework was balanced by the loosely held positive charged ions which are

present in the voids. These positive ions can be utilized for the ion exchange process.

Figure 1.1. PBUs of Zeolites (a) TO, tetrahedra, (b) TO,4 tetrahedra sharing common vertex with
oxygen atoms (where T=Si, P, Al and S).
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The framework of Zeolites formed by the infinite component units or infinite component units
like-chains (Figure 1.2) and layers (Figure 1.3) called as secondary building units (SBUs). In one
type of framework can contain different types of SBUs i.e It is not necessary to contain only one

type of SBUs.

iA—J:

tﬁ\\
xﬁﬁi

6846
u— cage

Figure 1.2. SBUs with different number of tetrahedral cations. Codes are given below.

(a) (b)

Figure 1.3. Some important chains that are occur in several Zeolite frameworks (a) Double zig-
zag chain, (b) double sawtooth chain, (c) double crankshaft chain, (d) narsarsukite chain, (e)

pentasil chain.
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Applications of Zeolites

Zeolites contribute to a cleaner, safer environment in a great number of ways. In fact nearly
every application of Zeolite has been driven by environmental concern, or plays a significant role
in reducing toxic waste and energy consumption.

(1)  Zeolites can be used as catalyst for chemical reactions due to their unique pore size and
proton which is bounded to framework used for increasing the acidity. This is exploited in many
chemical reactions, Oil refinements (Crude oil cracking), isomerisation and fuel synthesis.
Zeolites can be used for oxidation and reduction reactions i.e. Titanium ZSM-5 can be used for

the production of caprolactam, and copper Zeolites used in the NOx decomposition.

(2)  Zeolites have loosely bounded cationic ions which are more often used for the exchange
properties. This is exploited in softening of water where the hard metal atoms (Calcium or
Magnesium) can be exchanged with soft metal atoms (Na or K) which are present in the voids.

(3)  Zeolites can be used for adsorption and separation of the gaseous mixtures due to their
shape-selectivity properties and high surface area. The framework preferentially adsorbed the gas

having diameter which are matches with pore diameter of Zeolite.* ®
1.3 Aluminosilicate Zeolites

Zeolites are crystalline AISiO4 with three-dimensional framework structures. Depends upon the
composition of Si/Al ratio, AlSiO,4 Zeolites are classified as four types.’

(1) Low Zeolite: The ratio of Si/Al ratio range between 1-1.5. Zeolite A, X comes under low
Zeolite. (2) Intermediate Zeolite: The ratio of Si/Al ratio range between 2 to 5. Natural Zeolite
(erionite, clinoptilolite etc) and synthetic Zeolite (Zeolite Y, L etc) are comes under intermediate
Zeolite. (3) High Zeolite: The ratio of Si/Al rage between 10 t0100. The natural synthesized

ZSM-5 and beta comes under high Zeolite. (4) Silica molecular sieves which are silicalite come
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under this category. The thermal stability increase from about 700 °C in the low Zeolite to 1300
°C for the silica molecular sieves. The surface selectivity, which is hydrophilic nature in low
Zeolite and hydrophobic nature in high silica Zeolites and silica molecular sieves. The acidity
tendency was increases with increasing Si/Al ratio. As the concentration of Si/Al ratio increase
the cation concentration and ion exchange properties decrease. Generally low silicate Zeolites
formed with 4-, 6-, and 8- membered rings of tetrahedra. In the intermediate Zeolite we see the
one set of 5- membered tetrahedra. High silica Zeolite and the silicate molecular sieves are
formed with predominance of 5- rings of tetrahedra. Here we have given two different types of
AISiO, Zeolites.

[(Ca;", Mg2" Na'3)29 (H20)240] [AlsgSizsOsss] [FAU]

As with LTA, the FAU framework also featured by sodalite cages. In FAU Zeolite, the sodalite
cages are arranged same way as the carbon atoms in diamond. This is one of the reason these

materials are thermally stable.’

Figure 1.4. Structure of Zeolite FAU type framework.?
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These materials are formed by connecting the - cages through 6- membered rings, producing
the so-called supercargoes with four, tetrahedral oriented 12- ring pore openings (Figure 1.4).
Si/Al ratio of the FAU was greater than one. FAU frame work was formed with three-
dimensional channel system with free aperture is 7.4 x 7.4 A.

[Nan" (H20)16] [AlnSige-n O102] (N <27) (ZSM-5),[Nan” (H20)16] [AlnSige.n O192] (ZSM-11)
Zeolite ZSM-5 formed with orthorhombic arrangement. The number of Al atoms in the unit call
can vary from 0-27, so the ratio of Si/Al ratio can be changed. This framework contains
characteristic 5° units. These 5° units liked via edge sharing to form a pentasil chain parallel to c-
axis (Figure 1.5). These pentasil chains related by a mirror plane are connected via oxygen
bridges to form corrugated 10- ring channels (5.5 x 5.1 A). Adjacent sheets that are related by an
inversion center are linked by oxygen bridges to the next, forming a three-dimensional
framework. Zeolite-11 framework is closely related to ZSM-5. The corrugated pentasil chains
that are found in ZSM-5 are also present in the ZSM-11 framework. However, in ZSM-11, the
adjacent sheets are related to one other by a mirror plane instead of an inversion center as in

ZSM-5 by mirror planes.’

(a) (b) (c)
Figure 1.5. Structural units in ZSM-5 (a) 5° units, (b) pentasil chains which are present in ZSM-5
and (c) view of ZSM-5 with 10- ring channels.®
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1.4 Open-framework metal phosphates

In 1982, Wilson, Lok, and Flanigen et al® synthesized novel family of molecular sieves called
aluminophosphates (AIPQ,s). AIPO, materials are similar to Zeolites with crystalline micropo-
rous 3D-polymeric structures but the difference in chemical composition. The discovery of
AIPQys is novel milestone for the development of other microporous materials. The pores of the
Zeolites and AlSiO,s are narrow. Only limited space is available for industrial applications. To
improve the porosity, numbers of microporous crystalline AIPO,s are widely reported and
applied in catalysis and adsorption studies.’®*® These materials are fine tuned to obtain ordered
porosity by using larger organic amines or quaternary ammonium cations as templates during the
synthesis.’®*" Not only large-, medium-, and small pore AIPO4s molecular sieves prepared, but
also SAPO (5=Si),"®* MAPO (M= Fe, Mg, Zn, Co etc),*** MASO, EAPO (E= Ba, Ga, Ge, Li,
As etc) and EAPSO? could be also obtained through the introduction of the elements other than
the Al and P in to the microporous frameworks of AIPO,s. At present 200 numbers of AIPOys
based microporous materials are known. These compounds can be synthesized through the hydro
or solvothermal synthesis by introducing the Al, P and other material sources. The main
drawback of the AIPOys is thermally unstable and structure get collapse after removal of the
template during their calcination. It is difficult to synthesize the materials with Al/P ratio equal to

1. Generally, acidic-basic properties of the AIPO,s depend up on the ratio of the Al/P ratio.
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Figure 1.6. Schematic diagrams of AIPO4-18, AIPO,;-34, AIPO4-36 and AIPO4-5

Aluminophosphate molecular sieves with three-dimensional narrow pore structures.*®

Till now maximum number of reports on SAPO-34'% 222 pecause of their narrow pore openings,
easy to synthesize and high purity of synthetic products. Takeguchi et al®® recently reports the
incorporated Cu®* Fe**, Ni** into the SAPO-34 framework to separate the CO, form the N, and
CO; gaseous mixture.

1.4.1 Transition metal phosphates

Due to the thermal unstableness of AIPO,s and increasing the demand of industrial applications
peoples are start to search the other phosphate framework materials. Many attempts are made to
introduce the heteroatom in the microporous materials. Compared to other heteroatom, transition
metal atoms are good due their attractive properties like catalysis and magnetic properties.
Transition metal atoms have flexible coordination which can lead to the structural diversity of
the framework. Here we had shown the some of the reported metal phosphates with their

structural dimensionalities.
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[ZNn3(PO4)2(PO3sH)(H,DACH)].2H,0 (DACH=1,2-diaminocyclohexane)(ND-1)

ND-1 contains 24- ring channels. It crystallizes in the rhombohedral space group R-3. The
anionic polymer of ND-1 was formed by ZnQ, tetrahedra and PO, tetrahedra via corner sharing
of oxygen atoms. Anionic layer of ND-1 exit ps3-O atoms by connecting the two Zn atoms and
one P atom.?” The three-dimensional framework of compound ND-1 contains 24- ring channels
close-packed in hexagonal, honeycomb arrays, which are oriented parallel to the c-axis shown in
the Figure 1.7. P-OH groups are oriented towards the center of channels. The extra amine guest

(DACH) and water molecules are present near walls of the polymers.

Figure 1.7. Structure of ND-1 viewed along c-axis with 24- ring channels.
[(CaN3H16)(CsN3H1s)][FesFa(H2PO4)(HPO4)3(PO4)s]-H20

This compound was prepared by hydrothermal method by using DETA as SDA. Compound was
crystallized with monoclinic with space group P2;/n. The anionic framework formed by corner
sharing of FeOsg, FeOsF and FeO4F, octahedra and PO, tetrahedra with 3D-framework with

unusually large 24- membered rings shown in the Figure 1.8. The extra protonated amine
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molecules reside in the channels through hydrogen bond for making the charge balance and

acquiring the extra stability of the polymer. This polymer shows spin-crossover behavior.?®

Figure 1.8. The anionic Iayer of [(C4N3H16)(C4N3H15)][F65F4(H2PO4)(HPO4)3(PO4)3]'Hzo,
showing the one-dimensional Fe-O/F-Fe chains and their connectivity with the PO, units.

1.5 Open-Framework metal Sulfates, Selenite and Selenates

The research work on transition metal and rare earth metal based open-framework materials with
sulfate, selenite and selenates are serving as linkers has been explored in the literature.?®3
Several of the frameworks with good adsorption, magnetic, ion exchange, catalytic properties
have been studied extensively.*** Here we have given few of the examples from literature.

1.5.1 Open-framework metal Sulfates

In Sulfate ions, Sulfur atom has tetrahedral coordination like in silicates, phosphates, arsenates
etc. Using this analogy there has been considerable interest to study sulfate-based open-
framework materials. Nevertheless, there are some difficulties to overcome. The S-O bonds have

less charge (0.5) than the P-O bonds (0.75), which could create difficulties in forming extended

network structures. In addition, the SO,* ions may be similar to C,0,* ions and have similar
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reactivity.** *® The S-O bonds are also less covalent and thus poly sulfate units are less readily
formed than polyborates, -phosphates, and -silicates. In spite of these issues, there are only few
reports of open-framework sulfate structures with different dimensionalities. So, we are
interested to explore the open-framework metal sulfates. Most of the sulfate structures are
prepared employing a large excess of fluoride ions to form an M-O/F-M network, which forms
the basis for all the structures. The sulfate anions generally link the M-O/F-M network. Here we
had shown one of the example reported metal sulfate framework with their crystallographic
signature.

[CaN2H12][Ni2F4(SO4)H20]

The three-dimensional framework of the compound [C4N»H1,][NioF4(SO4)H-0]** formed by
edge sharing of NiF,O, octahedra and SO, tetrahedra. The Ni(1) and Ni(2) octahedral units share
edges through fluorine (Ni(1)-F(1), F(2) and Ni(2)-F(3), F(4)) to form the dimer units of
Ni2(1)Fs02(H20), and Niy(2)FsO4 respectively. The dimers are linked by sharing octahedral
edges to form two distinct infinite sinusoidal chains along the [001] direction. These chains are
alternately stacked one over the other along the [100] direction and are interlinked by sharing
corners with the tetrahedral corners of the SO, groups to form a layer with an 11- membered
aperture in the [101] plane. The protonated amine molecules reside within the pores shown in the

Figure 1.9.
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Figure 1.9. View of 3D-framework of [C4N2H;2][Ni2F4(SO4)H,Q] with 11- membered apertures
in [101] plane.

1.5.2 Open-framework metal selenites

Open-framework selenite based materials are great interest because of their invisible lone pair of
electrons which can acts as SDA. Due to the presence of lone pair of electrons these materials
crystallize in non-centrosymmetric structures give rise to interesting physical properties such as
non-linear optical second harmonic generation (SHG).** *® Due to the low reduction potential
difference of Se''/Se®, Selenite can be easily converted to metallic Se in hydrothermal method.
Hence, reports on open-framework metal selenite are less explored. Here we have shown crystal
structure for one of the reported metal selenite.

[H2N(CH2)4sNH2]os[Zn(HSeOs3)(Se20s)]

The three-dimensional framework of the compound [HoN(CH.)sNH.]os[Zn(HSeO3)(Se,0s)]*
was synthesized by hydrothermal method in the presence of PIP as template. This compound was
formed by two-dimensional sheets which are made up of ZnOg octahedra and the diselenite units.
The ZnOg dimers are bridged by two diselenite units through — Zn—O-Se-O-Zn- linkages,

which create a four- membered ring propagating in a zig-zag fashion in the bc-plane. The four
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membered rings are fused by the diselenite units in a head to tail fashion (-Zn-O-Se-O-Se-O-Zn)
by satisfying the coordination of the diselenite unit, creating a six- membered ring. Each ZnOg
octahedron is connected to an adjacent layer of ZnOg octahedron through two selenite units,
leaving a terminal Se-OH bond. This connectivity results a 10- membered two-dimensional
channels in bc-plane. The protonated amine molecules are resides in the 10- membered ring

channels shown in Figure 1.10 for acquiring the extra stability of the polymer.

Figure 1.10. Inorganic-framework structure of [HoN(CH,)sNH:]os[Zn(HSeO3)(Se,0s)] formed
with 4 and 10- membered ring channels in bc-plane and the amine molecules are resides in the

10- membered ring channels.

1.5.3 Open-framework metal selenates

Open-framework materials with selenate and selenite have been explored in literature. Selenate
containing open-frameworks is not well known. Unlike the sulfur in sulfite +4 oxidation state is
more stable for selenium (selenites) due to inert pair effect; hence the selenate is difficult to be
stabilized in framework system. So, reports on metal selenates not explored much compared with
selenite, phosphate and sulfates. Here we have shown one example of reported metal selenate

with their crystal structure.
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[H:bipy][Zn(Se0,)(H,0)] (bipy = 4, 4 bipyridine)

Figure 1.11. View of the structure of the compound [Hzbipy][Zn(SeO,)(H,0)] in ac-plane.

The linear chain of the compound [H-bipy][Zn(Se04)(H20)]*® was synthesized by solvothermal
method where Hbipy acts as template. The anionic chain of this compound was formed by two
neighbouring Zinc octahedra are bridging between the pair of selenate tetrahedra via corner-
sharing to form a 4- membered chains along a-axis. These neighbouring chains are further
interlinked by [H.bipy]** cations via strong hydrogen bond through N-H~O forms 2D-layer in
ac-plane shown in the Figure 1.11.

1.6 Templating agents

During synthesis of open-framework materials some additional compounds are added which
goes to the porous cavity of material during the reaction and crystallizes along with. This
approach has proven good in synthesizing these materials with ease. The templating agent
commonly known as SDA used for the purpose of stabilizing the structure, charge balances,

d39-42

directing the size and shape of pore. Computational studies have conclude the role of
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templating agents in directing the size of porous cavity. These are held inside the cavity through
ionic, hydrogen bonding or van der Waals interactions. After the formation of framework
material templating agents can be removed by thermal treatment. Commonly used templating
agents in our laboratory are protonated amines, say ethylenediamine (en), 1, 5-pentanediamine
(1, 5-pda), diethylenetriamine, cyclohexylamine, cyclopentylamine, 1, 4-diaza bicycle [2, 2, 2]
octane (DABCO) and piperazine etc. The choice of selection of particular templating agent is
dependent on the ligand which is going to be used. For example, for lengthy ligand the size of
the template should also be large such that it can make significant interaction with the moieties
of the cavity. Smaller ligand in such case may stick to side way of the cavity or more number of
templates can occupy the cavity.”* A template can make interaction from one or more than one
site. For example ethylenediamine in diprotanated form can interact from both the ends and
DETA can form from three protonated nitrogen ends.

A templating agent serves the purpose of charge balance, directing the structure of pores,
stabilizing the structure through electrostatic interaction. The size of the cavity sometimes is
highly influenced by the choice of SDA. Large sized SDA can lead to large pore size.* The
protonated amines balance the charge of the overall complex. Some of the frameworks are not
stable and generally collapse, if SDA occupies the cavity, the structure is stabilized and SDA
present in the cavity doesn’t allow the framework to collapse. Figure 1.12 shows how a template

IS occupying the porous cavity.
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As-synthesized Activated

Figure 1.12. (a) Amine molecules inside the pores of the frameworks color code: blue; amine
molecules; yellow; framework material (b) After activation of the framework material.

1.7 Mineralizing agents

Mineralizer is facilitates the lowering of crystallization kinetics that they induces indeed to give
more homogeneous and crystallized phase. Generally Fluoride (F) ion is used as mineralizer for
the synthesis of open-framework materials. Flanigen and Patton were first used F ion as
mineralizer for the synthesis of silicalite-1.** For the F ion, general sources are hydrofluoric acid
(HF), Sodium fluoride (NaF), and Potassium fluorides (KF) etc are used. Mineralizer plays a
several roles for the synthesis of microporous compounds which are (1) enabling the
crystallization by changing the pH (3~10). (2) Balancing the positive charge of SDA, which
would, reduces the framework defects created by the positive charge SDAs. (3) Helping the
transition metal atoms enter the framework via the formation of a complex. (4) By using the
mineralizer we can get different kind of structural frameworks. (5) Sometimes mineralizer can
act as SDA for stabilizing the framework which can sit between the cavities of the framework.’
1.8 Mechanism of formation of open-frame work materials

Crystalline molecular sieves are usually synthesized by hydrothermal method by taking the
mixture of water, a source of T atoms (T= Al, Si, P, and S etc), a mineralizing agent (Generally
OH  or F) and SDAs. All these reagents are mixed well and heated (< 200 °C) and, over time,

formed a self assembled crystalline Zeolite structures. Till now there is numerous number of
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Zeolite structures have been synthesized successfully. It is still necessary to design and synthesis
of more new Zeolite structures with specific architectures and properties. For that we need a full
understanding of the crystallization process and mechanism for the formation Zeolites.” The
procedure for the synthesis of Zeolites is not complicated but the crystallization mechanism
involved is very complicated. Till now numerous groups have investigated the assembly process
of Zeolite synthesis. So far, there is no well expected mechanism for the formation of Zeolite
crystals. In 1990s Regev and co-workers,*® Schoeman,*” Thompson and co-workers,*® and Iton
and White and their co-workers*® monitored Zeolite synthesis by in situ methods. It is impossible
to isolate the intermediate products due to their weak interactions between them. So, conduction
of In situ method is essential for the synthesis of crystalline Zeolite materials. Breck™ has given
first time for the mechanism of the crystallization called Solid-phase mechanism or solid-
hydrogel transformation mechanism. He proposed that gel structure was firstly depolymerized
and then the polyhedral formed through the rearrangement of AlSiO,s and silicate anions in the
gel. These polyhedral connect to form Zeolite framework. Beside this mechanism another
mechanism called solution-mediated transport mechanism proposed by the Kerr and Ciric
group.®* This mechanism says that aluminosilicate hydrogel will be redissolved and the Zeolites
are formed by the recrystallization of silicate and aluminate ions in the solution. Again in 1980, a
dual phase transition mechanism which proposed that the formation of Zeolites might follow
different mechanisms under different crystallization conditions.

Recently the Moor et al*?

gave the first crystallization mechanism for the formation of the
pure-silica Zeolite (Si-TPA-MFI). The mechanism was investigated by using the complementary
techniques like small-angle and wide angle X-ray diffraction scattering which is shown in the

Figure 1.13. Initial process, hydrophobic spheres are formed surrounding the both SADs and
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silicates. Then the overlap of these spheres forms an nanometer sized PBUs having both silicates
and SDAs. During the nucleation, PBUs are aggregate to form ordered structures with the size of
10 mm. Martens and co-workers>® proposed mechanism for nucleation and growth in Zeolite
synthesis. In this mechanism he proposed the silica species initially forms into a series of small
“pbuilding blocks” that has the same topology for the final crystalline framework. These building

blocks then aggregates to form the final Zeolite structure.

Figure 1.13. Schematic representations for the crystallization mechanism of Si-TPA-MFI.

1.9 Hydrothermal approach for the synthesis of Zeolites

The synthesis of microporous Zeolites started in the middle of 19" century. Till now Zeolite
materials are mainly synthesized by two approaches (1) solid-state method and (2) Hydro (solvo)
thermal method. The earliest synthesis of Zeolites were at high temperature (>200 °C) and
pressure (10 MPA). However, the efforts are not very successful. The real success for the
5

synthesis of Zeolite molecular sieves was happened in 1940s by R. M Barrer and J. Sameshima.

After that chemist at Union carbide Corporation (UCC), R. M. Milton and D.W. Breck,
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employed mild hydrothermal synthesis and achieved a great success in developing a synthetic
approach for the synthesis of Zeolites. By using the hydrothermal synthesis they successful
synthesized the unnatural Zeolites of types A, X and Y. Hydrothermal synthesis means reactions
conduct at above 100 °C in aqueous solvents with in a specially sealed container or high-pressure
autoclaves shown in Figure 1.14. Under these conditions, autogeneous pressure (i.e. self
developing not external applied) is developed. Due to this autogeneous pressure the properties of
water will be significantly changed. For example, the vapor pressure and ion product will be
higher, and the density, surface tension and viscosity of water will be lower. The main difference
between the hydrothermal and solid-state method was reaction mechanism. In hydrothermal
conditions all the reactant molecules like silicon and aluminum sources, SDAs, and sources of
other elements exiting in the liquid phase can react with each other, where as in solid-state
synthesis occurs only on the surface by diffusion of the reactants at the interface. By varying the
reaction mechanisms leads to formation of different structures from the same and similar starting
materials. The main advantage of the hydrothermal method was we can synthesize materials with
special structures and properties, or phases, types and morphologies which cannot be synthesized

by other methods.>*> Made up of

Stainless steel

Teflon line

Figure 1.14. Schematic diagrams for the Teflon-lined stainless steel autoclave which we used
regularly in our laboratory.
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The main features of hydrothermal method in the synthesis of Zeolite materials are (1) From
hydrothermal method we can synthesize new compounds of phases with special valance states,
metastable structures which we cannot synthesized from solid-state reaction method. (2) We can
get very nice large and single crystals from hydrothermal method. (3) We can crystallize the
materials with low melting point, high vapor pressure, or low thermal stability, which we cannot
get from traditional solid-state method. (4) We can control the morphology and particle size of
the products from hydrothermal method. (5) To get uniform doping of hetero atoms to the
crystalline structures very good from hydrothermal method. (6) We can conduct synthetic
reactions which cannot carry out in solid-state phase. So, hydrothermal method was the best way
to synthesize microporous materials. From hydrothermal method can enhance the effective
solvation ability of water, increase the solubility of the reactants and activate the reactivity of the
source materials, leading to the rearrangement and dissolution of the primary gel formed from

the first stage and resulting in an increased nucleation and crystallization rate.’
1.10 Synthetic techniques for open-framework inorganic structures

There are different techniques employed for the synthesis of open-framework materials which
were briefly described below.

1.10.1 Hydro/solvothermal method

Up to now most of the open-framework crystalline materials are synthesized by using Hydro/
solvothermal method. Both the methods have same principle except solvent changes. In
hydrothermal, water as solvent but in solvothermal solvent was organic solvents i.e. ethylene
glycol (EG), ethanol, acetonitrile, dimethylformamide (DMF) and diethylacetamide (DMA) etc.

Hydro/solvothermal synthesis refers to the synthetic reactions conducted at particular
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temperature (50~200 °C) and pressure (1~5 MPa) in aqueous or organic solvents within a
specially sealed container called autoclave (Figure 1.15).

To withstand the pressures involved in hydrothermal synthesis the use of autoclaves is
usually required. The fundamental properties of solvent will change significantly at high
temperature and pressure. When reaction can takes place at high temperature, most
thermodynamic stable product is formed. Sometimes if metal salts and ligands are not soluble at
room temperature, they can form supersaturated solution at high temperature-pressure conditions
and reaction can happen. Generally the steps hired for the hydro/solvothermal method. (1)
Addition of metal source in appropriate solvent and stir the whole solution for making
homogenous. (2) Addition of ligand salts with continued stirring. (3) Addition of SDA. (4)
Adjustment of pH. (5) Stirring from half an hour to 2 hours depending upon condition of
solution. (6) The reaction mixture has been heated in a sealed autoclave at allow temperature. (7)
After appropriate time period, all the reactant materials will be converted to desired products as

crystals. These crystals recovered by filtration, wash if we need and dry.

. _ Stainless steel
Bursting disc ’%ﬁr lid

_—  Waler
(or other solvent)

| —

Teflon cup— |
~25mL

’ q

.

™ Solid reagents

Stainless-steel shell

Figure 1.15. The schematic diagram for the autoclave.
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1.10.2 Solvent diffusion method

This method is used to prepare the milligram quantity of the sample. The solvent which is placed
in the tube dissolved the metal salts and the second solvent (generally les denser than first
solvent) in which ligand was dissolved carefully dripped down the side of the tube using either a
pipette or a syringe to form a discreet layer. The desired compound form at the boundary where
the solvents slowly diffuse.

1.10.3 Slow evaporation method

This method is simplest method for the synthesis of open-framework materials. First prepared
saturated solution in a suitable solvent, transfer the solution in to clean container which is having
high surface area, and cover. We should not cover it too tightly (covered aluminum foil with
punched holes good). Keep the solution at room temperature, after some particular days solvent
would evaporate and we can observe the framework materials. Disadvantage of this method was
we need a lot of starting material and not so good for the air-sensitive compounds.

1.10.4 Sealed tube method

This method is good for the preparation of mesoporous materials. Principle of this method same
as hydrothermal method only the difference is experimental container which is glass tube. First
prepare the saturated solutions and transfer in a tube with the length of 10 mm. Before sealing
the tube first frozen the tube in liquid nitrogen and apply vacuum for removing air. After sealing
keep in programmable oven at particular temperature for required days and cool it to room
temperature. While cooling we can observe desired compounds at sides of the tube.

1.10.5 Microwave method

This method was developed in 1976. Microwave radiation was used in microwave method. In

this method microwave oven is used with a specific, fixed frequency of 250 MHZ with a 100%
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power rating of 650 W. The synthesis was performed for 5-20 min with a 10 -50% power level.
This method has many advantages for the synthesis of open-framework materials than the other
conventional methods, such as shorter crystallization time, morphology can be controllable,

narrow particle size distribution and low energy consumption.
1.11 Characterization tools and techniques

Characterization means the use of the external technique to probe of internal structure and
properties of the materials. In this thesis the following main techniques are used to characterize
the synthesized open-framework materials. (1) Single crystal X-ray diffraction (SXRD). (2)
Powder X- ray diffraction (PXRD). (3) Thermogravimertic analysis (TGA) (4) Fourier transform
infrared spectroscopy (FTIR). (5) Superconducting quantum interference device (SQUID) and
(6) Surface area analysis.

1.11.1 Thermogravimertic analysis

TGA involves the measurements of certain physical and chemical properties as a function of
temperature. TGA measures the amount of weight change of a material, either as a function of
temperature or isothermally as a function of time in the presence of atmosphere of nitrogen (N2)
or argon (Ar) or other gases. TGA analysis can be used to find the material decomposition

temperature, phase change, glass phase change etc.

T, T, Temperature

Figure 1.16. General TGA plot for single step weight loss of the material.
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when the material is heated at constant heat flow of 5-10 °C/min with intial mass of M;. The
weight of the sample is constant up to T; temperature. In TGA, heating is dynamic, heat is
supplied continously there was M;; weight was changed at the temperature of Tj. From the
temperature T; to T;; there was new plateau was observed. The difference of weight AM is
change of weight (decomposed weight) from temperature T; to T;; shown in the Figure 1.16. In
this thesis we studied to the thermal decomposition of open-framework metal sulfate materials.
1.11.2 Single crystal X-ray diffraction

SXRD is most widely used technique to know the crystal structure of system and constituent
elements present in the structure. This experiment can be conduct only with crystal size larger
than the 5 um. The basic principle is the diffraction of X-rays by planes on atoms in the crystal
structure. The wavelength of X-ray falls in the range of interplanar spacing in the crystal and
hence gets diffracted by it forming diffraction spots. The phenomenon of diffraction is accounted

by Bragg’s equation shown below and Figure 1.17 illustrates the diffraction phenomenon.

2dsinf = nA

Where d is interplanar spacing, 0 is the Bragg’s angle, A is the wavelength of X-rays and n is

-

e

order.

Figure 1.17. Diffraction of X-rays by crystal planes.
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The detailed description of refining parameters involved and structure solving is given in short.
First the data is collected from the single-crystal using Cu-target X-ray tube or Mo-target X-ray
tube. The data is processed through reduction and absorption correction using programme
SAINT and SADBAS respectively. Then the structure is solved using the SHELXL or WINGX
software suite.

1.11.3 Powder X-ray diffraction

As we discussed SXRD works only with crystal size of 5 um. Due to the nature of crystal,
limitations on synthesis always we cannot get good quality of crystals. In these cases powder X-
ray diffraction will help. The principle of PXRD is same as the SXRD. PXRD technique is
extensively used for the many fields, e.g. crystallinity, crystalline parameters, phase
identifications, expansion tensors, bulk modulus and phase transition. In this thesis used for the
phase purity and phase identifications. The diffraction pattern is fingerprint of any crystalline
phase and powder diffraction pattern has been extensively used to identify the mixture of phases.
The phase purity of the material conformed by comparing the experimental powder pattern (PXR
diffract meter) and simulated powder pattern which is generated after solving the single-crystal
X-ray diffraction data. Phase identifications based on the comparison of experimental powder
pattern with that of pure phase or with a data base.

1.11.4 Fourier transform infrared spectroscopy

FTIR Spectroscopy that deals with the infrared region (4000-400 cm™) of the electromagnetic
spectrum, that is light with a longer wave length and lower than the visible light.>® The technique
involves the study of vibrational bands. The presence of a particular group in sample can be
confirmed by checking the presence of some specific vibrational bands related to group in the

FTIR spectra of sample. The frequency in the infrared region is scanned through the sample and
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sample shows absorptions at particular frequencies specific to particular group. For example, the
—O-H group in alcohols shows peaks in range 3200-3400 cm™(stretch), —O-H group in
carboxylic acids, 3500-3560 cm™; C=C, 1640-1680 cm™ (stretch) and CN 2220-2260 cm’
Y(stretch). Hence presence of specific group can be confirmed if its characteristic peak is
observed. In this thesis we used to study the stretching and bending vibrations for organic
template open-framework metal sulfates.

1.11.5 Surface area and adsorption analysis

The determination of surface area is a considered important technique for the open-framework
materials. In addition, it is necessary to know the specific nature of pore structures of the solids
since this may control the transport of the species of a catalytic and electro chemical reaction
process. Gas adsorption is the often used technique for the determination of surface area and pore
size of the solids. Generally N, or Ar gas is used for measuring these properties.

Depends up on the degree of adsorption, mechanism of adsorption and relative strength
adsorbate and adsorbent, adsorption of isotherms are divided in to five types shown in the
Figure 1.18. Type 1 isotherms generally show the microporous materials whose pore size does
not exceed the adsorbate molecular diameters. This isotherm is occurred by chemisorptions by
strong attractive interactions between the adsorbate and adsorbent and week interactions between
the adsorbate themselves. Type Il isotherms are nonporous powders with pore diameters larger
than the micropores. This isotherm occurred by strong interaction between the adsorbate
molecule which leads multilayer adsorption. Complete monolayer coverage attains first then
multilayer begins start. Type IV isotherms are occurred by ones the pores are filled then there
was a weak interactions between the adsorbate molecules. Type Ill and V isotherms are occurred

due to the initially the adsorption of gas molecules slow and then full surface coverage is
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sufficient so that interactions between the adsorbed and free molecules begins to dominate the

process.
Type | 1. |
Type 1] 1 T 1 |
V ype |
i

p Po po Po

Type IV .

Vads :

Type V
P Po Po

Figure 1. 18. The schematic diagram for different types of adsorptions (I-V).*’

1.11.6 Superconducting quantum interference device

SQUID is a very sensitive magnetometer used to measure subtle magnetic fields, based on
superconducting loops containing Josephson junctions. SQUID magnetometer can monitor very
small changes in magnetic flux and so discover the magnetic properties of samples. It is
extremely sensitive for all kinds of AC and DC magnetic measurements. The SQUID detects and
measures the magnetic moment of the sample. From this the magnetization and magnetic
susceptibility can be determined. Sample was typically 20 to 40 mg required for the
measurement, but strongly magnetic materials can be measured even with less amount of the
material. Data can be collected between H = O to + 50 kOe and T = 1.7 to 400 K. The maximum
sensitivity of the instrument is in the range of 10”° emu. The main applications of the SQUID
magnetometer include measurements of small quantities of paramagnetic ions, characterization
of all kinds of magnetic materials, and quantitative determination of the number of unpaired

electrons in samples.
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1.12 Future direction

Template-directed synthesis of open-framework materials is a convenient and versatile method.
By changing the different templates we can get different dimensions of the pores and structures.
Ordered microporous materials exhibit tunable pore size, high surface area and pore volume,
ease of surface functionalization, all these being highly promising properties for the numerous
applications. For synthesis of open-framework materials, the following are still challenges for
researchers in future direction.

@ The synthesis of open-framework materials should be an environmental friendly, low
toxicity, low-cost and simple synthetic procedure.

@) The formation mechanisms are not clearly settled and active investigations should be
done.

3 The use of the open-framework materials is still rather lacking.

4 Synthesize the useful materials targeting the special industrial applications, although
some achievements have been reached in functional materials, physical properties and catalyst
applications field.

5) The framework materials should be mechanically, thermally stable and have a long
lifetime.

(6) The pore system and wall composition are controllable and available.
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2.1 Abstract

In this chapter we describe 8 open-framework main group metal sulfates with different crystal
dimensionalities. Two Mg(ll1) Compounds with composition [NH4]2[Mg3(OH)2(SO4)3(H20):], 1
and [NH4]s[Mg2(SO4)12], 2 were synthesized by hydro/solvothermal method. Compound 1
crystallized with two-dimensional layered structure where as compound 2 crystallized with
three-dimensional with chirality. Compound 2 shows hydrogen adsorption in the order of 0.7
wt%. Two Bi(lll) sulfate frameworks with composition [CsN2H14][Bi(SO4)2(NO3)], 3, and
[C4N2H12]4[Bis(SO4)10(H20)4], 4 were synthesized by slow evaporation method. Both the
compounds show good photolumiscence properties with blue light emission. Four Sn(ll) sulfates
with composition [C3N3H12] [Sn2(SO4)s], 5; [C2aN2H10] [SN(SO4)2], 6; [C3N2H12][SN(SO4)2], 7 and
[C4N2H14] [Sn(SO4)] H20, 8 were synthesized by hydro/solvothermal method. We observed four
different Sn(ll) sulfate framework structures by varying the different structure directing agents,

reaction time and temperature.
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2.2 Introduction

The synthesis of complex inorganic materials with open architecture is one of the major activities
in contemporary solid state chemistry for their applications in the areas of catalysis, ion-
exchange, sorption and separation process. During the last two decades or so large number of
new materials with novel architectures have been synthesized and characterized. Accordingly,
inorganic open-framework structures involving silicates, phosphates' and carboxylates® have
been investigated widely in the past few years. It has been demonstrated recently that oxyanions

such as selenite,®” selenate®® and sulfate!®**

can also be used to build up open architectures. As
we mentioned in previous chapter S-O bonds has less charge than the P-O bonds, which creates
the difficulties for the extended networks. The S-O bond has very less covalent nature so poly
sulfate units are very less readily formed as compared with polyborates, phosphates and
silicates.™ Thus, the reports on sulfate frameworks are very less explored. So, we are interested
to explore the open-framework materials by using sulfate anions. Nevertheless, inorganic open-
framework metal sulfates based on main group metals (light main group metal in particular) have
not been synthesized hitherto.'® Compared to f- and d-block cations, s-block cations are far less
popular as building blocks owing to their unpredictable coordination numbers and geometries in
the absence of ligand field stabilization affects.'” So, the main objective of this thesis is to
synthesize the open-framework metal sulfates by using main group metal atoms. The main
problem for framework assembly with s-block ions is their high affinity for oxygen donors. In
this chapter, we reports the open-framework metal sulfates by using the light weight (Mg) and

heavy weight (Bi, Sn) main group metal atoms by changing the different structure directing

agents.
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We are interesting on light weight Magnesium atoms because Mg(ll) ion has a number of
similarities with transition metal ions as it prefers octahedral coordination, and has a comparable
ionic radius (72 pm for Mg** compared to 80 pm for Mn**, 74 pm for Zn?* and 73 pm for Cu?*)
despite having a much smaller molar mass. Use of such light metals in porous materials is
appealing as they predictably have strong binding affinities for small molecules such as
dihydrogen, methane, thus presenting new possibilities for light weight sorption materials.® 182
Due to these reasons we are concern on Mg(l1) metal atoms for the synthesis of open-framework
sulfates. In this chapter we report synthesis, crystal dimensionalities and gas adsorption studies
of [NH4]2[Mg3(OH)2(SO04)3(H20)2], 1 and [NH4]s[Mg2(SO4)12], 2. Here we also concerns on
heavy weight Bismuth metal atoms because Bi** cation accommodating the lone pair of electrons
which can be lead to the rich structural chemistry. The Bi** ion with its ionic radius of 1.16 A has
one inert 6s® electron pair and forms non-transition metal center complexes with higher
coordination-number atoms. Therefore, bismuth is expected to form higher dimensional
frameworks. Bismuth containing compounds can have their low-toxicity; low-cost and good
chemical stability and these materials have potential application in medicine treatment, catalyst
and luminescence.?** Also, bismuth can exist in a wide variety of coordination environment that
can lead structures of different dimensionalities. So, we are interested in exploring the use of
SO,4? tetrahedra to build open-framework materials by using heavy weight main group Bismuth
metal atom. Open-framework materials are usually synthesized by employing hydro/
solvothermal techniques that require the reaction mixture to be heated at a particular temperature
in a sealed autoclave.?* We have been able to prepare both layered and three-dimensional

bismuth sulfates employing simple aqueous mediated reaction at room temperature. In this
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chapter, we report the synthesis, structure, and luminescence properties of
[CeN2H14][Bi(SO4)2(NO3)], 3 and [C4N2H12]a[Bis(SO4)10(H20)4], 4.

The Number of tin oxalates and phosphates/phosponates were synthesized from Cheetham

and Rao’s group *%

and their crystallographic findings are reported. In most of the cases,
protonated structure directing amines reside within the cavities of anionic layers. The main
structural feature was present in all the tin phosphates/phosponates materials comprises Sn,P,04
unit in which tin atoms were linked either through three coordinate and/or four coordinate with
oxygen from PO, tetrahedra forming chains, layers, two-dimensional and three-dimensional
structures. Due to presence of lone pair electrons on tin atom, structures are slightly distorted. In
most of the reported structures of tin phosponates/phosphates, the ratio of Sn: P was >1.%° A Small

3132 then after

concentration of tin can be substituted into the open-framework of aluminosilicates
can be used as sorbents, ionic conductors and catalysts *!. In most of the tin phosphates, Sn was in
+IV oxidation state, with very fewer reports on Sn’* oxidation state. The main advantage of Sn** is
due to the presence of lone pair of electrons which can act as redox center or as a host for base-
catalyzed reactions e.g. zeolites and AIPOys are used for acid- catalyzed reactions.?® Till date, only
two reports were found on tin(ll) sulfates, which are [CgN,H14][SNC1,SO,]* and
[C1oH10N2]o5[SNF(SO)]. Interestingly, there are no reports on pure O-Sn-O linkage based
anionic polymers to the best of our knowledge. So, the motivation of our work to synthesize the
new tin sulfate frameworks with +2 oxidation state. In this chapter, we report synthesis, structure
and characterization of four tin(ll) sulfate frameworks with composition of [C3N3H12][Sn2(SO4)s],
5; [C2N2H10][SN(SO4)2], 6; [C3N2H12][SN(SO4),], 7 and [C4N2oH14] [SN(SO4)] H20, 8. In all the

polymers have pure O-Sn-O linkage and ratio of Sn and S was <1.
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2.3 Experimental section

2.3.1 Mg(ll) sulfate frameworks

Compounds 1 and 2 were synthesized by employing hydro/solvothermal methods. We have used
ammonium sulfite as the source of sulfate that gets oxidized to sulfate easily during the synthetic
conditions. Efforts of getting the same phase using H,SO, as the source of sulfate was
unsuccessful. It seems the pH of the reaction mixture is playing an important role for the
synthesis of both 1 and 2. In a typical synthesis of 1, 0.19 gm of MgCl, was dispersed in an
EG/H,0O mixture (3.5 and 1.5 mL, respectively) under constant stirring. To this mixture, 0.268
gm of (NH,;),SO3 and 0.12 mL of en were added and the mixture was stirred for 20 min to obtain
the clear solution. The final mixture with the molar composition of MgCl,/(NH,4),SO3/ H,O/en
/EG (2:2:80:40) was transferred into a 15-mL Teflon-lined acid digestion bomb and heated at
180 °C for 48 h. The reaction mixture after above heat treatment did not show any appreciable
change in pH and remains at pH 6. After cooling white block-shaped crystals were obtained with
75% yield. Compound 2 was prepared in the same way and the final mixture with the molar
composition of Mg(OAc),.4H,0/(NH,),SO3/EG/H,0 (1:2:70:80) was transferred into a 15-mL
Teflon-lined acid digestion bomb which was subjected to heat treatment similar as above. The
product containing white block-shaped crystals were obtained with 80% yield.

2.3.2 Bi(l11) sulfate frameworks

Compounds 3 and 4 were synthesized by slow evaporation at room temperature. In a typical
synthesis of 3, 0.485 gm of Bi(NO3)3.4H,0 was dissolved in 10 mL of distilled water in a 20 mL
scintillation vial under constant stirring. To this mixture, 0.5 mL of H,SO, followed by 0.162 gm
of PIP were added and the mixture was stirred for 30 min to obtain the clear solution. The final

mixture with the molar composition of Bi(NOz3)3;.4H,0/H,SO4/PIP/ H,0 (1:9:2:55) was kept at
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room temperature in open air. After one month needle-shaped white crystals were collected after
filtration, washed with water and dried in air (yield 80% with respect to Bi). Compound 4 was
synthesized in a similar way to that of 3 by using DABCO as the structure directing amine. 0.485
gm of Bi(NO3)3.4H,0 was dissolved in10 mL of distilled water in a 20 mL scintillation vial
under constant stirring. To this mixture, 0.5 mL of H,SO, followed by 0.228 gm of DABCO
were added and the mixture was stirred for 30 min to obtain the clear solution. The scintillation
vial containing the reaction mixture with the molar composition of Bi(NO3)3;4H,0/H,SO./
DABCO/H,0 (1:9:2:55) was kept at room temperature in open air. After one month needle-
shaped crystals were collected with 73% yield.

2.3.3 Sn(11) sulfate frameworks

Compounds 5-8 were synthesized by using hydro/solvothermal methods. All compounds were
synthesized by using tin source has tin(Il) oxalate by taking different organic amines. In a typical
synthesis, compounds were synthesized by taking 1 mM of tin(ll) oxalate in 1 mL of water
followed by addition of 0.165 mL of H,SO,4 and 0.22 mL of 1,3-Diaminopropane (1,3-dap) for
5, 0.33 mL of H,SO, and 0.145 mL of en for compound 6, 0.33 mL of H,SO, and 0.22 mL of
1,3-dap for 7, 0.33 mL of H,SO,4 and 0.33 mL of 1,4-Diamino butane (1,4-dab) for 8, were taken
in the 23 mL of PTFE lined acid digestion bomb stirred for 30 min for making homogenous
solution and heated at 150 °C for 2-3 days. Colorless crystals were observed for all the reaction
mixture. The molar composition of the reactants, time and temperature conditions for compounds

5-8 were given in the Table 2.1.
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Table 2.1. Synthetic conditions of compounds 5-8

S No Reactants and molar composition Temperature | Time Compound
' (mM) (°C) (h)
1 Tin(ll) oxalate./H.gS.O4/1,3-dap/H20 150 62 [CaN2H12][SN2(SO4)2], 5
(1:6:3:55)

Tin(I1) oxalate/H,SO, /en/H,0O

2 (12623255) 150 66 [CzNzHlo][Sn(SO4)2], 6
Tin(I1) oxalate/H,SO,/1,3 dap/H,O

3 (11:6:3:55) 150 48 [C3N2H12][SH(SO4)2], 7

4 Tin(11) oxalag{gés.?g)llA dab/H,0 150 72 | [C4N2H14][SN(SO4),].H20,8

2.4 Characterization

Initial characterization of all the compounds were carried out PXRD, energy dispersive analysis
of X-rays (EDAX), chemical analysis, TGA and FTIR spectroscopy. PXRD patterns of
compounds (1-6) were almost in good agreement with the simulated patterns based on their
respective single-crystal data shown in Figure 2.25. Compounds 1-6 gave satisfactory elemental
analysis. The experimental and calculated (in wt%) values of H, N and S were as follows. 1, H =
3.7; N=58and S=216(calc. H=33,N=6.0and S=22); 2, H=5 N=74and S =216
(calc: H=4.6 N =7.2 and S = 22). EDAX indicated the ratios of M and S to be 1:1 in
compound 1 and 2:3 for compound 2, which are good agreement with the molecular formulae.
These analytical data confirm the molecular formulae of 1 and 2 as obtained from
crystallography. For the compound 3 and 4 experimental and calculated values were as follows
C, 12.5; N, 7.3; H, 2.5 (calc.: C, 12.6; N, 7.4; H, 2.3) for 3, C,8.5; N,5.2; H,2.2 (calc..C,8.7;
N,5.1; H,2.6) for 4. EDAX, indicated the ratios of Bi and S to be 1:2, and 1:2.5 in 3 and 4,
respectively, in agreement with the molecular formulae. For the compounds 5 and 6
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experimental and calculated (in wt%) values of H, N, and S were as follows; for 4, H=2.39 ; N
=554 and S=12.68 (calc. H=2.32,N=548 and S=12.29); 5, H=270; N=751and S =
17.20 (calc.: H=2.72, N =7.48 and S = 17.32) for 6. From the EDAX, concludes ratio of Sn
and Sto be 1:1 and 1:2 in 5 and 6 respectively. TGA for 1-6 compounds were carried out under
constant flow of N, at a heating rate of 2 °C min™ in the temperature range 25-750 °C. TGA for
compound 1 showed there was a two-step weight loss, of water at 70-275 °C [obs = 9 %, calc =
7.6 %] and to the loss of SOs in the range 300 to 450 °C [obs = 21 %, calc = 20.8 %] (Figure
2.26). The PXRD pattern of the sample heated to 750 °C corresponded to a mixture of MgSOs,
MgO and NH4(SO4,),. (JCPDS file card no. 01-074-1364). Compound 2 also two step weight loss
in temperature range of 35-750 °C. First step corresponding to the loss of ammonia in the range
of 70-380 °C (obs = 7.0%, calcd = 6.8%), followed by removal of SO, around 400 °C. The total
observed weight loss of 60.5% corresponds to the loss of the amine along with sulfates is in good
agreement with the calculated value of 59.5% (Figure 2.26). Compound 3 showed a two-step
weight loss corresponding to the loss of DABCO and SO in the range 200-375 °C (obs = 52.4%,
calcd = 50.8%), followed by the removal of rest of SO3 in the range 380-600 °C. The total
observed weight loss of 60.5% corresponds to the loss of the DABCO along with sulfates is in
good agreement with the calculated value of 59.5%. The PXRD pattern of the sample heated to
750 °C corresponded to Bi,O3; (JCPDS: 00-029-0236). In 4, there was a three-step weight loss
corresponding to the loss of water in the range100-200 °C (obs = 3.4%, calcd = 3.3%), the amine
molecules at 320 °C followed by the decomposition of sulfate in the range 350-500 °C
(0bs=54%, calcd=54.5%). The small weight loss below 80 °C could be the presence of small
amount of moisture in the sample (Figure 2.26). The PXRD pattern of the sample heated to 750

°C corresponded to Bi,O3 (JCPDS: 00-029-0236). In both the compounds 5 and 6, there was
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continuously two step weight loss. In 5, the range of 96-358 °C (obs =52.68%, calcd= 52.59%)
corresponding to the loss of protonated amine molecules and sulfate groups. The PXRD pattern
for the preheated sample at 800 °C corresponded to SnO (JCPDS: 00-026-0538). In 6, initially
small weight loss (3.36%) corresponds to the loss of moisture from sample and the major weight
loss with continuous two steps in the rage 263-438 °C which correspond to the loss or amine and
sulfate groups (obs = 56.72%; calcd = 57.1). The PXRD for preheated sample at 800 °C
correspond to SnO (JCPDS: 00-026-0538) shown in the Figure 2.26 (appendix).

The FTIR spectra of 1 and 2 showed characteristic bands for the sulfate as well as the
ammonium moieties. The stretching mode of N-H bond (of the amine) is observed around 300-
3300 cm™. The N-H bending modes of the amine and NH," are observed in the range 1440-1586
cm™®. The characteristic stretching bands, vs(N-H) and 2v4(N-H) of the NH," ion are observed at
3243 and 2830 cm™ respectively. Strong bands in the region 850-1015 cm™ correspond to v, and
vz While bands in the region 583-644 cm™ can be assigned to v, and v, fundamental modes of
sulfate ion. The stretching and bending modes of O- H bands were in the expected range for
compound 1 (Figure 2.27). For compounds 3 and 4 the main IR bands are (KBr): v(H,0) = 3230-
3450 cm™, v(N-H) = 3070-3110 cm™, v(C-H) = 2670-2780 cm™, v(C-H) = 1300-1500 cm™,
v1(SO,) = 950-1000 cm™, v3(SO4) = 1100-1150 cm™, §(SO4) = 500-700 cm™. In general, the
free sulfate ions exhibit two bands at 1105 and 615 cm™, which are assigned to the vs(F»)
stretching [v¢(SO)] and v4(F>) stretching [04(OSO)] modes, respectively. The coordination of the
free sulfate group to the metal centers would lower the overall symmetry of the sulfate group and
lead to the splitting of the vz and v4 modes. The spectra show multiple strong bands in the 900-
1040 cm™ region due to v; and in the1050-1250 cm™ region due to vs vibration modes of the

sulfate group. The bending modes of SO4* are found in the 500-550 and 600-795 cm™ region
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(Figure 2.27). Same as in compounds 5 and 6 showed their stretching and bending modes of all
bands were in their expected range. The bands in the 980-1010 cm™ region due to v; and in the
1090-1140 cm™ region due to v; of the sulfate group.* The bending mode of SO, was in the
450-600 cm™ region C-N stretching modes are observed in the range 1080-1220 cm™ (Figure

2.27).
2.5 Single-crystal structure determination

A suitable single crystal of each compound was carefully selected under a polarizing microscope
and mounted at the tip of the thin glass fibre using cyanoacrylate (super glue) adhesive. Single
crystal structure determination by X-ray diffraction was performed on a Siemens SMART-CCD
diffractometer equipped with a normal focus, 2.4 kW sealed-tube X-ray source (Mo-Ka radiation
= 0.71073A) operating at 50 kV and 30 mA. Structures were solved by the direct method using
SHELXS-97°® and refined on F? by a full-matrix least-squares technique using the SHELXTL-
PLUS®" programs package. An empirical absorption correction based on symmetry equivalent
reflections was applied using SADABS.*® The graphic programs DIAMOND?*® and ORTEP*
were used to draw the structures. Non-hydrogen atoms were refined anisotropically. In the
refinement, hydrogens were treated as riding atoms using the SHELXL default parameters. In all
the compounds hydrogens are loacted throgh fourier map. Crystal data and structure refinement

parameters for all compounds (1-8) were given in the appendix (Table.2. 2)
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2.6 Results and discussions

2.6.1 Structural analysis of [NH4]2.[Mg3(OH)2(SO4)3(H20),], 1

02 04

Figure 2.1. Asymmetric unit of compound [NH4]2[Mg3(OH)»(S04)3(H20),], 1.

The asymmetric unit of 1 contains 15 non-hydrogen atoms out of which 14 belong to the
inorganic framework and one belong to the extra framework ammonium ion (Figure 2.1). There
are two crystallographically distinct Mg and S atoms, of which one Mg metal and one sulfur
atom are in special positions with occupancy 0.5. The structures of 1 was constructed from
macro anionic inorganic framework layers of [Mgs(OH)2(SO4)3(H20),]> held together by strong
hydrogen bonds with the ammonium ions residing in the interlamellar space. The Mg atoms are
octahedrally coordinated to six oxygens from four sulfates and two hydroxyl groups. For
compound 1, Mg-O bond distances are in the range 2.044(13)-2.149(18) A and O-Mg-O bond
angles in the range 79.76(6)-178.13(7)°. Of the two sulfur atoms, S(2) has four S-O-Mg linkages
and S(1) has three such connections, with one terminal S(1)-O(4) bond. The S-O bond distances
in 1 are in the range 1.444(11)-1.482(11) A and the average O-S-O bond angle is 109.64°. In 1,
The S-O bond distances are in the range 1.462(12)-1.481(11) A and the average O-S-O bond
angle is 109.48°. The Bond valence sum (BVS) calculations for 1 based on the method of Brown

and Altermatt,** using ro (Mg-O) = 1.693 A, shown that valence sums for Mg(1) = 1.98, Mg(2) =
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1.92 A respectively. The charges on metal and sulfur atoms are clearly +2 and +6 respectively.
These data are consistent with the stated composition. Selected bond distances and angles of 1
are listed in CCDC No: 1406125. The anionic framework of 1 was built up of Mg(1)(OH),04,
Mg(2)(OH),0,4 octahedra and SO, tetrahedra sharing edges as Mg-u-(OH)-Mg bonds and
vertexes as Mg-O-S bonds. The Mg(1)(OH),0, octahedra get dimerized by sharing edges with
two hydroxyl groups to form Mg,(OH),Og moiety. Mg(2)(OH).0, octahedra link to the dimer at
one end of the shared edges through p3-OH to form trimeric Mgs(OH)3;01, units. These units are
chains connected to one another through corner sharing Mg-O-S linkages there by forming the
zig-zag chain shown in the Figure 2.2. Such chains run parallel to the a-axis and are covalently
bonded to each other by the S(2)O,4 group resulting the two-dimensional layered structure. The
S(2)O4 tetrahedra from the adjacent connect alternatively via four Mg-O-S linkages to form four
connected tetrahedra, leading to the formation of an eight- membered aperture in the ab-plane.
The inorganic layers are stacked along the c-axis in the ABAB.... fashion and the interlayer
space is occupied by the by ammonium ion which ensures the stability of the structure through
extensive hydrogen bonding as shown in the Figure 2.3. The hydrogen bond interactions are

given in the Table 2.3.

Figure 2.2. View of inorganic layers of 1 in bc-plane with eight- membered apertures.
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Figure 2.3. View of packing layers in 1. Hydrogen bonding interactions between ammonium

ions and the framework oxygen are shown by dotted lines.

2.6.2 Structural analysis of [NH4]s[Mg2(SO4)12], 2

Figure 2.4. Asymmetric unit of compound [NH4]s[Mg2(SO4)12], 2.

Compound 2 was three-dimensional chiral structure with cubic symmetry that crystallizes in the
chiral space group P2(1)3. The asymmetric unit consists of 9 non-hydrogen atoms out of which 7
belong to the inorganic framework and 2 to the guest NH;" ions as shown in the Figure 2.4.
There are two crystallographically distinct Mg atoms and one S atom with both the metal atoms
in octahedral coordination with the O neighbours from the six sulfate groups. The Mg-O bond
distances are in the range 2.070(4)-2.072(4) A [Mg(1)-Oayg = 2.071, Mg(2) - O = 2.072 A].
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The trans O-Mg-O bond angles are in the range 175.9(2)-168.7(2)° and the cis O-Mg-O are in
the range 78.89(14)-101.1(2)° with an average of 172.4 and 85.06° respectively. Selected bond
distances and angles of 2 are given in CCDC No: 1017043. Both Mg(1) and Mg(2) make six
Mg-O-S linkages by sharing corner with six sulfate groups resulting into a pinwheel arrangement
of MgOg octahedra and SO, tetrahedra (Figure 2.5a). The unique S atom is tetrahedrally
coordinated by the oxygen neighbors with the S-O bond distance ranged between 1.489(4)-
1.459(4) with an average bond distance of 1.474 A. The S-atom makes four S-O-Mg linkages
through four of its oxygen atoms. BVS* calculations (Mg(1) = 2.11, Mg(2) = 2.16) and the
average Mg-O bond lengths indicate that the oxidation state of both Mg and S to be +2 and +6
although we expect deviations from these estimates due to the fully and partially covalent nature
of the S-O and Mg-O bond respectively. Thus the framework structure [Mg,(SO4)12]® is
negatively charged and it gets neutralized by the presence of eight ammonium ions in the unit
cell. The structures are built from strictly alternating MgOg octahedra and SO, tetrahedra units
that linked through their vertexes throughout the structure. Both MgOg octahedra and SO,
tetrahedra share corner alternatively to form four- and six- membered rings that form infinite
chains. These chains are alternately stacked one over the other along the [100] direction and are
interlinked by sharing corners with the tetrahedral corners of the SO, groups to form a layer as
shown in Figure 2.5a. Within each layer, each sulfate tetrahedra shares three of its corners with
the octahedra of three adjacent chains, one due to Mg(1) and two due to Mg(2) (Figure 2.6a).
The layers thus formed are cross-linked by SO, tetrahedra along the b-axis through corner
sharing S-O-Mg linkages to form the three-dimensional structure (Figure 2.6b). The interstitial

ammonium ions interact with the framework oxygen through strong N-HO hydrogen bonds.
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The details of N-HO hydrogen bonding interactions are given in (Table 2.3). This compound

was thermally stable up to 380 °C which is confirmed by TGA experiment.

Figure 2.5. (a) Pinwheel arrangement of MOg octahedra and SO, tetrahedra. (b) Top view of the
layer parallel to the ac-plane of the unit cell in 2.

Figure 2.6. (a) View of 4-, 6- and 8- membered aperture in bc-plane for 2. (b) Inorganic layers of

the compound 2 in c-axis. Ammonium ions removed for clarity.
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2.6.2.1 Adsorption Properties of [NH4]s[Mg2(SO4)12], 2

The rigidity and the porosity of the structure 2 were proven by gas-sorption analysis. Hydrogen
adsorption measurements of 2 showed a fully reversible uptake of 0.7 wt% at 77 K and 890 Torr
shown in Figure 2.7. However, they are nonporous to nitrogen as its channels size is very small
and is almost equal to the kinetic diameter of nitrogen. Although the hydrogen sorption is
somewhat less, but well with the value of 0.7 wt % obtained for the highest capacity Zeolite

(ZSM-5) and some of Mg-MOFs reported in the literature.***®
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Figure 2.7. Hydrogen adsorption isotherms for [NH4]g[Mgg(SO4)12], 2 at 77 K.
2.6.3 Structural analysis of [CgN,H4,4]1[Bi(SO,),(NO3)], 3

The asymmetric unit of 3 contains 23 non-hydrogen atoms out of which 15 belong to the
inorganic framework and 8 belong to the extra framework amine molecule. It has one

crystallographically independent Bi** cation, two sulfate anions, one nitrate anion and one

diprotanated DABCO cation.
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Figure 2.8. The asymmetric unit of [C;N,H,,]1[Bi(SO,),(NO3)], 3.

The Bi®*" cation in 3 is eight-coordinated to two sulfate and one nitrate ions in the bidentate
fashion and two sulfate ions in the monodentate fashion. The Bi-O bond distances are in the
range of 2.344(18)-2.740(2) A [(Bi-O)ayq = 2.490 A)]. The O-Bi-O bond angles are in the
range 59.03(7)-146.83(6). The selected bond lengths and bond angles are given in the CCDC
No: 931288. Of the two framework sulfate anions, both bind to one Bi** cation in a bidentate
fashion, and to another Bi*" cation in a monodentate manner leaving a terminal S-O bond
Figure 2.8. Bond valence sum calculations for 3 based on the method of Brown and
Altermatt,** using ro (Bi-O) = 2.094 A, shown that the valence sums for Bi = 2.98 A. The
charges on Bi and S are clearly +3 and +6 respectively. These data are consistent with the
stated composition. The linkage of the BiOg polyhedra and the SO, tetrahedra by sharing
vertices and edges, gives rise to anionic inorganic layers parallel to the ab-plane of the unit
cell, containing eight membered rings (Figure 2.9a). The three sulfate tetrahedra and one
nitrate ion sharing edges with the BiOg polyhedra bind to the Bi** cation in a cis fashion
rendering the layers corrugated, with the terminal N-O of the nitrate group pointing out of the
zig-zag layers. The protonated DABCO molecules reside in the crest and through regions
which form hydrogen bonds with the framework oxygen that gives extra stability to the
structure. The selected hydrogen bond interactions are given in the Table 2.3. The layer

formed by the connectivity of the Bi centers and with the sulfate units can be visualized as (4,
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4) net sheets with the Bi centers acting as nodes (Figure 2.9b). The entire structure is formed
by the stacking of the (4, 4) net sheets along the c-axis of the unit cell. The anionic inorganic
layers in 3 are stacked over one another along the c-axis of the unit cell in AAA.... fashion
and are separated by a half unit cell length along the c-axis of the unit cell (Figure 2. 10). The
structure of 3 can be compared with the structures of [CeNaoHig]o [LN2(SO4)a(H20)4]
[SO4][C2NoHg][H20]s, (Ln=La, Pr or Nd),* [A] Lay(H20)2(C2H1oN2)3(S04)s.4H20,% B-
(NH,)La(S04),, and (NoHs)Nd(H-0)(SO.)* These compounds are built from corrugated
anionic layers of rare earth sulfates, with the NH;", organic amine and water molecules
residing in the inter-lamellar space and interacting with the layers through hydrogen bonds.
In (A), the isolated sulfate ion in the interlayer space also form hydrogen bonds with the

layers.

1
I
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Figure 2.9. (a) Top view of the layer parallel to the ab-plane in 3, formed by joining the BiOg
polyhedra and SO, tetrahedra, (b) (4, 4) net sheet formed by the joining of the metal centers.
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Figure 2.10. Stacking of the alternate inorganic layers and protonated DABCO molecules along

c-axis. Note the wave like pattern of the inorganic layers.

2.6.4 Structural analysis of [C4N2H12]4[Bi4(SO4)10(H20)4], 4

Figure 2.11. The asymmetric unit of [C4N2H12]4[Bis(SO4)10(H20)4], 4 with atom labeled.

The bismuth sulfate 4 is a three-dimensional net work structure made up of Bi(1)Og, Bi(2)Og,
Bi(3)Og, Bi(4)Os polyhedra and SO, tetrahedra incorporating diprotanated piperazine molecules

within the pores. The asymmetric unit of 4 contains 82 non-hydrogen atoms of which 58 belong
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to the inorganic framework and 24 belong to the extra framework guest molecule. There are
four crystallographically distinct Bi** cations and ten SO,* anions as shown in Figure 2.11.
Both Bi**(1) and Bi**(2) cations are nine-coordinated by the oxygens from five sulfate ions and
one water molecule, with each one surrounded by three bidentate sulfate anions and two mono-
dentate sulfate ions. Bi**(3) and Bi**(4) cations are eight coordinated by the oxygens from five
sulfate ions and one water molecule, with each metal ion surrounded by two bidentate sulfate
anions and three monodentate sulfate ions. Bi(1)Og linked to the Bi(2)Og polyhedra through
sulfate tetrahedra by sharing edges and corners with S(10)O,4 and S(7)Qg, respectively, there by
forming an infinite chain along the [001] direction. Bi(2)Og linked to Bi(3)Og and Bi(4)Og
polyhedra through sulfate anions by sharing edges with S(4)O, and corner with S(8)QO4
tetrahedra along the a-axis. S(5)O, and S(6)O, tetrahedra share corners with Bi(3)Og and
Bi(4)Og polyhedra respectively through Bi(3)-O-S linkages along the c-axis parallel to the
Bi(1)-O-S-0-Bi(2) infinite chain. S(2)04, S(9)04, S(4)04, S(3)04 and S(8)O, tetrahedra connect
the infinite chains by sharing edges and corners with the BiO, polyhedral of the adjacent chain
along the a-axis to form a two-dimensional sheet in the ac-plane containing 8- andl12-
membered aperture init (Figure 2.12). A (4, 6) net sheet is formed by joining the metal centers
of the four bismuth polyhedra (Figure 2.13). The layers are cross linked by the S(1)O, and
S(3)0, tetrahedra along the b-axis to form the three-dimensional structure possessing channels
along the b- and c-axes (Figure 2.12b). The channels are filled by the diprotanated amine
cations which are in two different orientations interact with the framework oxygen through
strong N-H O and C-HO hydrogen bonds (Selected hydrogen bond interactions given in
Table 2.3). The Bi-O distances fall in the range 2.292(4)-2.632(5) A with an average distance of

2.483 A. The S atoms are at the centers of tetrahedral sulfate ions as expected. The S atoms
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form (4-n) S-O-Bi bonds and n terminal S-O bonds, the actual number of the latter differing
from one to another. The average lengths of the S-O bonds are 1.475(S-O-Bi) and 1.456 A
(terminal S-O) with the O-S-O bond angles in the range 103.3(3)-113.0(3) (details bond
distances and bond angles are given in CCDC No: 931289). BVS calculations confirm the
oxidation states of Bi and S to be +3 and +6, respectively. The framework stoichioimetry of
[Bis(SO4)10]%, with a net framework charge of -8, is balanced by the diprotanated four PIP

molecules present inside the channels.
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Figure 2.12. (a) View down 8- membered and 12- membered rings along a-axis. (b) Protonated

Bi{1)

amine molecules are sitting inside the channels. Hydrogen atoms omitted for clarity.
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Figure 2.13. (4, 6) net sheet in 4 formed by joining of the metal centers.

2.6.4.1 Photoluminescence studies

The optical properties of Bi** ions are governed, as a rule, to the electron transitions between the
states 6s* and 6s6p. Its luminescence properties are usually explained with respect to the energy-
level scheme *So< 3Py < 3P, < 3P, < *P,*"*! The excited levels corresponding to the configuration
6s6p are the triplet levels *Po, Py, and *P, and the singlet level Py while the ground state is fully
symmetric (*Sg). The transition *S-*P; is forbidden by the selection rule for the total momentum
of the atom J. The transition *Sy-*P; is allowed owing to the spin-orbital interaction of the *P; and
'p, states. The transitions *Se-*P; and 'Sq-'Py, the first of which is longer-wave, are realized in
the bands of optical absorption and excitation of the photoluminescence of bismuth activated
substances. The common property of bismuth compounds is the presence of wide-band
luminescence, which is a nonradiative transition, and is attributed to the lowest-frequency
allowed transition of ®P;-'S,. Also, the charge-transfer transition from the SO,* ion to the empty
6p level of the Bi®* ion is possible. Generally the former is known to occur easily in many
cases.”® Furthermore, the luminescence of Bi ions usually appears in the visible wavelength
region and bismuth containing organic/inorganic hybrid materials has been reported to display
blue luminescence properties.”*>> The room-temperature photoluminescence properties 3 and 4

were studied by exciting the sample at 280 nm. The emission spectra of them are almost similar
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exhibiting blue photoluminescence (Figure 2.14). The optical image of the blue photolumiscence
was taken in a confocal microscope (in set of Figure 2.14). On excitation at 280 nm, 3 and 4
show two intense emission peaks around 410, and 486 nm, respectively. The intense emission
peak occurred at 410 nm, maybe assigned to the ligand to metal charge transfer or the *P1-'Sg and
3p,-1S, transition of the s? electron of Bi** cation as discussed above. The less intense peak is
likely arises from a combination of factors involving the presence of dinuclear Bi,O; unit,
absence of organic amine and the different coordination sphere with respect to Bi** cation. Bi**
IS nine-coordinated in 3, and both eight- and nine- coordinated in 4. Similar blue luminescence

has been seen for bismuth containing organic-inorganic hybrid materials.
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Figure 2.14. Excitation and emission spectra of compounds 3 and 4. In set show an optical

image of the blue luminescent compound of 4 using confocal microscope.



2.6.4.2 Lifetime studies

Time-resolved fluorescence measurement was carried out using a time-correlated single-photon
counting (TCSPC) spectrometer (Edinburgh, OB920). The samples were excited at 375 nm using
a diode laser and the signals were collected at magic angle (54.7°) using a Hamamatsu micro
channel plate photo multiplier tube (R3809U-50). The lamp profile was recorded by scatterer
(dilute ludox solution in water) in place of the sample. The instrument response function of our
setup is 75 ps for 375 nm diode laser which was determined from full width half maxima
(FWHM) of the lamp profile. The decay curve was analyzed by nonlinear least-squares iteration
procedure using F900 decay analysis software. The qualities of the fit were judged by the chi

square (y2) value, and visual inspection of the residuals of the fitted function to the data. Mean

fluorescence lifetime (t¢) for the tri-exponential iterative fittings was calculated from the decay

times (t;) and the relative amplitude (a;) using the following equation (2.1)

< T§> = QqT1 + Aol + A3T3 (2.1)

The luminescence lifetimes of the excited states of both 3 and 4 were investigated. The emission
band for samples was monitored for the lifetime studies employing 375 nm, excitation at room
temperature. The fit of the curve for tri-exponential decay suggests a mean lifetime value of 0.9

and 1.0 ns for 3 and 4, respectively (Figure 2.15).
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Figure 2.15. Time-resolved fluorescence behavior of 3 and 4 at =375 nm. In the figure, (i)
instrument response function and (ii) monitoring wavelengths at 420 nm decay profile measured
at 298 K.

2.6.5 Structural analysis of [C3N2H12][Sn2(S04)s], 5

Figure 2 16. Asymmetric unit of [C3N2H12][Sn2(S04)s], 5.

The asymmetric unit of the compound 5 contains 11 non-hydrogen atoms. Out of which, 9
belongs to inorganic framework and 3 belongs to protonated amine molecule. There are one
crystallographically independent tin, two sulfur and 6 oxygen atoms are present. Tin atom is
connecting with two oxygen atoms from two sulfate group by monodendate fashion through Sn-
O-S linkage (Figure 2.16). In the anionic polymer, all the Sn atoms having trigonal pyramidal

geometry with three oxygen atoms and one lone pair of the electrons which are presumably

97



occupies the base vertex of tetrahedron The anionic chain structure is based on network strictly
alternating the SnO; and SO, unit which forms a framework with formula [Sn(SO4).].>. The
infinite tin(Il) sulfate chains are formed with 8- membered rings by vertex sharing of the SnO;
trigonal pyramidal with SO, tetrahedra in ab-plane shown in Figure 2.17a. Of the one sulfate
anion two oxygen atoms are connecting with SnO3 by leaving reaming two oxygen as S=0O. The
bonds which are coordinating with oxygen atoms are longer than the terminal S=O bond. The
bond lengths for Sn-O are ranging between 2.157(17)-2.257(16) A (Sn-Oavg-Z.ZOYA) and for S-O
ranging between 1.4609(17)-1.4943(16) A (S-Oay-1.477A). The bond angles for O-Sn-O are
78.87(6)-84.59(6)° (O-Sn-04yy-81.73°) and for O-S-O are 107.54(10) -113.35(15)° (O-S-Oayg-
110.45°) (Detailed bond lengths and bond angles given in CCDC No: 1472106 ). From the BVS
calculations by using Brown and Altermatt,*! ro(Sn-O = 1.984), shown that the valance sum for
Sn(1) = 2.05. The charges on both Sn and S are +2 and +6 respectively. The anionic [Sn(SO.),]*
part was neutralized by the cationic template amine [CsN,H1,]**. These template amines can
make a hydrogen bond with anionic framework of oxygen atoms for acquiring the extra stability

of the polymer (Figure 2.17b). (Detailed hydrogen bond interactions are given in Table 2.4).
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Figure 2.17 (a) The anionic chain of the compound [C3N2H12][SN(SO,),], 5 in ab-plane. (b) The

protonated amine molecules are resided in between the two chains in the ac-plane.
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2.6.6 Structural analysis of [CoN2H10][SN(SO4)2], 6

Figure 2.18. Asymmetric unit of [C,N,H10][SN(SO4)2], 6 shown with atom labeling.

Asymmetric unit of compound 6 contains 15 non-hydrogen atoms out of which 11 belong to the
anionic framework and 4 belong to the extra framework amine molecules. There is one
crystallographically independent Sn?* cation, two sulfate anions and one diprotanated 1, 3-dap
cation. In asymmetric unit, Sn atom is coordinated with two oxygen atoms in a monodendate
fashion from two different sulfate ions (Figure 2.18). From bond valance sum calculations™
concludes that charges of both Sn and S were +2 and +6 respectively The average bond lengths
for all Sn-O are 2.478-2.157A (Sn-O,4-2.317A) and S-0 1.511(2)-1.441(3)A (S-Oag = 1.476 A).
The bond angles for O-Sn-O 121.57-76.11° (O-Sn-0,,4-98.84°) and for O-S-O 112.09(15)-
106.69(13)° (O-S-044-109.39°) (CCDC No: 1472107 ). All the Sn atoms in 6 square pyramidal
geometry with four oxygen atoms from four different sulfates groups and one lone pair of
electrons. Of the two framework sulfate anions, two oxygens bind to two adjacent Sn** cations
by monodendate manner by leaving two terminal S=O. The anionic chain of [Sn(SO4),]* was
formed by infinite tin sulfate chains by 4- and 12- membered ring channels with corner sharing
of SnO, square pyramidal with SO, tetrahedra shown in Figure 2.19a. The extra cationic organic

template forms H-bonding interaction (N-H~O = 148°, HO = 2A) (Total H-bond interactions
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given in Table 2.4) between the anionic layers which induces extra stability to the polymer as

shown in the Figure 2. 19b.

Figure 2.19. (a) The anionic layer of the compound [C2N2H10][SN(SO4)2], 6 in bc-plane. (b)

Packing of the amine molecules and anionic layers in compound 6 in ab-plane.

2.6.7 Structural analysis of [C3N2H12][SN(SO4)2], 7
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Figure 2.20. Asymmetric unit of [C3N,H12][SN(SO4)2], 7 shown with atom labeling.

Cc1

The asymmetric unit of the compound 7 contains 9 non-hydrogen atoms, out of which 6 belongs
to the inorganic group and 3 belongs to the protonated amine molecules. In the inorganic group
there are one crystallographically distinct tin and one sulfate group which was in tetrahedra. In

the asymmetric unit, Sn atom was connected with one oxygen atom from sulfate group by
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monodendate fashion through Sn-O-S linkage by leaving remaining three oxygen atoms (Figure
2.20). The Bond distance for Sn-O are ranging between 2.187(11)-2.402(12)A (Sn-Oayy-2.294A)
and for S-O ranging between 1.436(13)-1.525(11)A (S-Oay-1.480A) .The Bond angles for O-Sn-
O were 78.46-158-84° (O-Sn-O,y-118.65°) and for O-S-O 105.93(7)-113.18(8)° (O-S-Oayg-
109.55°). The selected bond lengths and bond angles are given in the CCDC No: 1472108. From
BVS* calculations conclude that valances for both Sn and S atoms are +2 and +6 respectively.
In the anionic chain of 7, Sn atom was truncated square pyramidal geometry with four oxygen
atoms from two sulfate groups and one invisible unpaired electron. The anionic chain of
[Sn(SO4)-]* was formed by infinite tin sulfate chains by 4- membered ring with corner sharing
of SnO, square pyramidal with SO, tetrahedra (Figure 2. 21a). Two oxygen atoms of sulfate
group is participating in the bonding with SnO,4 by leaving terminal S=O bonds. The corner
shared chain structures are very interest because chain structures are important for considered
secondary building for the open-framework materials. The protonated amine molecules are
resided in between the individual layers through Hydrogen bond for making extra stability of the

polymer (Detailed hydrogen bonds given in the Table 2.4) shown in the Figure 2.21Db).

Figure 2.21. (a) View of 4- membered ring along c-axis. (b) Organic templates are resided in

between the two anionic chains in ac-plane.
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2.6.8 Structural analysis of [C4N2H14][SN(SO4),].H20, 8

Figure 2.22. Asymmetric unit of [C4N2H14][Sn(S04).].H0, 8.

The asymmetric unit of the compound 8 contains 18 non-hydrogen atoms, in which 11 atoms
belongs to the anionic group, 6 belongs to the protonated amine molecule and one non
coordinated water molecule (Figure 2.22). In anionic group there are one crystallographic
distinct Sn, two sulfur and 8 oxygen atoms present. The asymmetric unit of compound 8 similar
to as 6 an extra water molecule is present in the compound 8. From BVS calculations*
indicating that valance states for various species in polymer are Sn** and S°*. The bond distances
for Sn-O are ranging between 2.165(3)-2.405(3) A with (Sn-Oayy-2.285 A) and bond angles for
O-Sn-0O ranging from 75.06(12)-148.67(11)° (O-Sn-O,,-111.86°). The bond lengths and bond
angles are given in the CCDC No: 1472116. The structure of 8 is constructed by altering network
of SnO,4 and SO, units forming infinite anionic layers. All the Sn atoms in polymer having same
coordination number with trigonal pyramidal geometry. The anionic layer of two sulfates have
same connectivity by two oxygen atoms are bind to Sn** by bidentate manner, and to another
oxygen by monodentate manner to adjacent tin ion by leaving terminal S=O bond. [Sn(SO4)2],*
is formed with 4- and 12- membered rings by corner sharing of SO, tetrahedra with SnOy in bc-

plane shown in the Figure 2. 23a. Connectivity of the Sn** centers and with sulfate unit of sulfur
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can form 6- membered apertures with Sn atom acting as node (Figure 2.23b). The anionic
inorganic layers of compound 8 stacked over one another along c-axis of the unit cell in
AAA...fashion. The protonated amine and water molecules are resided in between the apertures
which form hydrogen bond with inorganic framework oxygen atoms for making stability of the

polymer (Figure 2.24).The selected hydrogen bond interactions are given in the Table 2.4.

Figure 2.23. The anionic layer of the compound [C4N2H14][Sn(SO4)2][H20], 8 in bc-plane. (b)

(4, 12) net sheet formed by the joining of the metal centers for compound 8.

Figure 2.24. (a) Possible hydrogen bonding interactions between the two anionic layers and

amine molecules in ba-plane (b) With water molecules in 8
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2.7 Conclusions

In summary, we synthesized 8 open-framework metal sulfates by using the light weight (Mg)
and heavy weight (Bi, Sn) main group metal atoms by changing the different structure directing
agents. All the compounds were well characterized by complementary techniques like PXRD,
SCXRD, chemical analysis TGA, IR, and EDAX. Two Mg(ll) compounds with composition
[NH4]2[Mg3(OH)2(S04)3(H20)2], 1 and [NH4]s[Mg2(SO4)12], 2 were synthesized by hydro/solvo
thermal method where the ammonium ion acts as template. Compound 1 is formed by diamond
kind of chains with four- and six- membered rings. Compound 2 is crystallized with three
dimensional with chirality. This compound shows reversible hydrogen adsorption of 0.7 wt%
respectively at 77 K. Two bismuth-sulfate frameworks with the compositions
[CsN2H14][Bi(SO4)2(NO3)], 3 and [C4N2H12]4[Bis(SO4)10(H20)4], 4 were synthesized by slow
evaporation method. Compound 3 has a corrugated layered structure with 8- membered aperture
where in the SO, tetrahedra and the BiOg polyhedra join together to form (4, 4) net sheets of the
metal centers while 4 has three-dimensional structure possessing 8- and12- membered channels.
Both the compounds show good fluorescence properties exhibiting blue luminescence. Time-
resolved fluorescence behavior of 3 and 4 shows mean fluorescence life time of 0.9 and 1.0ns,
respectively. Four new Sn(ll) sulfate materials with the compositions [C3N2H12][Sn2(SO4)s], 5;
[C2N2H10][SN(SO4)2], 6; [C3N2H12][SN(SO4)2], 7 and [C4N2H14][Sn(SO4)2][H20], 8 have been
synthesized by hydrothermal condition using 1,3-diamino propane (for 5 ,7), ethylenediamine
(for 6) and DABCO (for 8) as structure directing organic amines. The ratio of Sn/S for all the
four compounds is <1. In compound 5, Sn" ions three coordination with trigonal pyramidal
geometry but in 6-8 four coordination with truncated square pyramidal. All the structures are

slightly distorted due the presence of lone pair of electrons on tin atoms which are occupied in
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the base vertex. The organic templates are present in between the anionic layers and render

hydrogen bond through N-HO for extra stability of the polymer.
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2.9  Appendix

Table 2.2. Crystal data structure refinement parameters for 1-8 compounds

Parameters 1 2 3
Empirical  [NH4]2[Mg3(SO4)3(OH)2(H20)2]  [NH]s[M02(SO4s)12]  [CeN2H14][Bi(SO4)2(NO3)]
formula

a(A) 18.2294(13) 10.0022(8) 9.70(4)

b (A) 7.5534(5) 10.0022(8) 13.36(6)

c(A) 9.8334(6) 10.0022(8) 20.74(8)

a(?) 90 90 90

B(°) 90 90 90

(%) 90 90 90

vV (A% 1354(16) 1000.66(14) 2691(19)

Z 4 12 8
Formula 467.24 124.29 577.30
weight
Space group Cmc2(1)(36) P2(1)3(198) Pbca(61)

T (°C) 23 23 23
A(MoKa) A 0.71073 0.71073 0.71073
Pealc (gem’®) 2.292 2.475 2.850

u (mm™) 0.786 0.943 13.484
R[1.>25(1)] R1=0.0290 R1=0.0162 R1=0.0215
WR2=0.0688 WR2 = 0.0440 WR2 = 0.0531
R (all data) R1=0.0344 R1 =0.0163, R1=0.0273
WR2=0.0724 WR2 = 0.0441 WR2 = 0.0555

Ri=Y|Fo| -[Fdl; WRo= {[W(Fo’-Fc’)’] [[w(Fo?) 1}, w=1/[c°(Fo)*+(aP)*+bP] P=[Fo’+2Fc?Y/3;

Where a= 0.0; b= 0.0 for 1, a=0.0176; b= 0.713 for 2 and a=0.0300; b= 0.3 for 3.
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Parameters 4 5 6
Empirical  [C4NaH12]a[Bia(SOs)10(H20)s] [CaNaH12][SNa(S04)s]  [CaN2H10][SN(SO4)]
formula
a(A) 19.84(9) 4.5793(5) 8.41240(10)
b (A) 19.35(9) 16.9707(17) 11.7070(2)
c(A) 13.21(6) 8.8416(9) 10.1430(2)
a(®) 90 90 90
B(°) 91.93(10) 90 96.7270(10)
v(°) 90 90 90
V (A% 5071.3(4) 687.12(12) 992.05(3)
V4 4 2 4
Formula 2213.14 601.71 372.93
weight
Space group P21/c (14) P22(1)2(1) P2(1)/C
T (°C) 23 23 23
A(MoKa) A 0.71073 0.71073 0.71073
Peaic(gem™) 2.899 2.908 2.497
u(mm™) 14.381 4.159 3.025
R[1.>25(1)] R1 = 0.0385, R1 =0.0149, R1 = 0.0220,
wR2 =0.0761 wR2 =0.0389 WR2 = 0.0546
R (all data) R1 =0.0628, R1=0.0151, R1 = 0.0260,
wR2 =0.0837 wR2 =0.0389 WR2 =0.0578

Ri=Y [Fo| -|Fcl; WR2= {[W(Fo’-Fc’)] /[w(Fo®)’1}?, w=1/[c*(Fo)*+(aP)*+bP] P=[Fo*+2Fc?)/3;

Where a= 0.0300; b= 2.50 for 4, a=0.0180; b= 0.2642 for 5 and a=0.0330; b= 1.957 for 6.
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Parameters 7 8

Empirical ~ [C3N2H12][SN(SO4)2]  (C4N2H14)(Sn(SO4)2).H20

formula
a(A) 11.7218(3) 10.6735(12
b (A) 10.2997(3) 13.8200(15)
c(A) 9.3416(2) 9.6015(10)
a(?) 90 90
B(%) 100.985(2) 107.780
v(?) 90 90

V (A% 1107.16(5) 1348.6(3)

Z 4 4
Formula 386.96 419.00
weight

Space group Cc2/C P2(1)/c
T (°C) 23 23
A(MoKa) A 0.71073 0.71073
Peatc(gem’) 2.321 2.064
2 (mm™) 2.715 2.234
R[1.>25(1)] R1=0.0177, R1 =0.0414,
WR2 = 0.0408 WR2 = 0.1024
R (all data) R1=0.0196, R1=0.0518,
WR2 = 0.0416 WR2 = 0.1155

Ri=Y[Fo| -|Fel; WR2= {[W(Fo’-Fc)] /[w(Fo®)’1}?, w=1/[c*(Fo)*+(aP)*+bP] P=[Fo*+2Fc?)/3;

Where a= 0.0207; b= 0.2814 for 7 and a=0.0527; b= 1.2700 for 8
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Table 2.3. The Hydrogen Bonding Interactions for the compound 1-4

[NH4]2[Mgs(OH)2(SO4)3(H20)], 1

D-H..A D.ARY)  H..AAY D...H(A) D-H...AAY)
N(L)-H(1)0(9) 2.936(2) 2.33(5) 0.71(5) 145(5)
N(1)-H(2)0(7) 3.041(2) 2.28(3) 0.85(4) 149(3)
N(1)-H(3)0(3) 3.162(2) 2.38(5) 0.86(5) 151(4)
N(1)-H(3)"0(10) 3.054(2) 2.40(5) 0.86(5) 132(4)
N(1)-H(4)0(7) 3.166(2) 2.55(5) 0.89(5) 128(4)
N(1)-H(4)0(10) 3.015(2) 2.43(6) 0.89(5) 124(4)
O(1)-H(6)0(5) 3.130(2) 2.24(4) 0.89(4) 174(4)
0(9)-H(10A)"0(4) 3.0040(18)  2.17(3) 0.84(3) 174(3)
0(9)-H(10A) 0(8) 20808(19)  2.44(3) 0.84(3) 124(2)
O(9)-H(10B)“0(10)  2.8331(19)  2.26(4) 0.62(5) 154(5)
[NH4]s[Mg2(SO4)12], 2
N(10)-H(1) ~O(1) 29139(17)  2.09(3) 0.87(3) 158(3)
N(10)-H(2) ~O(3) 30432(17)  2.37(2) 0.86(2) 135.6(17)
N(10)-H(2) ~O(3) 30432(17)  2.37(2) 0.86(2) 135.6(17)
N(10)-H(2) ~O(3) 30432(17)  2.37(2) 0.86(2) 135.6(17)
N(20)-H(3) O(4) 29164(18)  2.10(3) 0.85(2) 161 (4)
[CoNoH1I[Bi(SOR2(NOS)]. 3
N(D)-H(20B)~0(9) _ 3.172(9) 229 0.9 166
N(1)-H(20C)-~0(34)  3.126(8) 242 0.9 136
N(1)-H(20C)--0(38)  2.807(7) 211 0.9 134
N(2)-H(21B)~O(42)  2.978(8) 233 0.9 129
N(2)-H(21B)~O(31)  2.942(7) 213 0.9 149
N(2)-H@21C)~0(6)  2.951(7) 21 0.9 157
N(3)-H(22A)-0(15)  3.228(9) 247 0.9 142
N(5)-H(24A)--0(26)  2.888(7) 212 0.9 143
N(5)-H(24A)-0(43)  3.251(8) 259 0.9 166
[C4N2H12]4[Bia(SO4)10(H20)4], 4
N@3)-H(7A)-0@2) 3200(3)  2.58 0.1 166
N(3)-H(7A)0(11) 2776(3)  1.94 0.91 136
N(2)-H(8B)O(4) 3106(3) 2.4 0.91 134
N(2)-H(8B)~O(8) 2813(3)  2.04 0.91 129
C(1)-H(1A)O(7) 3184(4) 241 0.97 149
C(2)-H(2A)-O(5) 3390(3) 253 0.97 157
C(2)-H(2B)0(4) 3232(3)  2.29 0.97 142
C(3)-H(3A)-O(1) 3310(3) 248 0.97 143
C(3)-H(3A)O(5) 3448(3) 256 0.97 130
C(3)-H(3B)--O(6) 3163(3) 255 0.97 168
C(3)-H(3B)0(1) 3144(3) 235 0.97 169
C(4)-H(4A)0(9) 3.244(4) 26 0.97 173
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Table 2.4. The Hydrogen Bonding Interactions for the compound 5-8

[C3N2H12] [SN(SO4).], 5

D-H..A D.ARAY  H..AA? D...H(AY) D-H...A(A")
N(1)-H(1A)..O(1)  2.791(3) 2.40 0.89 107
N(1)-H(1A)...O(4) 3.073(3) 2.22 0.89 160
N(1)-H(1A)..O(5)  2.884(3) 2.46 0.89 110
N(1)-H(1B)...0(6) 2.956(3) 2.08 0.89 166
N(1)-H(1C)..02)  2.995(3) 2.15 0.89 158
N(1)-H(1A)...O0(3) 2.929(3) 2.39 0.89 119
C(1)-H(1E)...0(2) 3.395(3) 2.48 0.97 158
[CzNzHlo] [Sn(SO4)2],6
N(1)-H(1C)...0(7) 2.925(4) 2.32 0.89 125
N(1)-H(1C)...0(6) 2.959(4) 2.29 0.89 132
N(1)-H(1D)...0(1) 2.903(4) 2.02 0.89 169
N(1)-H(1E)...O(2) 2.884(4) 2.36 0.89 118
N(1)-H(1E)...O(6) 3.285(4) 2.6 0.89 135
N(2)-H(1C)...0(4) 2.799(4) 2.65 0.89 148
N(2)-H(1C)..0(4)  2.948(4) 2.4 0.89 120
N(2)-H(1D)...O(3) 2.923(3) 2.21 0.89 137
N(2)-H(2D)...O(7) 2.797(4) 2.40 0.89 108
N(2)- H(LE)..O®6)  2.817(3) 1.95 0.89 165
[CsN2H1,] [Sn(SO4)], 7
N(1)- H(3BA)..O(1)  2.987(19) 211 0.89 168
N(1)- H(3A)..0(3)  3.117(19) 2.59 0.89 119
N(1)- H(3B)...O0(2)  2.837(19) 1.96 0.89 167
N(1)- H(3B)..0(2)  2.964(2) 2.58 0.89 107
N(1)- H(3C)..0(4)  2911(2) 2.02 0.89 179
C(1)-H(1A)..0(3)  3.410(2) 2.57 0.97 144
[C4N2H14] [Sn(SO4)2][H20], 8
N(1)-H(1C)...0(8) 2.932(5) 2.05 0.89 170
N(1)-H(1D)..O(7)  2.813(5) 2.05 0.89 144
N(1)-H(1E)...O(5) 2.963(5) 211 0.89 161
O(1W)-H(IW)...0(6)  2.726(6) 2.03 0.83 141
N(2)-H(2C)...0(3) 2.825(6) 1.94 0.89 175
N(2)-H(2D)...0(1) 3.113(5) 2.55 0.89 122
N(2)-H(2D)...0(4) 2.970(6) 2.1 0.89 165
N(2)-H(2D)..O(1W)  2.807(6) 1.92 0.89 173
O(IW-H(2W..O(4)  2.862(6) 2.08 0.83 157
C(4)-H(4A)..0(6)  3.336(7) 2.37 0.97 178
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3.1 Abstract

- {M=Co, Ni and
M Zn)

/N,

)
In this chapter we reported 5 open-framework transition metal sulfates synthesised by
hydro/solvothermal method. Compounds 9-11 with composition [Hz0][MSO4F] (M= Co (9), Ni
(10) and Zn (12)) were crystallized as three-dimensional framework with Kagome type structure.
Both 9 and 10 shows paramagnetic behavior with weak antiferromagnetic nature. Compound 12
with composition [C4N2H12]2[Co3F2(SO4)3(H20),] was crystallized with diamond kind of
structure. It shows ferrimagnetic nature with a transition at 10.8 K and does not exhibit spin-
glass freezing. Compound 13 with composition [NH4]s[Mng(SO4)12] crystallized with three-
dimensional framework with chirality. This Structure remains intact even after removal of
ammonium ion which was confirmed by Temperature dependent PXRD and First principle
calculations. It exhibits a paramagnetic nature and shows hydrogen adsorption in the order of
0.45 wt% at 77 K. Compound 13 shows proton conductivity under various relative humidity (RH)

increases from 2.6 x 107 Scm™ at RH = 80% t0 3.1 x 10 S cm™ at RH = 90%.
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3.2 Introduction

The synthesis of complex inorganic materials with open architectures is one of the major
activities in contemporary solid state chemistry for their applications in the areas of catalysis,
ion-exchange, magnetism, multiferroics and separation process. There has been a considerable
interest in smaller metal cluster, in particular the triangular system in which the interplay
between isotropic and anisotropic exchange interactions gives a number of fascinating magnetic
properties.® The use of metal ions with suitable choice of ligands leads to a variety of materials
which behave as magnet.* There have been continuous efforts to design the magnetic materials
with extended structures by using multifunctional bridging ligands, but it is still difficult to
anticipate the structures and the magnetic behavior of such designed materials.>® Usually short
bridging ligands such as oxido, cyanide, azido, and small oxo-anions such as phosphate,
carbonate and sulfate are commonly used to obtain strong magnetic interactions between
paramagnetic centers due to the short distance between the moment carriers.’**? Tetrahedral
anions are proven to be very attractive candidates who are being used as building unit for the
construction of novel magnetic materials. We are interesting on sulfate oxo-anion because of
SO,* tetrahedra are being used for the synthesis of layered and three-dimensional compounds
with the Kagome structures characteristics of showing magnetic frustration.***® Since SO4* can
able to make different bridging mode (p1-O1; p2-O1, 02; ps-O1, 02, O3; ws-01, 02, O3, O4)
resulting both ferromagnetic and antiferromagnetic interactions between the metal centers.™® The
ligands are connected to the metal polyhedra in such a way that the moment are most likely
retain in chains/layers through M-X-M linkages, where X = halide, N or O coordinating atoms.?
The presence of organic amine in the interlamellar space also affects the magnetic properties of

the material. The main objective of this chapter is synthesis of transition metal sulfates, their
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crystal dimensionalities, applications in magnetism, adsorption and proton conductivity
measurements. In this chapter, we report novel Kagome type three isostructural 3D-transition
metal sulfates (Co, Ni and Zn), one diamond kind of chains with 2D-layerd metal (Co) sulfate
and one chiral 3D-metal (Mn) sulfate.

Transition metal compounds with the Kagome structures are one of the great
academic interests because of the unusual magnetic properties. Kagome structures are
essentially special arrangement of two-dimensional layers of corner sharing triangles
where the neighbouring electronic interactions cannot be satisfied.?*?? This results in spin
frustration which gives rise to interesting magnetic properties by allowing the emergence
of unusual ground state configurations particularly at low temperature. Thus, the Kagome
lattice remains at the fore front for studying interesting phenomenon of magnetic
frustration.?® One of the most studied example is jarosite family with general formula of
AM3(S0,)-(OH)s (A = monovalent cation; M = Fe**, Cr®*) for exploring magnetic frustra-
tion in two-dimensions.?* ** Various other Kagome structures have been reported in the
literature with varied metal ions and with different mono anionic species which can
replace the hydroxide anions effectively.?>** Thus, halide anions have been explored to
generate Kagome type lattice, which is also advantageous in terms of minimizing the
ambiguity of hydroxide composition.** To expand the area of synthesizing Kagome

3435 and organic templates*®*® have also been

structures, various other anions like azide
used which gave aesthetically pleasing structures with remarkable magnetic properties.
Magnetic studies on Kagome compounds revealed that transition metal ion with integral
spin have a different magnetic behavior from those with non-integer spins. Thus, Kagome

compounds with integer spin show ferro/ferrimagnetic behaviour while those with non-
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integer spins generally show magnetic frustration. And/or low temperature
antiferromagnetism just as in Fe* jarosites. Theoretical prediction lends support these
observations and suggested the crucial role of the magnitude of spin of the transition
metal ions.*®**” Although, there are various reports and magnetic studies on Kagome
structures with 2D-layers, the reports on 3D-Kagome type structures are very rare.

Here we report synthesis, structure and magnetic properties of three Kagome type
isostructural 3D-metal sulfates with composition of [H3O][MSO4F] (Where M= Co (9), Ni (10)
and Zn (11)). We chose these two metal (Co®* and Ni**) ions because of spin 3/2 (odd-half
integer) and 1 (integer), respectively which are good candidate for exhibiting interesting
magnetic phenomenon.***" Transition metal compounds with the layered structure which have
diamond chains are considerable interest because of their novel magnetic properties. In diamond
chains, metal atoms arranged as triangular fashion like in Kagome structures. Due to this
arrangement we can observe unusual magnetic properties such as geometric frustration. So, our
motivation to synthesize the layered diamond chains of transition metal sulfates frameworks. In
this chapter we report the synthesis, crystal structure and magnetic properties of layered diamond
chains of Co(ll) sulfates with the composition of [C4N,H12]2[CosF2 (SO4)3(H20)2], 12.

Synthesis of new crystalline solids with unusual structures is a growing trend synthesis of
higher-dimensional framework solids with chiral structures still remains a challenge.**™
Notwithstanding the modest progress in designing chiral structure of zeolite™® and metal

52-55

phosphate, complete control of framework chirality has not been achieved due to the
complexity and poor understanding of the reaction mechanisms involved in the process.
Nevertheless, most of the transition metal sulfates reported in the literature have one- or two-

dimensional structures in accordance with the observation that formation of three-dimensionally
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extended robust sulfate networks is generally difficult.”®™® Three-dimensional sulfate networks
are most likely obtained by using the element which supports higher coordination number such
as the lanthanides and actinides.”*® Chemistry of noncentrosymmetric sulfate materials is still in
its infancy with very few compounds reported in the literature. Broadly, two synthetic strategies
have been used so far to prepare chiral solids, one being the stereo selective synthesis®> "
employing chiral organic ligands, while the other involves spontaneous resolution upon
crystallization without chiral species.**® "#! Chiral porous frameworks represent a novel class
of recyclable and reusable solid asymmetric catalysts as a result of their truly single-site nature,
and straightforward structural characterization by X-ray crystallography. Since the chirality of
the compounds should be controlled in the molecular level, as well as in the entire crystal
structure, there has been countable few chiral metal sulfates are reported till date.®®® Therefore,
our motivation is synthesis of robust three-dimensional chiral transition metal sulfates. In this
chapter we report synthesis, structure and electronic properties of chiral 3D-Mn sulfate with
composition of [NH4]s[Mng (SO4)12], 13.

3.3 Experimental Section

3.3.1 [H30][MSO,4F][M=Co (9), Ni (10) and Zn (11)]

The compunds 9-11 were Synthesized by hydro/solvothermal method by taking 1 mM of
M(NO3),.6H,0O as metal source (M=Co (9), Ni (10) and Zn(11)). In a typical synthesis,
M(NOs), .6H,0 [where M=Co, Ni and Zn] was dissolved in acetonitrile (2.6 mL) and water (0.9
mL) mixture followed by the addition of 0.165 mL of H,SO, and 0.09 mL of HF. Finally, the
reaction mixture with molar composition 1:3:2:50:50 [M(NO3),.6H,0/H,SO4/HF/ acetonitrile /

water ] was stirred for 1 h and transferred to a stainless steel autoclave of 23 mL capacity. The

122



autoclave was heated at 150 °C for 48 h and cooled naturally. The final product was filtered and
washed with distilled water.

3.3.2 [C4N2H12]2[CosF2 (SO4)3(H20).], 12

A compound 12 was synthesized by employing mild hydro/solvothermal methods. In a typical
synthesis of 12, 0.219 gm of Co(NOs),.6H,0O was dispersed in an EG (5 mL), under constant
stirring. To this mixture, 0.334 gm of PIP, 0.22 mL of H,SO,4and 0.336 mL of HF was added to
mixture and stirred for 45 minutes to obtain the clear solution. The final mixture with the molar
composition of Co(NO3),.6H,0/H,SO4/pip /HF/EG (1:6:3:6: 90) was transferred into a 23-mL
Teflon-lined acid digestion bomb and heated at 150 °C for 72 h. The reaction mixture after above
heat treatment did not show any appreciable change in pH and remains at pH 2. After cooling
pink-block shaped crystals were obtained with 66 % vyield.

3.3.3 [NH4]s[Mng(SO4)12], 13

A compound 13 was synthesized by employing hydro/solvothermal method. In a typical
synthesis of 13, 0.251 gm of Mn(NO3),.4H,0 was dispersed in an EG/water mixture (2.8 and 0.9
mL, respectively) under constant stirring. To this mixture, 0.268 gm of (NH,4),SO3; was added
and the mixture was stirred for 20 min to obtain the clear solution. The final mixture with the
molar composition of Mn(NO3),.4H,0/(NH,4),SO3s/H,O/EG (1:2:50:50) was transferred into a
15-mL Teflon-lined acid digestion bomb and heated at 180 °C for 48 h. The reaction mixture
after above heat treatment did not show any appreciable change in pH and remains at pH 6. After

cooling white block-shaped crystals were obtained with 75% yield.
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3.4 Characterization

Initial characterization of all the compounds were carried out by PXRD, EDAX, chemical
analysis, TGA and FTIR spectroscopy. The PXRD pattern exclusively exhibited signatures of a
hitherto unknown material consistent with the structure determined by SXRD, which gave the
compositions of [H3O][MSO4F](M=Co (9), Ni (10) and Zn (11)), [C4sN2H12]2[C0o3F2(SO4)3
(H20),], 12 and [NH4]s[Mng(SO4)12], 13. PXRD patterns of all the compounds were almost in
good agreement with the simulated patterns based on their respective single-crystal data given in
appendix (Figure 3.21). All the compounds 9-13 gave satisfactory elemental analysis. The
experimental and calculated (in wt%) values of H, N and S were as follows. For 9, H =1.48 and
S =15.95 (calc. H=1.57 and S = 16.61); 10, H =1.45 and S =15.5 (calc. H =1.57 and S =16.63);
11, H =1.48 and S =15.90 (calc. H = 1.52 and S = 16.08); 12, H = 3.78; N = 6.7 and S = 12.67
(calc. H=395N=7.83and S=13.45)and 13,H=5;N=74and S=21.6 (calc. H=4.6 N =
7.2 and S = 22). EDAX indicated the ratios of M and S to be 1:1 in compounds 9, 10, 11 and 12,
but for compound 13 has 2:3 which are good agreement with the molecular formulae. These
analytical data confirm the molecular formulae of five compounds obtained from
crystallography.

TGA experiment for all the five compounds were carried out under constant flow of N, at
a heating rate of 2 °C min™ in the temperature range of 35-900 °C. Compounds 9-10 show multi-
step decomposition and the TGA graph has striking similarity which is expected as the
compelxes are isostructural in nature. The first stage is the loss of hydronium anions and possibly
the adsorbed moisture accounting for the loss of moisture in the temperature range of 50-100 °C.
The second step involves the degradation of complex due to the loss of fluoride from the crystal

lattice in the temperature range of 160-200 °C which accounts 31.3% (calcd 25.24%) weight
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loss. Finally decomposition of SO, group shows 26.86% (calcd 26.52%) weight loss in the
temperature range of 240 to 400 °C (Figure 3.22). The PXRD analysis of the calcined product of
9 and 10 corresponds to the CoO oxide (JCPDS : 01-075-0576) and NiO (JCPDS : 01-077-2929)
respectively. For 12, two-step weight loss was observed corresponding to the loss of the water in
the range 125 to 180 °C [obs = 5.4%, calc = 4.8%], and to the loss of amine, HF, and SOs in the
range 300 to 550 °C [obs, 57.7%; calc, 56.4%] (Figure 3.22). The PXRD pattern of the sample
heated to 900 °C corresponded to a Co304 (JCPDS file no. 01-074-1657) Compound 13 showed a
two-step weight loss corresponding to the loss of ammonia in the range 70-380 °C (obs = 7.0%,
calcd = 6.8%), followed by removal of SO, around 400 °C. The total observed weight loss of
60.5% corresponds to the loss of the amine along with sulfates is in good agreement with the
calculated value of 59.5% (Figure 3.22). The PXRD pattern of the sample heated to 550 °C
diffracted very weakly and could not be recognized.

The FTIR spectra of all compounds showed characteristic bands for the sulfate as well as
the guest ammonium moieties. FTIR spectrum of 9-10 showed the characteristic peaks for SO4*
anion around 1650, 1400, 1160, 1100, 605 and 460 cm'. The broad peak around 3250-3500
cm ' are attributed to OH stretching vibrations of hydronium cation (Figure 3.23). Infrared
spectra of 12 showed characteristic bands in the 980-1010 cm™ region due to vy and in the 1090-
1140 cm™'region due to v of the sulfate group®. The bending mode of SO,* was in the 450-600
cm’ region. Multiple C-N stretching modes are observed in the range 1080-1220 cm™ shown in
Figure 3.23. For compound 13 showed characteristic bands for the sulfate as well as the
ammonium moieties. The stretching mode of -N-H bond (of the amine) is observed around 3004
cm™. The N-H bending modes of the amine and NH4* are observed in the range 1440-1586 cm™.

The characteristic stretching bands, va(N-H) and 2v(N-H) of the NH,4" ion are observed at 3243
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and 2830 cm™ respectively. Strong bands in the region 850-1015 cm™ correspond to v; and vs
while bands in the region 583-644 cm™ can be assigned to v, and v, fundamental modes of
sulfate ion shown in Figure 3.24.

3.5 Single-crystal structure determination

A suitable single-crystal of each compound was carefully selected under a polarizing microscope
and mounted at the tip of the thin glass fibre using cyanoacrylate (super glue) adhesive. Single-
crystal structure determination by X-ray diffraction was performed on a Siemens SMART-CCD
diffractometer equipped with a normal focus, 2.4 kW sealed-tube X-ray source (Mo-Ka
radiation=0.71073A) operating at 50 kV and 30 mA. Structures were solved by the direct method
using SHELXS-97%° and refined on F? by a full-matrix least-squares technique using the
SHELXTL-PLUS® programs package. An empirical absorption correction based on symmetry
equivalent reflections was applied using SADABS.®” The graphic programs DIAMOND®® and
ORTEP® were used to draw the structures. Non-hydrogen atoms were refined anisotropically. In
the refinement, hydrogens were treated as riding atoms using the SHELXL default parameters. In
all the compounds hydrogens are loacted through fourier map. In compounds 9-11, hydronium
oxygen atom was found to have positional disorder, thus the hydrogen although located on
Fourier map were not refined and also the O-H bond legths and H-O-H angles were fixed by
applying restraints. Details of crystal structure refinement parameters for 9-13 given in the

appendix (Table 3.2 and 3.3).
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3.6 Results and discussion

3.6.1 Structural analysis of [H3O][MSO4F](where M= Co (9), Ni (10) and Zn (11))

The reaction of metal(ll) nitrate with sulfuric acid in presence of HF under solvo/hydrothermal
conditions afforded block shape crystal for each complex with composition [H3O][MSO,4F]
where M=Co, Ni and Zn for 9, 10 and11 respectively. All the three complexes were isostructural,
hence crystal structure description of only 9 has been given in detail. Interestingly, in the crystal
lattce, one hydronium ion was also found trapped which provides the extra positive charge

required to balance the crystal lattice.

Block shape pink color crystals of 9 were obtained after solvo/hydrothermal treatment of
Co(NO3),.6H,O with H,SO,4 in presence of HF. Crystallographic analysis showed that 9
crystallizes in orthorhombic crystal system with Pnna space group. The asymmetric unit in 9 has
10 non-hydrogen atoms and 9 are involved in the formation of inorganic framework and the one
hydronium ion is present as extraframework species. In the asymmetric unit (Figure 3.1), two
distinct metal ions and two distinct sulfate ions are present at special positon with 50%

occupancy each. The interconnecting fluoride anion is present at general position.

<

Co2 /g
o3r”' 01

Figure 3.1. Asymmetric unit of [H30][MSO4F], 9. The disordered extra framework hydronium

ion is omitted for clarity.
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Both the Co(Il) ions adopt distorted octahedral geometry however the ligand arrangement around
the metal ion is significantly different. Co(1) lies on an inversion centre, thus the fluoride on the
Co(21) site adopts trans-configuration and the equitorial plane consists sulfate oxygen atoms
whereas, in case of Co(2) fluoride anion are positioned cis-to each other as shwon in Figure 3.1.
The Co-O and Co-F bond lengths are in the range of 2.05-2.18 A and 1.99-2.00 A, respectively
which are within the acceptable limits as reported for other similar compounds.*® ! Selected
bond lengths and bond angles for 9-11 were given in CCDC No: 1442294, 1442295 and 1447992
respectively. The BVS calculations™ suggested +2 oxidation state for Co (2.09 for Co(1) and
2.02 for Co(2)), Ni (1.96 for Ni(1) and 2.03 for Ni(2)) and Zn (2.02 for Zn(1) and 2.05 for Zn(2)
ions in 9, 10 and 11 respectively. In the crystal lattice, each sulfate anion interacts with four
metal ions in a *p*-manner. Similarly, each metal ion is also interacting with four sulfate anions
however; the geometrical parameters are different as described earlier. Part of the crystal lattice
of 9 is shown in Figure 3.2 which can be dissected to visualize one dimensional chains of Co
octahedron fused through fluoride vertices. Interestingly, in the lattice, these chains have two
different orientations, which are running at approximate 63° angle with each other as shown in
Figure 3.3. Symmetrically equivalent chains are interconnected through one type of
crystallographically distinct sulfate anion (namely S(1)O,) to generate a 2D-layer in bc-plane as
shown in Figure 3.2b. In the 2D layer, it can be seen that the cobalt centers have only four
coordination sites occupied. The oxygen atoms contributed by other crystallographically distinct
sulfate anions fulfills the other two sites around cobalt center. Thus, the 2D-layers comprising
chains of different orientation are interconnected through other crystallographically distinct
sulfate (S(2)O4) anions, which extend the lattice in ab-plane eventually generating a three-

dimensional lattice as shown in Figure 3.2c where the 2D-layers are also highlighted with pink
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and gray color. In Figure 3.2d part of the crystal lattice is shown which clearly depicts the
interconnection of 2D-layers where crystallographically distinct sulfate anions are highlighted
with different color showing the connectivity of pink and gray color. Thus, the CoF,0,4 octahedra
and SO, tetrahedra share their vertices to generate a 3D-assembly (Figure 3.3a) consisting of
Kagome type lattice, which is shown in Figure 3.3b. However, in this case, one of the metal ion
in the triangular lattice is substituted by sulfate anions compared to the normal Kagome

structutre.

Figure 3.2. (@) One-dimensional Co-F chains in 9 running in bc-planes; (b) Formation of 2D-
layer in bc-plane by connecting each layer through sulfate anions (S(1)O4); (c) Interconnection
of 2D-layer as highlighted with different color via sulfate anions (S(2)O,); (d) 3D-lattice as a
results of interconnection via crystallographically distinct sulfate anions which are highlighted

with different color.
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Figure 3.3. (a) Polyhedral view of the 3D-crystal lattice. (b) Magnified view of the Kagome type

structural building block in 9.

3.6.1.1 Magnetic properties for [H;0]. [MSO,F](where M= Co (9) and Ni (10))

The temperature dependence magnetic susceptibility () data of 9 and 10 is shown in
Figure 3.4. The paramagnetic region fitted well with Curie-Weiss law (y=C/T-0) having
Curie-Weiss temperature (0) of -12 K for 9 and -10 K for 10. The calculated effective
magnetic moment (Lerr) per Co*? ions is 4.78 pg which is slightly higher than the expected
spin only value of 3.87 pg for high spin Co*? ion due to the orbital contribution as found
in reported Co*? compound.®” And same as for Ni(Il) compound 2.95 pg which is slightly
higher than the expected spin only value of 2.82 pg. The negative 6 suggest that the

exchange interaction is antiferromagnetic type
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Figure 3.4. Temperature dependence of the magnetic susceptibility for both 9 and 10 compounds
measured at 1000 Oe. Inset (a) shows the isothermal M-H cycles at 5 K (b) shows the ' vs T.

3.6.2 Structural analysis of [C4N2H12]2[C0o3F2(SO4)3(H20).], 12
The asymmetric unit of 12 contains 17 non-hydrogen atoms, of which 14 belong to the inorganic

framework and 3 belong to the extra framework amine molecule shown in Figure. 3.5.

S1'p.
03“ 08

Figure 3.5. Asymmetric unit of [C4N2H12]2[C0o3F2(SO4)3(H20),], 12.

In the compound 12 two crystallographically two metal atoms and S atoms, of which one metal
and one sulfur atom [Co(1) and S(1)] are in special positions with an occupancy 0.5. The

framework structure of 12 constructed from macro anionic inorganic framework layer of
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[C03(F)2(S04)3(H20)-]* held together by strong hydrogen bonds with the ammonium ions
residing in the interlamellar space. The selected hydrogen bond interactions are given in the
Table 3.4. The Co atoms in 12 are octahedrally coordinated to four oxygens from four sulfates
and two fluorine atoms. The Co-O/F bond distances are in the range 2.015(12)-2.180(14) A and
O/F-Co-O/F bond angles in the range 78.02(3)-179.48(5) °. The S-O bond distances in 12 are in
the range 1.444(11)-1.482(11) A and the average O-S-O bond angle is 109.64°. The Bond
valence sum calculations for 12 based on the method of Brown and Altermatt,* using ro (Co-O)
= 1.692, shown that the valence sums for Co(1) = 1.98, Co(2) = 1.92, The charges on metal and
sulfur atoms are clearly +2 and +6 respectively. These data are consistent with the stated

composition. Selected bond distances and angles of 12 given in CCDC NO: 1406154.

(b)

®co

Figure 3.6. (a) The infinite diamond chain formed by the connectivity of the metal polyhedra.
(b) Presence of triangular units in the diamond chain. (c) Anionic inorganic layer in 12 in the ac-

plane. Note the presence of eight- membered apertures.
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The framework of 12 built up of Co(1)/F),04, Co(2)(/F),0,4 octahedra and SO, tetrahedra sharing
edges as Co-p-(/F)-Co bonds and vertexes as Co-O-S bonds. The Co(1)(/F),O,4 octahedra get
dimerized by sharing edges with two fluorine groups to form Co,(/F),0s moiety.
Co(2)(OH/F),0,4 octahedra link to the dimer at one end of the shared edges through ps-F to form
trimeric Coz(F)3012 units. These units are connected to one another through corner sharing Co-
O-S linkages there by forming the zig-zag chain shown in the Figure 3.6a. The presence of
triangular units in the diamond chain is shown in Figure 3.6b. Such chains run parallel to the a-
axis and are covalently bonded to each other by the S(2)O,4 group resulting the two-dimensional
layered structure. The S(2)O, tetrahedra from the adjacent chains connect alternatively via four
Co0-0O-S linkages to form four connected tetrahedra, leading to the formation of an eight-
membered aperture in the ab-plane (Figure 3.6¢). The inorganic layers are stacked along the c-
axis in the ABAB.... fashion and the interlayer space is occupied by the diprotanated pip
molecules which ensure the stability of the structure through extensive hydrogen bonding as
shown in the Figure 3.7. The structures of 12 can be compared to the mineral sulphoborite®
containing complex sheets of MgOg octahedra and (SO,) tetrahedra. In the mineral amarantite,
octahedral tetramers are polymerized to form octahedral chains parallel to [100] and linked by
(SO,) tetrahedra, the linkage between sheets being provided by [B(OH),] tetrahedra. This kind of
diamond chain topology has also been found in several metal-organic hybrids of divalent
transition metals. A two-dimensional nickel sulfates possessing the Nis(us-F), diamond chain
topology has also been reported.*® The diamond chain in 12 are similar and consistent with the
diamond chain of azurite Cuz(OH)»(COs),,** which has alternating dimer-monomer sequence. In
azurite, the connectivity of three CuOg octahedra leads to a triangular arrangement of the metal

ions in the zig-zag chain.
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Figure 3.7. View down the crystallographic 12.

3.6.2.1 Magnetic properties for [C4N2H12]2[C03F2(SO4)3(H20),], 12

The temperature dependence magnetic susceptibility (y) data of 12 at 100 Oe is shown in Figure
3.8. The paramagnetic region is fitted well with Curie-Weiss law (y = C/T- 6) having Curie-
Weiss temperature (¢) of -25 K (inset of Figure 3.8). The calculated effective magnetic moment
(uerr) per Coion is 4.89 ug, which is slightly higher than the expected spin only value 3.87ug, of
high spin Co?* ion due to the orbital contribution as found in many of the Co** compounds.** %"
%% The negative 6 suggests that the exchange interaction is antiferromagnetic type. However,
zero-field cooled (ZFC) and field-cooled (FC) magnetization show sharp rising T, = 10.8 K. This
ferromagnetic-like behavior can arise from spin canting. Moreover, clear divergence of ZFC and
FC curves suggests the low temperature behavior is ferrimagnetic. Interestingly, good magnetic
hysteresis is observed at 2.5 and 6 K (Figure 3.9). In order to understand the irreversibility
behavior in the ZFC-FC curve we performed ac-susceptibility measurement at different
frequencies in the vicinity of the magnetic transitions as shown in Figure 3.10a. Both the real (y’)
and the imaginary (x”) parts exhibit sharp peak near T having no frequency dependence. This
rules out the spin glass behavior in the system. A sharp A-like anomaly is also seen in heat

capacity curve, favouring long range magnetic ordering below T, (Figure 3.10Db).
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3.6.3 Structural analysis of [NH4]s[Mng(SO4)12], 13

02
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03

“ g

Mn2

N10
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Figure 3.11. Asymmetric unit of [NH4]s[Mng(SO4)12], 13.

The synthesized Compound 13 have three-dimensional network structure made up of MnOg
octahedra and SO, tetrahedra with interstitial NH," ions. The asymmetric unit consists of 9 non-
hydrogen atoms out of which 7 belong to the inorganic framework and 2 to the guest NH," ions
as shown in the Figure 3.11. There are two crystallographically distinct Mn atoms and one S
atom with both the metal atoms in octahedral coordination with the O neighbours from the six
sulfate groups. The Mn-O bond distances are in the range 2.1585 (13)-2.1728(14) A [Mn(1) -
Oavg = 2.165, Mn(2)- Oyy = 2.164 A]. The trans O-Mn-O bond angles are in the range 173.7(6) -
174.2(5)° and the cis O-Mn-O are in the range 81.79(6)-94.93(5)° with an average of 173.9 and
70.14° respectively. Selected bond distances and bond angles for 13 given in the CCDC No:
1017343. The anionic framework of compound 13 formed by six Mn-O-S linkage by sharing
corner with six sulfate groups resulting into a pinwheel arrangement of MnOg octahedra and SO,
tetrahedra. From the Mn-O bond lengths, it can be seen that MnOg octahedra are little distorted.
The unique S atom is tetrahedrally coordinated by the oxygen neighbours with the S-O bond

distance ranged between 1.489(4)-1.459(4) with an average bond distance of 1.474 A. The S-
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atom makes four S-O-Mn linkages through four of its oxygen atoms. BVS calculations®™ (Mn(1)
= 2.17, Mn(2) = 2.17,) and the average Mn-O bond lengths indicate that the oxidation state of
both manganese and Sulfur was +2 an +6 respectively. Thus the framework structure
[Mn(SO4)1.]% is negatively charged and it gets neutralized by the presence of eight ammonium
ions in the unit cell

The prominent feature of 13 is the three-dimensional chiral structure with cubic
symmetry that crystallizes in the space group P2(1)3. The structures are built from strictly
alternating MnOg octahedra and SO, tetrahedra units that linked through their vertexes
throughout the structure. Both MnOg octahedra and SO, tetrahedra share corner alternatively to
form four- and six- membered rings that form infinite chains. These chains are alternately
stacked one over the other along the [100] direction and are interlinked by sharing corners with
the tetrahedral corners of the SO, groups to form a layer. Within each layer, each sulfate
tetrahedra shares three of its corners with the octahedra of three adjacent chains, one due to
Mn(1) and two due to Mn(2) (Figure 3.12). The layers thus formed are cross-linked by SO,
tetrahedra along the b-axis through corner sharing S-O-Mn linkages to form the three-
dimensional structure. The interstitial ammonium ions interact with the framework oxygen

through strong N-H:--O hydrogen bonds.
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Figure 3.12. Top view of the layer parallel to the ac-plane of the unit cell in 13.

3.6.3.1 Temperature dependent PXRD for [NH4]s[Mng(SO4)12], 13

Compound [NH4]s[Mng(SO4)12], 13 is isostructural with [NH4]s[Mgs(SO4)12], 2 which was
described in the previous chapter-2. Hence, these two compounds are isostructural both are
thermally stable up to 370 °C which was confirmed by TGA experiment. To check the thermal
stability of the compound, high temperature X-ray studies of 13 were carried out at different
temperatures on a Bruker D8 Advance with DAVINCI design fitted with HTK 16 temperature
chamber. It was observed that the structure remains intact even after a thermal treatment at 350
°C, as can be seen from the powder pattern shown in Figure 3.13. The framework collapses when
it is heated at 450 °C, which is also supported by the TGA data. So, here we can conclude that
compound remains retain their structure even after removal of ammonium ion at high

temperature.
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Figure 3.13. PXRD patterns of compound 13 at different temperatures. The structure remains

intact when it is heated at 350 °C.

3.6.3.2 First Principles Studies for [NH4]s[Mng(SQO4)12], 13

The compound 13 was thermal stable confirmed by TGA, Temperature dependent PXRD. And
also we stated the first principle calculations why this compound stable at high temperature. Here
we are report the first principle calculations which are derived from density functional theory
(DFT). We study the observed crystal structure from first principles within the framework of
DFT which approximates the many-body exchange and correlation interactions by local
functional of single particle density and its derivatives. In this section we attempt to address
whether the experimentally observed ammoniated crystal [NH4]s[Mng(SO4)12], 13 would retain
their open-framework structure upon de-ammoniation or not. We use a gradient corrected
exchange-correlation functional which inherently describe the lower-bound of crystal binding.
Oxidation states of atoms are estimated in terms of Lowdin charges®” (LC) which are obtained by
projecting the occupied manifold of wave functions on to a set of ortho normalized atomic
orbitals. While LCs are not logically expected to exactly add up to the total charge, they

constitute more than 90% of total charge for all the systems studied in this work.
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Figure 3.14. (a) Structures showing hydrogen bonding between adjacent -S-O-M-O-S- bridges
in de-ammoniated compound [H]s[Mng(SO4)12] (b) Histogram showing the bond distances of
Mn-0O, and S-O for the ammoniated compounds [NH4]s[Mng(SO4)12], 13 and bond distances of
Mn-O-[-H] and S-O[-H] in the de-ammoniated compound [H]s[Mng(SO4)12] (c) Histogram
showing O-H bond length and O-H:--O bond angles in the de-ammoniated compound of
[H]s[Mng(SOx4)12].

The de-ammoniated crystal structure is obtained by minimizing total energy as function of unit-
cell volume and atomic positions starting from the respective ammoniated crystal structure with
the NH,4" ions replaced by H atoms. We choose cubic unit cells in order to allow lowering of
symmetry through asymmetric chemisorption of the H atoms to the framework. With 48 O atoms
and 8 H atoms per cubic unit-cell there exit a large number of such configurations without much
variation of total energies and structural generalities. The H atoms, besides forming O-H bonds
with the framework O atoms, also lead to intra-framework O-H:--O hydrogen bonding as evident
from the distribution of O-H--O angle and O-H bond lengths shown in Figure 3.14a. De-
ammoniation is thus expected to increase the level of crystal binding which is evident in the

resultant reduction of cohesive energies (Figure 3.15) of the Mn compound from -5.65eV/atom
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to -5.85eV/atom. Relatedly, bulk-modulus values obtained by fitting the Murnaghan equation of
state to total energies calculated as functions of unit cell volume for both the ammoniated
compound is about 40 GPa, which increases marginally upon de-ammoniation accompanied by
shrinkage of equilibrium unit-cell volume by about 6% for the Mn compound, implying that the
compound may be expected to remain structurally as stable as the common oxide perovskites

(ABO3) even after of de-ammoniation.

To assess the nature of structural changes and the degree of retention of their framework
structure we note that the distribution of O-Mn-O and O-S-O angles in the ammoniated and de-
ammoniated phases suggests modest distortions to the MnOg octahedra and the SO, tetrahedra
primarily due to in-equivalence among the O atoms at their vertices owing to bonding to H by
one or more of them. To assess whether these structural changes modify the open-framework
nature of crystals we note that the distribution of the S-[O]-Mn-[O]-S angles imply gross
retention of the framework except for admissible buckling of the S-O-Mn-O-S bridges primarily
on account of the inter-bridge O-H---O hydrogen bonding, which nevertheless leaves 35%(30%)d
of the unit-cell effectively empty as interstitial voids accounting for only 0.01% of total charge.
Details of the M-O and S-O bond lengths for 13 and their de-ammoniated compounds are given
in the form of histogram in Figure 3.14b and c. The O-Mn-O and S-Mn-S bond angles for 13 and
their de-ammoniated products are given as histogram in Figure 3.16. Oxidation states implied by
the Lowdin charges (Table 3.1), which are different from that implied by the semi-empirical
BVS analysis, suggests major depletion of electrons from 3s(4s) states of Mn and from 3s and 3p
states of S, leading to oxidation states about +2 and +2.5 for Mn and S atoms respectively. The
remaining valence electrons of S undergo sp® type hybridization leading to the SO, tetrahedra

with S-O covalent bonds. Thus the eight O atoms with O-H bonds achieve complete sub shell
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filling without the electrons released by the Mn atoms, thus leading to longer Mn-O[-H] bonds
owing majorly to their covalent interactions with the Mn atoms. Also the total number of
electrons released by the Mn and S atoms are sufficiently enough for complete sub-shell filling
of the rest of the O atoms. Thus the hydrogenated framework can indeed sustain charge
neutrality throughout the structure due to complete sub shell of all constituent atoms without any
of them requiring any additional coordination which otherwise would have resulted into major

structural modification.
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Figure 3.15. Fit of Murnagan equation of state to cohesive energy per atom calculated from first

principles using PBE exchange-correlation to obtain equilibrium lattice constant.
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Figure 3.16. Histogram showing the O-Mn-O and S-Mn-S bond angles of [NH4]s[Mng(SO4)12],

12 and their de-ammoniated products [H]s[Mng(SO4)12].

Table 3.1. Lowdin charges for semicore and valance orbitals of atoms

[NH4]s[Mng(SO4)12)], 13
Element | 1s 2 2p 3s 3p 3d 4s 4p
Mn 2.0 6.0 5.6 0.4 0.9
S 1.0 2.5
0 1.7 4.9
N 1.3 4.2
Mn 2.0 6.0 5.6 0.4 0.9
S 1.0 2.5
0] 1.6 5.0
H 0.6

3.6.3.3 Magnetic Properties for [NH4]s[Mng(SO4)12], 13

We show the variable temperature magnetic susceptibility (y) data of 13 recorded at 1000 Oe in
Figure 3.17. The compound is predominantly paramagnetic and the inverse susceptibility data
show a linear behavior in the temperature range 50-300 K, yielding a negative Weiss temperature
of -30 K, indicating weak antiferromagnetic interaction. The effective magnetic moment per
manganese atom calculated from the fit of the yu™ versus T curve is 5.6 g, almost equal to the

spin only S = 5/2 value of 5.92 g since there is negligible orbital contribution to the moment
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and is comparable to that of Mn(Il) compounds reported in the literature.’**® Furthermore, no

magnetic hysteresis was observed at 5 K (inset of Figure 3.17).
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Figure 3.17. Temperature dependence of the magnetic susceptibility of 13 measured at 1000 Oe.
Inset shows the isothermal M-H cycles of 13 at 5 K.

3.6.3.4 Adsorption Properties for [NH4]s[Mng(SO4)12], 13

The rigidity and the porosity of the structures 13 were proven by gas-sorption analysis.
Hydrogen adsorption measurements of compound 13 showed only 0.45 wt% of hydrogen likely
arises from the heavier atomic weight of manganese at 77 K and 890 Torr (Figure 3.18).
However, they are nonporous to nitrogen as its channels size is very small and is almost equal to

the kinetic diameter of nitrogen. So, we are unable to perform the N, adsorption studies.
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Figure 3.18. Hydrogen adsorption isotherm for [NHa]s[Mngs(SO4)12], 13 at 77 K.

3.6.3.5 Proton Conductivity Study for [NH4]s[Mng(SO4)12], 13

We measured H,O adsorption for 13 at 298 K as shown in Figure 3.19a. Because of the non-
porosity of 13, it does not adsorb H,O until P = 2.7 kPa (P/Py = 0.85). This adsorption profile
also suggests that the surface of 13 does not have H,O condensation on the surface of crystals,
because of the negligible uptake. We measured the hydrous proton (H*) conductivity for 13
under various RH at 298 K (Figure 3.19b). It does not show any H* conductivity below RH =
80%, and it comes to show 2.6 x 107 S cm™ at RH = 80%. The observed H* conductivity reaches
to 3.1 x10* S cm™ at RH = 90%. The proton conductivity of a NH," ion containing MOF
(NHa)2(adp)[Zn,(0x)3]-3H20'® was found to show 8 x10° S cm™ at 25 °C under 98% relative
humidity (RH) conditions. The significant enhancement of H* conductivity in the range of RH of
80 to 90% is not accountable from the H,O adsorption uptake, because we do not observe an
increase of uptake at this RH region. We assume that the H,O molecules on the crystal surface of
13 above RH = 80% would form an effective H" hopping pathway with the aid of ordered SO,*
groups, which contributes the H® conductivity. We measured PXRD after the impedance

spectroscopy measurements as shown in Figure 3.20 and the observed diffraction pattern was
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identical to that of the original state of 13. This indicates the crystal structure is intact even under
the high RH conditions, and this supports that H,O molecules would locate on the crystal surface

to promote the H*
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Figure 3.19. (a) H,O vapour adsorption isotherm for 13 at 298 K. (b) Nyquist plot of the proton
conductivity of 13 under relative humidity of 85% at 298 K.
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Figure 3.20. PXRD patterns of [NH4]s[Mng(SO4)12], 13 (a) after and (b) before Impedance

spectroscopy measurements under various RH at 298 K.
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3.7 Conclusions

In conclusions, we synthesized open-framework metal sulfates by using transition metal atoms
(Co, Ni, Zn and Mn) by changing the different structure directing agents. All the compounds
were well characterized by all complementary techniques like PXRD, SXRD, chemical analysis
TGA, FTIR, and EDAX. Three isostructural Kagome type 3D-metal sulfates with the
composition of [H3O0].[MSO4F][M=Co 9, Ni 10 and Zn 11] were synthesized by hydro/solvo
thermal method where the protonated water molecules are resides in the cavities. The strong
complexation ability of sulfate anions were established where each sulfate anion interact with
four metal ions to afford Kagome type of lattice. Magnetic studies of compounds 9 and 10
exhibits a paramanetic behavior and shows weak antiferromagntic interactions at low
temperature. The layered structure comprising diamond chains of Co(ll) sulfates with composi-
tion [C4N2H12]2[Co3F2(S04)3(H20)], 12 has been synthesized under hydro/solvothermal condit-
ions and structurally characterized. The magnetic behavior of the layered cobalt sulfate, with the
diamond chains containing three CoO(F) octahedra is ferrimagnetic and shows magnetic hystere-
sis at low temperatures. The frequency dependence study shows 12 does not exhibit spin-glass
freezing. 3D chiral Mn(Il) sulfate with composition of [NH4]s[Mng (SO4):,], 13 has been
synthesized by hydro/solvothermal method. High temperature X-ray diffraction, Thermogravim-
ertic analysis and DFT calculations suggest a gross retention of the framework structure 13 even
after the thermal decomposition of the ammonium ion, which results in the formation of
[H]s[Mng(SO4)12]. Compound 13 is predominantly paramagnetic in nature and show reversible
hydrogen adsorption of 0.45 wt% at 77 K. The proton conductivity of 13 under various RH

increases from 2.6 x 107 S cm™ at RH=80% to0 3.1 x 10* S cm™ at RH= 90%.
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3.9 Appendix

Table 3.2. Crystal data structure refinement parameters for 9-11

Parameters 9 10 11
Efrgr‘?;]tf:' [H30].[CoSO.F] [Hs0].[NiSO4F] [H30].[ZnSO4F]
a(A) 13.1891(6) 13.0149(3) 13.184(5)

b (A) 10.6850(6) 10.6079(3) 10.639(5)
c(A) 6.6081(3) 6.5455(2) 6.626(5)
o ") 90 90 0
B(®) 90 90 0
v(°) 90 90 0
V (A% 931.25(8) 903.68(4) 929.4
z o o 8
Formula weight 193.01 192.79 191.65
Space group Pnna Pnna Pnna
T (°C) 23 23 23
A(MoKa) A 0.71073 0.71073 0.71073
Peaic(gom”) 2.753 2,834 2.913
-1
# (mm~) 4.087 4.708 4.652
R[1.>20(1)] R1 = 0.0541, R1 = 0.0503, R1 = 0.061,
WR2 = 0.1241 WR2 = 0.1143 WR2 = 0.1213
R (all data) R1 = 0.0563, R1=0.0572, R1 = 0.066,
WR2 = 0.1248 WR2 = 0.1164 WR2 = 0.1256

R1=Y|Fo| -|F¢|; WRo={[W(Fo’-Fc*)’] /[W(Fo?)?]}2, w=1/[c?(Fo)*+(aP)*+bP] P=[Fo*+2Fc?)/3;

Where a= 0.0512; b= 0.5013 for 9, a=0.0176; b= 0.713 for 10 and a=0.0734; b= 0.1237 for 11.
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Table 3.3. Crystal data structure refinement parameters for 12-13.

Parameters 12 13
Empirical formula [C4N2H12]2[Co3F2(SO4)3(H20),] [NH,Js[Mn»(SOy)12]
a (A) 10.0475(2) 10.1846(2)
b (A) 22.0781(4) 10.1846(2)
c(A) 7.26340(10) 10.1846(2)
a(?) 90 90
B(°) 90 90
v(?) 90 90
V (A% 1611.24(5) 1056.41(4)
z 4 12
Formula weight 627.16 144.71
Space group Pnma (62) P2(1)3(198)
T (°C) 23 23
A(MoKa) A 0.71073 0.71073
Peac(gem’®) 2.585 2.730
2 (mm™) 3.545 3.056
R[1.>25(1)] R1 =0.0200 R1=0.0150
wR2 =0.0378
wR2 = 0.0508
R (all data) R1=0.0223 R1 =0.0153,
WR2 = 0.0530 wR2 = 0.0379

R1=Y|Fo| -|F¢|; WRo={[W(Fo’-Fc*)’] /[w(Fo?)?]}2, w=1/[c?(Fo)*+(aP)*+bP] P=[Fo*+2Fc?)/3;

Where a=0.0286; b=0.8291 for 12 and a=0.0247; b= 0.1707 for 13.
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Table 3.4. The Hydrogen Bonding Interactions for [C4N2H12]2[Co3F2(SO4)3(H20),], 12

D-H..A D.AAY)  H..ARA) D...H(A?) D-H...A(A?)
N(L)-H(1) 0(8) 3.180(7) 2.56 0.92 125
N(1)-H(2)-0(8) 3.139(8)  2.59 0.92 119
0(4)-H(7)0(7) 2.856(6) 2.15(9) 0.86(9) 140(7)
O(1)-H(8)0(6) 2.910(6) 2.23(8) 0.90(5) 132(7)
0(4)-H(8)0(2) 3.198(6) 2.32(5) 0.90(5) 164(8)
C(1)-H(5)0(3) 3.107(7) 2.15 0.99 162
C(1)-H(6)0(4) 3.034(7) 2.49 0.99 114
C(1)-H(6)0(5) 3.529(7) 2.56 0.99 166
C(1)-H(6)0(8) 2.938(7) 233 0.99 119
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Figure 3.21. Experimental and simulated PXRD patterns: for [H30] [MSO4F] [M=Co (9) and Ni
(10) ], [CaN2H12]2[Co3F2(SO4)3(H20).], 12 and for [NH4Js[Mn2(SO4)12], 13.
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Figure 3.22. TGA for [H30][COSO4F], 9; [H30][N|SO4F], 10; [C4N2H12]2 [CO3F2(SO4)3(H20)2],
12 and [NH4]8[Mn2(SO4)12], 13.
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Figure 3.23. FTIR spectra for [H3O][CoSO4F], 9; [H3O][NiSO4F], 10.and [C4N2Hi2]2
[Co3F2(SO4)3(H20)], 12.
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1.1 Introduction

The consumption of the fossil fuel, and increasing global warming have been driving to the
alternative efficient, clean and sustainable source of energy need to be developed. Due to fast
grow of global economy we need an urgent demand for the environmentally friendly high-energy
power source. Supercapacitor (SC) or electrochemical supercapacitor (ES) or ultra capacitor
getting a great attention because of their high pulse power supply, long cycle life (>100,000
cycles), simple operating principle, and high dynamics of charge propagation. Supercapacitor
have (almost 1000 times) higher powder density (Pg) than the lithium ion batteries and large
energy density (Eg) than the conventional capacitors. The comparison of properties and
performance of the battery, supercapacitor and capacitor were given in Table 1.1.

Table 1.1. Comparison of the properties and performance of Battery, Capacitor and

supercapacitor?

Parameters Battery Capacitor Supercapacitor
Charge time 0.3-3hrs 10°-10"sec 1-30 sec
Discharge time 1-5hrs 10°-10"sec 1-30 sec
Cycle life 500 -2,000 >500,000 >100,000
Energy density 20-100 <0.1 1-10
Charge/Discharge 0.7-0.85 -1.0 0.9-0.95
(CD) efficiency
Power density 50-200 >10,000 1,000 - 2,000

From the Tablel.1 Batteries have lower power density than the capacitor and supercapacitor but

having high energy density. Conventional capacitor having high power density and long life
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cycle than the battery but having less energy density, where as in supercapacitor have combine
properties of both high power density and energy density, and also having long life cycle due to

the absence of chemical reactions.
1.2 Supercapacitor

1.2.1 Basic setup of supercapacitor

Supercapacitors are electro chemical energy storage device. The basic setup of supercapacitor
similar to as battery (Figure 1.1) it consists of two porous electrodes by connecting with current
collector. Two electrodes are immersed in the suitable electrolyte and separated by dielectric
separator. When a voltage is applied to current collectors positive ions are attracted by negative
electrode and negative ions are attracted by positive ions. The charge will be accumulated on
both the electrode surfaces generates energy when it is discharging. The performance of the
supercapacitor depends up on the components made up

of the supercapacitor which are type of the electrodes, Wi Soitice s

Electrodes
electrolyte, the separator and the current collector. The '
Liquid
Elcctro}yte

performance of the supercapacitor is mainly evaluated

- Electrode

on the basis of the following points.* (1) Higher power

Current
Collector

density greater than the battery. (2) High energy
density. (3) Low cost (4) Safe operation. (5) Excellent
cycle stability (more than 100 times greater than

battery). (6) Fast charge/discharge within seconds and o E@-d-

] Electrolyte Electrolyte
(7) Very slow self discharge process. lons Separator

Figure 1.1. Schematic diagrams for
the electrochemical supercapacitor.



1.2.2 Common parameters in supercapacitor

1.2.2.1 Energy density and Power density

The performance of the supercapacitor can be considered by looking the energy and power
density values. The capacitor having high energy and power density then it has good
performances. Notable, the energy density of the supercapacitor decrease with increasing the
power density, therefore both of them inversely proportional to each other. Charge/discharge
method is used to measure the energy and power density of the supercapacitance. Generally,
Energy density of the supercapacitance is directly proportional to specific capacitance and
operational potential voltage window shown in the equation (1.1)

Power density of the supercapacitance directly proportional to energy density but inversely to the

discharge time shown in equation (1.2)**

E=-C(AVY (1.1)
P==2 (1.2)

Where F is specific capacitance (F/g), AV is the potential voltage window (V), T is discharge

time, E is energy density (Wh/kg) and P is power density (KW/kQ).
1.2.2.2 Columbic Efficiency (n)

The efficiency of the capacitor can be calculated by using the cyclic stability test by using the
first and last cycle. It is defined as the ratio of time of discharging and time of charging given in

equation (1.3)>”

rL=i—DX 100 % (1.3)
c
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Where tp discharging time (), tc charging time (s) and n_columbic efficiency.
1.2.3 Electrolytes used in supercapacitor

The performance of the SC depends up on the electrolyte which was present inside the separator
as well as the inside the active material layers. The main requirements for the electrolyte to used
in the ES: High electrical stability, wide voltage window, high ionic concentration and low
solvated ionic radius, low resistivity, low viscosity, low volatility, low toxicity, low cost as well
as availability as pure form.* There are three types of electrolytes used in the ES which are

(@D) Aqueous electrolytes

@) Organic electrolytes

3 lonic liquids

1.2.3.1 Aqueous electrolytes

There are many aqueous electrolytes are present which are H,SO,; KOH, K;SO4, Na;SO,,
NH,4ClI etc. The main advantage of aqueous electrolyte has higher ionic concentration and lower
resistance than the organic electrolyte. ES having aqueous electrolyte shows higher capacitance
and power density probably due to the higher ionic concentration and lower ionic radius. For
preparing the aqueous electrolytes no need of any special process and conditions to get pure
form but Organic electrolytes need a strict process and separate conditions for getting the ultra-
pure electrolyte.

The disadvantage of the aqueous electrolyte have lower working voltage window i.e. 1.2

V which is much lower than the organic electrolytes. Hence, the aqueous electrolyte has large
limitation on improving the both power and energy densities due to the narrow operational
voltage window. So, the organic electrolytes are come in to the picture for rectifying all aqueous

electrolyte disadvantages.
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1.2.3.2 Organic electrolytes

The operational working potential voltage window for the organic electrolytes as high as 3.5 V.
This is the main advantage of the organic electrolyte over the aqueous electrolyte. There are
many organic electrolytes among them acetonitrile and propylene carbonate (PPC) are the most
commonly used electrolytes. Acetonitrile can dissolves large number of salts than the other
electrolytes but it has toxic problems and environmentally not good. PPC based electrolytes are
good for the environment and less toxic.! Organic electrolytes can offer wide electrochemical
potential window, wide range of operational temperatures and good conductivity. In organic
electrolytes water content always should be below 3-5 ppm otherwise the performance of SC
will be significantly comes low.

1.2.3.3 lonic liquids (ILs)

ILs have recently emerged as “green” and environment friendly solvents for their use in the
industrial manufacture of chemicals. From past few years ILs has been used for the diverse
applications such as organic synthesis, catalysis, solvent extraction of the variety of the
compounds and electrochemical device. ILs are composed of both cations and anions having
low melting point (<100 °C).® The Cations may be organic or inorganic, anions are inorganic.
lonic liquids have some desirable properties which are low vapor pressure, high thermal and
electrical stability,>*® low flammability, electrochemical stability, operational voltage window
ranging from 2 to 6 V (order of 4.5 V) and high electrical conductivity with level of 10
mS/cm.™ Due to all these properties lonic liquids make them to use in the electrolyte in ES.
Since ILs are solvent-free, there is no solvation shell in the ILs, so ILs can offer a well

identified ion size.
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The main ILs used for ES applications are imidazolium, pyrrolidinium aliphatic quaternary
ammonium salts with anions such as tetrafluoroborate, trifluoromethanesulfate, bis

(trifluoromethanesulfonyl) imide, and hexafluorophosphate.***?

The physical-chemical
properties ILs depends up on type of the cation and anion.* There are number of reports on ILs
as electrolytes in ES. N-Butyl-N-methyl pyrrolidinium bis-(trifluoromethane sulfonyl)imide
(NBNMPBTSI), which operates with potential window between the 3.4 tol.5 V.** 1-Ethyl 3-
methyl imidizolium bistrifluoromethylsulfonyl imide showed better fluidity than the
NBNMPBTSL™ The recently reported solvent free 1-butyl-3-methyl imidazolium
hexafluorophosphate having good conductivity, wide electrochemical window and low vapor

pressure, could help for mesoporous nickel-based mixed rare-earth oxide with higher power

density of 458 W/kg, higher energy density of 50 Wh/kg and excellent cycle life.*?
1.2.4 Types of Electrode materials

The capacitance of charge storage of ES depends up on the electrode materials. There are
different types of electrode materials are used for electrochemical supercapacitor measurements
e.g. carbon materials, metal oxides, conducting polymers etc.

1.2.4.1 Carbon materials

The main advantages of the carbon based materials are low cost, easy processing, non-toxicity,
high abundance, high surface area, good electrical conductivity, high chemical stability and wide
range of operating temperatures.*® These materials are close to the electrical double-layer (EDL)
capacitors. Generally, carbon materials store charge in an EDL formed at the interface between
the electrode and electrolyte. Therefore, the capacity predominantly depends up on the surface
area of the electrode which is accessible to the electrolyte ions. The important factors affecting

the capacitance were Specific surface area, pore size distribution, pore shape and structure,
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electrical conductivity and surface functionality. Among all these, surface area and pore size
distribution are two factors affecting the performance of supercapacitor." Carbon materials

17-19

mainly include activated carbon,’”™® carbon aerogels,?’ carbon nanotubes (CNTs)* template

2223 and carbon nanofibers®* have high surface area. Sometimes specific surface

porous carbons
area is not directly related to specific capacitances because of all micropores in the electrode
layers are not necessarily accessible by electrolyte ions. In addition to the surface area and pore
size, surface functionalization of materials has also been considered to enhance the specific
capacitance of carbon materials.”>%’ The recently reported reduced graphene oxide (RGO) shows
the specific capacitance of 144 F/g.”® The activated nonporous carbon has been used in
supercapacitor applications with reported specific capacitance value of 240 F/g. Merino et al
used activated carbon nanofibers as electrode material, which exhibited specific capacitance of
about 60 F/g.?° Portet et al evaluated activated carbon and carbon nanotube mixture in an organic
electrolyte, which showed the specific capacitance value of 90 F/g.*°

1.2.4.2 Transition metal oxides (TMOs)

TMOs are great important in the ES because of their superior pseudocapacitive (PC) behavior
which is the potential candidate for the high performance of supercapacitor. The main advantage
of metal oxide has high electrochemical stability than the other materials.** General requirements
for Metal oxides in ES applications are®* (1) metal oxide should be electronically conductive (2)
the metal can exit in two or more oxidation states (3) the proton can be transferred into the oxide
lattice for reduction, allowing facile inter conversion of O «— OH". Till date extensive
research has been done on the ruthenium oxide, manganese oxide nickel oxide and cobalt oxide.
The main disadvantage of RuO, limited commercial availability due to the high cost.! Other

metal oxides like NiO, CoO, and MnO are potential for good candidates as the supercapacitor
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electrode due to low cost and ecofriendly. Hu et al®

observed the supercapacitance of
nanotubular array of RuO,. xH,O in aqueous system as high as 1300 F/g. The anhydrous RuO,
which is prepared from sol-gel method showed a specific capacitance value of 390 F/g.**
Similarly, chemically prepared RuO, showed lowest capacitance of value of 50 F/g.**The
amorphous nanostructure MnO, electrode with specific capacitance of 250 F/g much stability up
to 1200 cycles.®® 2D-nanosheets of MnO, have been prepared by exfoliation-reassembling
method achieved the specific capacitance value of 140-160 F/g and cyclic satiability of 99% up
to 1000 cycles.®” Hexagonal nanosheets of Co;04 showed a specific capacitance of 227 F/g at 1.0
A/g.® Cos04 nanowire arrays prepared on nickel foam, showed a maximum specific capacitance
of 746 F/g at a current density of 5 mA/cm?.*

1.2.4.3 Conducting polymers (CPs)

CPs having many advantages for ES, which are low cost, high electrical conductivity in doped
state, low environmental impact, high voltage window, high storage capacity, and adjustable
redox activity through chemical modifications.**** CPs shows specific capacitance behavior
through oxidation process. When oxidation takes place, ions are transferred to backbone of
polymer and ions are released in electrolyte through this backbone.* The main advantage of
these materials while charging and discharging process do not change any structural changes
(phase changes), so the process is highly reversible.** The most common used conducting
polymers in the supercapacitors are polyaniline (PANI),*" polypyrrole (PPY),*® p-dopedpoly
(pyrole) and poly (3, 4-ethylenedioxythiophene) (PEDOT) etc.***° The main drawback of CPs is
poor mechanical stability. When the cycling of the polymers take place, series of physical
changes occur e.g. swelling, shrinkage, doping and undoping which degrades the performance of

material over time. So, composite polymers are good choice for the enhancing the mechanical
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property of conduction polymers.! Li et al reported the specific capacitance of PANI with 815
F/g.>* Kim et al®® reported the composite material of PPY, carbon fibers and carbon with a
thickness of 5-10 nm by chemical polymerization and achieved the specific capacitance of ~ 588

and ~ 550 F/g with potential scan rate of 30 to 200 mV/s.
1.2.5 Calculation of supercapacitance for electrode materials

There are various test methods are used to characterize the electrochemical performance of SC,
which are cyclic voltammetry (CV), Constant current charge/discharge (CCCD), Electro
chemical impedance spectroscopy (EIS). All these instruments are used to measure the
fundamental parameters of voltage, current and time: other metrics, including the capacitance,
operating voltage, equivalent series resistance, energy density and power density of SCs.

1.2.5.1 Cyclic voltammetry

As we know mechanism of the supercapacitance are operates on EDLC and PC with different
way. CV test is used to know the storage mechanism for SCs. When the capacitance is originated
from EDLC and most of PC, the shape of CV curves are rectangular shape, where as some of PC
materials, pronounced redox peaks may occur in a highly reversible manner. Therefore, it is not
sufficient to differentiate by seeing the CV curves. Pseudocapacitance of metal oxide and
conducting polymers has been evaluated by CV method. CVs were recorded at both two and
three electrode systems. It can calculate the specific capacitance of supercapacitor at different
scan rates with potential voltage operation window in the appropriate suitable electrolyte (alkali
of acidic). It is notable that while increasing the scan rate capacitance will decrease. The
following equation (1.4) is used to measure the specific capacitance of the supercapacitor.”*>?

Wang et al® calculated the specific capacitance of MoS; layers by using the cyclic voltammetry

(Figure 1.2) with the order of 160 F/gat a current density of 1 A/g
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— Vb
C= mf I(V)dV (14)

Where f: P I(V)AV is the area under the curve, m is the mass of electrode used, s is the scan rate

and (V,-Vy) is the potential working window.
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Figure 1.2. CV curves for MoS; different scan rates (10, 25, 50,100 mV/s).

1.2.5.2 Constant current charge/discharge

CCCD test is the most accurate and versatile approach for characterizing the SCs device. Most of
the core parameters like power density, energy density, leakage and peak current can be
calculated from this technique. It can also used to check the cyclic stability of the SC materials.
More over by using the three electrode setup, specific capacitance, reversibility and potential
window for SC materials can be measured by CCCD test. The specific capacitance of electrode
can evaluated from the equation (1.5).>>°® The charge /discharge curves (Figure 1.3) and cyclic

stability curves (Figure 1.4) for the reported MoS; layers are given below.

I XAt
AVXm

C=

Flg (1.5)
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Where I is the discharge current (A), At is the discharging time (s), Av is the discharging voltage

and m is the active material.
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Figure 1.3. CD curves at different current densities for the MoS; in the 1 M KClI electrolyte.>*
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Figure 1.4. Cyclic stability curves for the MoS, layers> in the 1 M KCI electrolyte solution with
3000 cycles at the current density of 1 A/g.

1.2.5.3 Electro chemical impedance spectroscopy

EIS has been used to measure the charge transfer, mass transport, charge storage mechanisms,
specific capacitance, energy density and power density properties. Nyquit plots were plotted as
Z" (imaginary part) versus Z’ (real part) in a suitable electrolyte. A well defined semi-circle

region at the high frequency range and a straight line at low frequency range measured for the
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SC electrode materials. The diameter of the semi-circle represents the interfacial charge transfer
of faradaic resistance. The faradaic resistance decreases by increasing power density of
materials. Specific capacitance can be calculated from semi circle region of the plot. A plot
through 45° phase angle corresponds to the Warburg impedance and it indicates a high ion
diffusion resistance. The specific capacitance value can be evaluated from EIS by using the

following equation (1.6).>"®

1
T mXjX20fXZ"

(1.6)

m

Where C, specific capacitance of electrode from EIS, m is mass of the active electrode material,

Z” is the imaginary part, f is the frequency.
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Figure 1.5. EIS for MoS; layers at 1st and 100th cycle.>
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1.2.6 Types of mechanisms

Depends up on the storage of energy, supercapacitors are divided in to three types

Supercapacitors

v

Double layer capacitor

(Helmholtz layer)

Electro statically charge storage

v

Pseudocapacitors
Electro chemically charge storage
(Faradically)

Hybrid capacitor Charge storage both
electro statically and electro chemically

1.2.6.1 Electrical double-layer mechanism.™

In EDL mechanism, stores energy as electro statically in the supercapacitor device. In all these
type of capacitors energy stores as without any reactions take place unlike pseudocapacitor
mechanism where redox reactions take place. In EDL mechanism double layer is formed by

separation of charges in electrolyte and requires the presence of two electrodes accumulating the

opposite charges to each other

(Figure 1.6)
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Figure 1.6. Schematic representation of a model for the electrical double-layers.>
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Figure 1.7. Electrical double-layer models at the interface of electrode and electrolyte solutions.
(a) Diffusion layer of Gouy-Chapman model. (b) Helmholtz layer of model: d represents the
thickness of the double layer. (c) Stern-Graphame layer of model in which IHP represents the
Inner Helmholtz plane and OHP represents the outer Helmholtz plane.*®
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There are several models are proposed for explaining in EDL mechanism: Helmholtz®°, Gouy-
Chapman®® and Stern-Grahame layer.®? The first theoretical model for the electrochemical
double layer was developed by Helmholtz in the 19" century. In this model describes the two
layers of the charges at an electrode interface. The first layer in the solid material in the one sign
(positive or negative) and other layer of the opposite sign in the electrolyte outside this solid
electrolyte. The charge layers in the electrolyte was first considered static and the potential
profile in the electrochemical double layer decreased linearly with distance from the electrode
surface.”

Gouy introduced new thermal factor in 1910 further developing the concept of
electrochemical double layer mechanism. In his consideration the idea of a double layer consist
of a point charges, it also over estimated the capacitance and gave an incorrect potential profile.
So, further work by Chapman in 1910.This model developed the idea of distribution of ions in
the electrolyte. The main drawback of Gouy-Chapman model was overestimation of the

capacitance value of the electrode.®*

Stern proposed a model in 1924 to overcome the all disadvantages by considering the
adsorption of ions according to the Langmuir at the surface of electrode solid.®* And also
including the hydration shells of the ions in the electrolyte solution improved the predictions of
this model shown in the Figure 1.7. Stern also introduced the idea of the capacitance of the
double layer consisting of two parts calculated from the equation (1.7). One component in the

layer closest to the electrode (Cy) and another in the diffuse layer (Cgitr)

1 1 1
— == + (1.7)
Cai CH Cagiff
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Later work by Grahame® introduced a difference in the Helmholtz layers, dividing them
into the outer and inner Helmholtz layer and always considering a diffuse layer beyond these two
layers close to the electrode/electrolyte interface. Another aspect of Grahame’s work is the
clarification he made in the concept of the ideally polarizable electrode. When charges are
supplied to an ideally polarizable electrode from an outer source, only the double layer should be
charged. Thus, no faradaic reactions should take place since no charges are passing across the
double layer.
1.2.6.2. Pseudocapacitance mechanism
PC or Faradaic supercapacitor is different from the EDLC mechanism. When we apply the
potential to PC, fast and reversible faradaic reactions (redox reactions) take place on the
electrode materials and involve the passage of charge across the double layer.®* PC materials are
relatively low stability during the cycling process because of their redox reactions occurs at the
electrode. However, PCs are usually having relatively lower powder density than the EDLC
because faradaic process generally slower than the non-faradaic processes.®® Conducting
polymers and several metal oxides include RuO,, MnO,, and Co;04* °*®® undergoes redox
reactions at electrodes. There are three types of faradaic processes occur at PC electrodes:
reversible adsorption (for example adsorption of hydrogen on surface of Platinum or gold), redox
reactions of transition metal oxides (e.g: RuQO,), and reversible electrochemical doping-dedoping
in the conductive polymers based electrodes.*® These three faradaic electrochemical processes
utilized for extending the working voltage and specific capacitance of the supercapacitor.'® The
electrochemical process in Pseudocapacitance supercapacitor (PCS) occurs both on the surface

and in the bulk near the surface of the solid electrode, so PCS shows large values of capacitance
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and energy density than the EDLC. Conway et al® reported the capacitance of PC can be 10-100
times higher than the electrostatic capacitance of the EDLC.

1.2.6.3 Hybrid supercapacitor (HS)

HS having an asymmetric electrode configuration i.e one electrode consists of electrostatic
carbon material and another consists of faradaic capacitance material. These HS have been
studied recently with an advantage of high cell voltage, energy and power densities.””"? In this
kind of hybrid supercapacitor, both electrical double-layer capacitance and faradaic capacitance
mechanisms occur simultaneously, but one of them plays a greater role. In both the mechanisms,
large surface area, appropriate pore-size distribution, and high conductivity are essential

properties of the electrode materials to achieve large capacitance.*
1.3 Metal chalcogenides in supercapacitors

Graphene is attracted significant attention in energy device due to the high specific area, carrier
mobility, lightest charge carriers, low density, low cost, having a significantly high transparency
and shows highly stretchable. However the use of graphene has been restricted in energy storage
device applications due to the absence of a well-defined band-gap.”® Researchers are devoted to
identifying the two-dimensional semiconductors. There are lot of non graphene layered
compounds received recent attention includes boron nitride, metal-chalcogenides, metal oxides,
hydroxides, and oxychlorides, however only few of the layered structures are semiconductors ,
successfully isolated as air stable, high quality, and two dimensional crystals.” The 2D-layered
semiconductor materials (metal oxides and metal chalcogenides (MCs)) especially MCs have
gained the renewed interest because of their well defined band-gaps which can be tuned by

controlling the number of layers.”
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Transition metal dichalcogenides (TMDCs) have the chemical formula MX;, where M is
transition metal (M=Mo, Sn, W, Nb) and X is a chalcogen (X=S, Se, Te). The important
structural features of MCs were metal is sandwiched between two chalcogen atoms by covalent
bond forms a layered structures (e.g.: X-M-X where X= chalcogen, M=Metal). The individual
layers are bounded by Van der Waals interactions through c—axis (Figure 1.8). Depending upon
the atomic coordination occurring within the individual layers, these materials can exit in
different polymeric forms, such as trigonal prismatic, octahedral and rhombohedral geometry

and different stacking orders (e.g. AbA BaB, AcA CbC or Abc Abc).

'« \Van der Waals gap

}\Single layer constructed with
metal (M) and chalcogen (X)

“=""\| Layered Metal Chalcogenide

b Basic structure in single layer of metal chalcogenides
- (1120 sections)

X
P x - M
f“ 3
= X --M
TiS,, TiS NbS,, NbS GaS, GaS X
15z, 115€5, 2 €, as, GaSe, - .
ZrS,, ZrSe, MoS,, MoSe, InS, InSe Bl;Ses, BizTey

- Atomic coordinations

Sn8, SnSe,
GeS, GeSe

Figure 1.8. Layered structures of MCs. (a) Single nanocrystal are composed of multiple layers
stacked along the c-axis by weak van der Waals force. (b) Single layer of MCs exits as various
polymorphs. Each layer may have tri-, tetra- or penta-atomic layers of metal and chalcogen. (c)
Rare GeS type of 2D-layered metal chalcogenides.”®
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Compounds of the TMDCs family exhibits a wide range of properties like electronic, magnetic
as well as electrochemical which have attracted great attention for energy related device like
supercapacitor, solar cell, lithium ion battery, and water splitting to generate hydrogen.” """
TMDCs shows enhanced electrical, optical and mechanical properties due to their flat surface.”
" These layered materials also have a wide absorption range such as visible, infrared, ultraviolet
and near infrared, so they possess this unique property of getting self-excited under light .The
2D- planar structures have large surface area and especially its insignificant thickness could be
beneficial for reducing the recombination of the photo-generated electrons and holes. Therefore,
the layered TMDC materials show interesting photoelectric and catalytic properties.”*®° Because
of their unique properties like high surface area and high conductivity MCs can be used in the
Supercapacitors. In 2D-metal chalcogenides electrons transport through MX; nanostructures,
which provides easier and faster ion diffusion between MX, layers/electrolyte produce high
value of specific capacitance. The Reported MoS; and WS, having high supercapacitance due to
the large specific area and interlayer space for the ion intercalation and wide range of oxidation
states for metal ion which are tuned between M*? to M*® (M=Metal ion) in the redox reaction.”
Rout et. al. reported the specific capacitance of WS, layers with order of 70 F/g.2! Wang et al

reported the specific capacitance of MoS, with 160 F/g.>* Recently from our group reported the
supercapacitance of VS, layers with 137 F/g.%
1.4 Supercapacitance of TMDCs/GO
Electrochemical Supercapacitors are having great potential applications in high power devices
like lasers and electric vehicles.! There are many electrode materials being developed for
electrochemical Supercapacitors. The main electrode materials used for ES are carbon based

materials (activated carbon, GO, CNTSs etc),>* %% Transition metal oxides (RuO,, MnO, NiO
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etc),®* ® Metal Chalcogenides (MoS,, WS,, VS, etc)?® 8 Conduction polymers.2>® However
new electrode materials with having both the combination of electrical double-layers and
Pseudocapacitance called Composite materials. Composite materials mean the combination of
two or more materials which exhibit unique properties like mechanical, electrical and chemical
properties than the Individual materials. Up to now there are many composite materials are
known which are metal oxide-polymer based composites, carbon-metal oxide based composites,
carbon-polymer based composites and carbon-metal composite based composites." We are
interesting on carbon-TMDCs based composite materials. Carbon materials has high surface area
and regular pore structures, because of which it makes a composite material with TMDCs very
easily, and also it has both ionic and electronic conductivity of the electrode surface.’” The
composite electrode materials exhibit high energy and power densities. As we know 2D
graphene sheet, having extraordinary electronic and mechanical properties are more preferable
than the other carbon materials but the disadvantage is absence of a well-defined band-gap.”
Nowadays composite materials of GO have attracted great importance from the researchers due
to the GO materials act as filler material dispersed with in a continuous polymer or an inorganic
polymer matrix. GO sheets containing TMDCs which are currently drawing significant attention
due to their intricateness and tunable physical and chemical properties.”” GO is structurally
similar with TMDCs except the oxygen containing functional groups are oriented over the layers
in GO.® TMDCs-GO nanocomposites mainly processed by the hydrothermal method, Chemical
vapor deposition (CVD), solution method etc.””"® Unlike TMDCs, graphene oxide has many
advantages to form nanocomposites, such as high surface area to volume ratio, high dispersibility
in water as well as organic solvents, high mechanical strength and better chemical stability etc.®®

A large number of oxygen atoms on surface of graphene oxide facilitate the dispersibility in
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solvent as well as reduce aggregation and enhance the interaction between fillers and polymers in
composites.?® TMDCs have been extremely popular not only for their wide range of applications
but also for the facile route by which they synthesized.*® They have been in pristine form as well
as hybrid form with Graphene/RGO. Graphene/RGO as a platform provides mechanical support
and facilitates fast charge transport in addition to that, hybrid structures comprising RGO, in
most cases, result in formation of many active sites and tend to promote open edge growths,
which greatly enhance their electrochemical and physical properties as compared to their pristine
forms.”® A number of hybrid materials containing graphene/RGO as the active template have
shown much improved performance. For example, MoS,/RGO has shown a much better specific
capacitance value of 282 F/g as compared to 156 F/g for pristine MoS,.>* Similarly, WS,/RGO

showed a specific capacitance of 350 F/g which is 5 times higher as compared to bare WS,.*
1.5 Supercapacitance of TMDCs/CNTs

Depends up on their features carbon based materials are classified as activated carbon, template
porous carbon, hetero atom containing carbons, carbon nanotubes carbon aerogels and xerogels
etc. Among all carbon based materials CNTs are having good attention because of their good
electrical conductivity, high thermal conductivity, high thermal stability and good mechanical
properties and high surface area.”®®® All these properties are reasons to use CNTs in many
applications like energy storage, sensors and supercapacitor. lijima was first discovered Carbon
nanotubes in 1991.** CNTs have different forms like single wall carbon nanotubes (SWCNTSs)
and multiwall carbon nanotubes (MWCNTSs). SWCNTs consist of a single graphene sheet
wrapped into cylindrical tube and MWCNTSs compose of an array of such nanotubes that are
cylindrical nested. CNTs walls having the basal plane of graphite at outside surface so, there is

no edge plane. Generally at the edge planes irreversible electrochemical reactions occur, such as
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electrolyte decomposition, easily occur at high voltage potential, which prevent from using the
capacitor at high voltage.® CNTs have high electrical conductivity, high mechanical stability,
high charge transport capability, high mesoporosity high electrolyte accessibility and moderate
surface area.”®® Due to all these properties CNTs can be lead to use for electrode material for
supercapacitor. CNTs are easy to fabricate for supercapacitor applications. However, the
electrode material composed with only CNTs have low energy density and capacitance.” So, the
recent researchers are investigating the new kind of material called composite materials having
CNTs with Transition metal dichalcogenides or transition-metal oxides or conducting polymers,
which uses fast and reversible surface or near surface redox reactions for charge storage.'®%!
The ultrathin thickness and lateral morphology of the 2D-TMDCs nanosheet contribute to its
high surface-to-volume ratio and short diffusion path, rendering it a brilliant electrode material
for supercapacitance.' Due to the relative low conductivity, low theoretical specific capacity and
easy restacking character of the TMDC sheet, the hybridization of it with other materials, such as
graphene, 3D graphene networks, CNTs, nanoparticles, and carbon fibers, is one of the most
attractive strategies to overcome its weaknesses and thus further optimize its performance in
supercapacitance.’® Both the electrode materials (CNTs and TMDCs) are having their own

disadvantages. For rectifying these disadvantages composite materials of CNTs-TMDCs are

good for enhancing the high energy density, power density and specific capacitance.
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2.1 Abstract
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This chapter describes the hydrothermal synthesis and detailed study on supercapacitor
applications of Vanadium chalcogenides/RGO composite hybrids i.e VSe,/RGO and VS4/RGO.
VSe,/RGO showed an enhanced specific capacitance in the order of ~500 F/g at current density
of 1 A/g. In comparison with VSe, and RGO, the hybrid showed ~3 times and ~12 times higher
value of capacitance respectively. The second hybrid which is VS;/RGO showed an enhanced
specific capacitance of ~877 F/g at a current density of 0.5 A/g. In comparison to bare vanadium
sulfide and RGO, the hybrid showed ~6 times and ~5 times higher value of specific capacitance
respectively. Obtained energy density (117 Wh/kg) and power density (20.65 KW/kg) are
comparable to other reported transition metal sulfides and their graphene hybrids. Results infer

that the hybrid has the potential to be used as a high performance supercapacitor electrode.
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2.2 Introduction

Recent developments in the field of 2D-layered materials have drawn immense attention from
the researchers, globally. The intriguing properties exhibited by graphene in terms of its
unmatched mechanical strength,™ exceptionally high surface area,®* high electrical and thermal
conductivity>® and resistance towards any kind of chemical adversities,” has created a specific
paradigm for it in the scientific community. In addition, there are other 2D-inorganic graphene
analogues like layered TMDCs which are currently drawing significant attention due to their
intricateness, tunable physical and chemical properties.”™* Because of their unique layered
structures with each layer stacked onto another via weak Van der Waals force, they can be easily
exfoliated to form few layered structures.’*™* Because of these properties, they have been known
to form excellent materials to be used in flexible and transparent electronics.*>*® Some of the

TMDCs like MoS,, SnS,, and WS, have been studied extensively owing to their exceptional

17-18 19-22 23-25

applicability in areas like electronics, energy storage, energy conversion,
optoelectronics etc.?” 2 TMDCs have been extremely popular not only for their wide range of
applications but also for the facile route by which they can be synthesized.?”?® They have been
studied in their pristine form as well as hybrid form with graphene/(RGO).? ?** Graphene/RGO
as a platform provides mechanical support and facilitates fast charge transportation. In addition
to that, hybrid structures comprising of RGO, in most cases, result in formation of many active
sites and tend to promote open edge growths, which greatly enhances the electrochemical and
physical properties as compared to their pristine forms. A number of hybrid materials containing
graphene/RGO as active template, have shown much improved performances.®® 33 For
example, MoS,/RGO has shown much better specific capacitance value of 282 F/g as compared

to 156 F/g for pristine Mo0S,.*® Similarly WS,/RGO showed a specific capacitance of 350 F/g
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which is 5 times higher as compared to bare WS,.22 Other metal sulfides such as NiS,,*" Co0S,®
and FeS; etc.**° have also been reported to show many intriguing applicability in various areas
of research and it is highly expected that their graphene hybrids would yield even better results.
In this chapter we report the one step hydrothermal synthesis and supercapacitance
measurements of three types of Vanadium chalcogenides (VS,, VS, and VSe;) and their
composite hybrids (VS4/RGO and VSe,/RGO) with different concentration of GO.

Vanadium sulfides are prominent group of TMDCs which have shown promising results

#-42 sensing,* and spintronics.***® Recently, few researchers have

in areas like energy storage,
demonstrated that various stoichiometrically different forms of vanadium sulfides can be
synthesized via facile hydrothermal routes.?* *° Many interesting properties of vanadium sulfides
have been explored recently. In their report, Zhang et al.* have shown that vanadium sulfide
nano-ribbons have the potential to be used as an active material in spintronics. Catalytic
properties of vanadium sulfides have been detailed in a report by Guillard et al.*’ In another
report, ultrathin nanosheets of VS, have shown exemplary moisture sensing properties. Few
layered flower-like VS, has been reported to have high field emission properties.* Jing et al*%.
have conduced that 2D monolayered VS, has great potential as an anode material for Li-ion
batteries.*” Similarly, Feng et al. have inferred that VS, shows exceptional in-plane
supercapacitor properties due to correlation between electrons of vanadium atoms. These reports
suggest that vanadium sulfides do have the required physical and electrochemical properties to
be used extensively in energy storage applications like supercapacitors and Li-ion batteries.
Another such compound, VS, is currently going under careful observation by a number of

researchers due to its intriguing properties and unique morphology and composition. In VS, the

vanadium atoms*! are present in an unusual geometry and form a linear chain containing two
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s5 2dimers, though the oxidation state of vanadium remains the same as in the case of VS,. VS,
mineral is known as patronite and was first discovered in the year 1906.** Its crystallographic
data were specified in 1964, and since then, many attempts have been made to synthesize it,>
until recently, few reports depicted that it can be synthesized by a facile hydrothermal method in
the presence of graphene as template,® °*>* because graphene promotes nucleation process
which facilitates the growth of VS, instead of VS,. VS4#/RGO is semiconducting in nature and
possesses a band gap of the order 1.0 eV,? in contrast to VS, which is metallic. Also various
reports reveal that it has got potential applicability in the area of energy storage; especially the
storage of lithium and it shows much better reaction mechanism and high rate capacity.>* It has
also been reported that VS,/RGO has excellent photocatalytic activity under visible-light
irradiation.

Vanadium diselenide (VSe,) is also another TMDC materiel which is isostructural with
VS, where sulfur atom was replaced by Selenium atom. VSe; is made up of the layers composing
of metal VV atoms Sand witched between two Se atom layers to give VSe, formula (Cdl,-type
structure), and the Se-V-Se layers are further stacked by van der Waals interaction forming VSe;
crystal form.>® Furthermore, in the VSe; structure, the infinite VV**- V** chains along a and b axis
forms a V**-V*" network structure in the ab-plane, and there is a strong electron coupling
interaction for all neighboring V**-V**, causing metallic character as well as the prototype
charge density wave behavior. Moreover, the 3d* odd-electronic configuration of the V** ion also
provides rich spin-related information. Recent theoretical investigations unraveled that the VSe,
monolayer exhibit intrinsic magnetic behavior, and its magnetic moments and strength of
magnetic coupling even be tuned by isotropic strain.”®> Therefore, with these synergic effects of

3d' odd-electron configuration and their strong electron—electron correlations, VSe;, ultrathin
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nanosheets would be a new type of 2D TMDC that possessing exotic electronic charge and spin
properties. Due to these interesting properties VSe, can be used in for future generation
electronics like supercapacitors, spintronics and Li- ion batteries. Interestingly from the best of
our knowledge there are no reports on VSe, used as supercapacitor electrode materials. We first
report the synthesis and supercapacitance measurements of VSe, and composite hybrids of
VSe,/RGO.

2.3 Objective of our work

From all the above discusions TMCs/RGO composite materils were good for high enegy density,
power density and specific capacitance.Till now most of the research carried out on MoS; and
WS; layers and research on Vanadium layers are very less explored.VS,, VS, and Vse; layers
have some intersting properties and unique morphology and composition. Hence we are
interested to study the VS4/RGO and VSe, RGO composite hybrids. In this chapter we
mentioned detailed synthesis by facile one-step hydrothermal route of all hybrids, explanation of
supercapacitor performance of VS,/RGO and VSe,/RGO and a thorough comparison with that of
VS,, VSezand RGO.

2.4 Experimental section

2.4.1 Synthesis of GO and RGO
GO was synthesized from graphite powder by a modified Hummer’s method as detailed
experiment was given in the report.? Further reduction of GO to form RGO was carried out by a

hydrothermal reaction performed at 160 °C for 24 h.
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2.4.2 Synthesis of VS, and VS,/RGO hybrids

VS, sheets were synthesized by a previously reported hydrothermal method involving reaction of
sodium orthovanadate (NazVOy, Sigma-Aldrich, 99.98%) and thioacetamdie (C,HsNS, Sigma-
Aldrich, > 99%) at 160 °C.?* *® During hydrothermal reaction, hydrolysis of thioacetamdie
generates HS", which acts as a reductant to reduce V°* into V** and V'S, layered structures are
formed. VS, sheets were also synthesized by the same hydrothermal reaction in a GO solution
(with varied GO concentration) at 160 °C and the final carbon content of the composite was
estimated by elemental analysis.?* *® During the hydrothermal process, VS, sheets were formed
on GO and the GO transformed to RGO.?

2.4.3 Synthesis of VSe, and VSe, /RGO hybrids

VSe; sheets were synthesized by small modification of a previously reported hydrothermal
method.”” In a typical procedure, 1.01 mM of Sodium Metavanadate (NaVOs), 2 mM of
Selenium dioxide (SeO,) and 7mL of DI water were mixed together and stirred for 5 min in a
Teflon-lined autoclave with a volume capacity of 23 mL, and then 1mL Formic acid (HCOOH)
was drop wise added to this mixed solution and kept vigorously stirred for 10 min. Afterwards,
the system was sealed and heated at 200 °C for 24h. Upon cooling to room temperature, the
obtained samples were washed with DI water and absolute ethanol for several times, and then
dried under vacuum at 60 °C. During the hydrothermal synthesis HCOOH act as reducing agent
owing to the co-reduction processes from SeO, to H,Se which acts as a reducing agent to reduce
the V*° into V. VSe,/RGO hybrids also synthesized by same hydrothermal method by varied

concentration of GO. During the hydrothermal process GO transferred to RGO.
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2.5 Electrochemical measurements

Two electrode measurements were carried out with the help of Swagelok type two electrode
cells. The stainless steel electrodes were polished with emery paper and alumina powder (1 pm
Al,O3) for about 30 min and then sonicated with DI water for about 1 h. In a typical procedure, 4
mg of the sample was taken and it was finely ground with the help of a mortar-pestle for about 1-
2 h. Then it was equally divided and was taken in two different glass tubes and dispersed with
viable amount of ethanol by ultrasonication in an ice bath for about 15 min in order to achieve
nearly homogeneous mixture containing ethanol and the sample. The sample contained in one
glass tube was drop-casted on to one electrode using a micropipette so that each electrode would
carry 2 mg of the sample with uniform coverage. Both the electrodes were then dried in a
vacuum desiccator for about 2-3 h. To provide separation between those electrodes, a porous
cellulose nitrate membrane (Himedia Laboratories, Pvt. Ltd., India) having diameter equal to the
diameter of the electrodes and pore size ~0.22 um was used. Before that, the membrane was
thoroughly soaked in 1 M aqueous Na,SO, solution which acted as the electrolyte. All the
measurements like CV at different scan rates, CD at different current densities and long cycle
stability test were performed by a potentiostat/galvanostat (PG262A, Technoscience Ltd.,
Bangalore, India) while keeping the working potential range within the range of -0.1 V t0 0.9 V.
Electrochemical property of the sample was also studied by a three electrode cell
configuration. For that, a typical glassy carbon electrode (GCE) coated with sample was used as
the working electrode, Ag/AgCl was taken as the reference electrode and a platinum wire was
used as the counter electrode. The GCE was first properly polished with fine emery paper and
alumina powder (0.3 um Al,O3) for about 10-15 min and then sonicated in DI water for 30 min

and dried in a vacuum desiccator for 1 h. The sample was dispersed in ethanol to get a

199



homogeneous mixture and then was drop-casted on to the GCE using a micropipette. 5 pl of
nafion was then drop-coated on to the as deposited sample and was kept in a vacuum desiccator,
overnight. 1 M aqueous Na,SO, solution was taken as the electrolyte. Cyclic voltammetry at a
particular scan rate was performed to verify the pseudocapacitive behavior of VS,. Here the
working potential range was kept within -0.1VV to 0.9 V.

2.6 Determination of specific capacitance, energy density and power density
Values of specific capacitance, energy density and power density were estimated by using the
cyclic voltammetry and charge-discharge curves. Specific capacitance was calculated from the

cyclic voltammetry curves by the following equation 2.1.

Dj 1(V)dV

oV _ ViV -V,
P 2mr(vs-V) (2.1)

Where cg denotes specific capacitance from CV data, the integral in the numerator

indicates the area under the CV curve, m is the mass of the sample, r is the scan rate and V:-V; is
the working potential window (1.5 V). From the charge discharge curves, the specific

capacitance was determined by the following equation 2.2.
co — 1
sp = (2.2)

Where ng denotes specific capacitance obtained from charge-discharge data, | is the discharge

current and s is the slope of the discharge curve. Subsequent calculations for energy density and

power density were done using equation 2.3 and equation 2.4.
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1
Eq =2 Cp (Ve —Vi)° (2.3)

1
Fa = EC&Y(Vf =Vi)r (2.4)

2.7 Results and discussion

VS4/RGO containing 0.75 wt% of RGO, 1.5 wt% of RGO and 3 wt% of RGO has been denoted
hereafter as VS4/RGO_0.75,VS4/RGO_1.5 and VS4/RGO_3, respectively. Field emission
scanning electron microscopy (FESEM) images of the VS4/RGO (1.5%) hybrid confirm uniform
distribution of VS, over RGO layer (Figure 2.1a and 2.1b). Figure 2.1c shows the EDAX data of
the VS,/RGO hybrid confirming the presence of the components with appropriate proportions.
Elemental mapping of the hybrid has also been done (Figures 2.2a-d) depicting the uniformity of
the elements in the hybrid. Figure 2.2e shows the PXRD pattern of the hybrid demonstrating a
prominent growth along (110) direction with another peak along (020). In the XRD pattern of
VS4/RGO, the suppressed carbon peak (at 20 value of ~26°), characteristic of RGO, is due to the
low thickness of the RGO layer and the sharp crystalline peak of VS,. Applying the Scherrer
equation (to calculate the crystallite size over all FWHM values of diffraction peaks), the
average grain size was found to be within the range of 24-29 nm. It confirms the uniformity of
the VS, crystallites in the hybrid. All these diffraction peaks can be assigned to the patronite
V(S,), having a monoclinic structure (JCPDS file:72-1294). The FESEM studies and XRD
analyses for pristine VS, confirms the formation of pure phase without any impurities (JCPDS
file:89-1640) (Figure 2.3a-c). Furthermore, the diffraction patterns of VS,/RGO_0.75 and
VS4/RGO_3 were compared with that of VS,/RGO_1.5 (Figure 2.4a).The hybrid containing 0.75
wt% of RGO shows the poor uniformity of the VS, crystallites (hence larger grain boundaries)

and also has additional peak of VS, (along the direction of (004), denoted by the asterisk mark in
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Figure 2.4a) which may be due to the insufficiency of the RGO template which hindered the
nucleation of VS, significantly. However, better crystallinity of VS, is clearly visible in the case
of both VS,/RGO_1.5 and VS,/RGO_3. To check the reduction quality of GO in the case of
RGO and the hybrid, X-ray photoelectron spectroscopy (XPS) has been performed (Figure 2.4b).
The characteristic C1s spectra of all the three samples were compared. As can be seen, the C1s
spectrum of GO has two distinct peaks at 285 eV (C-C) and 289.48 (O-C=0). Whereas for RGO
and the hybrid, only one distinct peak is observed at 284.48 eV (C-C) indicating the absence of
oxygen containing functional groups (due to the thermal reduction process). Raman spectroscopy
for GO, RGO and VS4/RGO was performed to investigate the vibrational modes and the quality
of reduction of GO in both the RGO sample and the hybrid. Figure 2.4c shows the Raman
spectra of the samples. It shows the characteristic D and G bands for both GO and RGO. The D-
band appears at ~1350 cm™ which confirms lattice distortions and the G-band appears at ~1590
cm™ which corresponds to the first order scattering (Ezg mode).”® The Ip/lg ratio of GO, bare
RGO and RGO in the hybrid has also been calculated. The increased intensity ratio in the case of
both bare RGO and RGO present in the hybrid is in good agreement with previously reported

data.”®® It confirms the restoration of sp? carbons and formation of smaller sp® domains.

202



Element Atomic%  Weight %

C 27:93

(0] 35.05

S 29.42

V' 7.43
0 2 4 6 10 12 14

Figure 2.1. (a) Low and (b) high magnification FESEM images of VS,/RGO _1.5 hybrid. (c)

EDAX spectrum, atomic percentage and weight percentage of the elements.
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Figure 2.2. Elemental analysis of VS4/RGO_1.5. (a) Electron image of the hybrid over which the
mapping has been done. Presence of (b) Carbon, (c) Sulfur and (d) Vanadium in the hybrid. (e)
XRD pattern of VS,/RGO_1.5 showing prominent growth along (110).
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Figure 2.3. Low (a) and high (b) magnified images of VS, micro flakes showing numerous
protruding edges and (c) XRD pattern for VS,.
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Figure 2.4. (a) XRD patterns for VS4/RGO hybrids containing 0.75 wt% (black), 1.5 wt% (blue)
and 3 wt% (red) of RGO. (b) XPS showing C1s spectra for GO, RGO and VS4/RGO. (c) Raman
spectra for GO, bare RGO and RGO content in the hybrid with I/l ratio.
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The electrochemical measurements were performed for VS,, RGO and VS,4/RGO at three
different concentrations (i.e. 0.75 wt%, 1.5 wt% and 3 wt%) of RGO. Hybrid containing 0.75
wt% of RGO, 1.5 wt% of RGO and 3 wt% of RGO have been denoted as VS4/RGO_0.75,
VS4/RGO_1.5 and VS4/RGO _3, respectively. Figures 2.5a and 2.5b show the CV and CD curves
of the VS4/RGO_1.5 hybrid. At a scan rate of 2 mV/s, it showed a specific capacitance of 845
F/g. This high value of specific capacitance can be attributed to the EDLC from the RGO layer
as well as pseudocapacitive contribution from VS,. Similar electrochemical measurements were
also carried out for pristine VS4/RGO_0.75 (Figure 2.6), VS4/RGO_3 (Figure 2.7), VS, (Figure
2.8), and RGO (Figure 2.9), and Comparison between the supercapacitor performances of
VS4/RGO_1.5, RGO and VS; has been elucidated in Table 2.1. Dependence of specific
capacitance on both scan rates and current densities is shown in Figures 2.5b and 2.5d
respectively. Figure 2.5d shows that for a current density of 0.5 A/g, the hybrid shows its
maximum calculated specific capacitance of 877 F/g. The obtained specific capacitance of
VS4/RGO hybrid is found to be comparable to the best supercapacitors based on other metal
sulfides reported in literature (Table 2.2). For example, NiS nanoparticles on graphene oxide
sheets grown by a facile hydrothermal route have shown a specific capacitance of 800 F/g at a
current density of 1 A/g.Wang et al., have reported supercapacitors based on CosS; hollow
nanospheres on graphene which showed a maximum specific capacitance of ~675 F/g. At higher
scan rates the capacitance values decreased as shown in Figure 2.5b. The phenomenon can be
correlated to a relatively slower diffusion of charged ions as the scan rate goes higher, due to
lower value of time constant. The values of specific capacitance for the hybrid obtained for
different current densities (Figure 2.5d) are more or less comparable to the values obtained for

different scan rates (Figure 2.4b). Also the CD curves are nearly symmetrical which explains that
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the redox reaction (Faradaic reaction) is reversible in nature and the material possesses good
capacitive property. Figure 2.10a shows the capacitive behavior of VS,/RGO hybrids at different
concentrations of RGO. VS,#/RGO_1.5 shows a remarkable increase of the capacitive effect in
comparison to VS4/RGO _0.75 as well as VS,/RGO_3. It shows that the capacitive effect of the
hybrid depends strongly upon the concentration of RGO. Similarly, Figures 2.10b and 2.10c
show variation of capacitance of the hybrid with scan rate and current density, respectively at
different concentrations of RGO. Figure 2.11a shows the Ragone plot which depicts the energy
density and power density of the hybrid material at different scan rates. At a scan rate of 2 mV/s,
the hybrid material shows a maximum energy density in the order of ~117 Wh/kg and a
maximum power density in the order of ~20.65 KW/kg. Stability is a factor of immense priority
for the material, which is to be used as a supercapacitor electrode and therefore a long cycle CD
measurement was performed in which the stability of the hybrid was tested for about 1000
cycles. Figure 2.11b shows the last 5 cycles of the long cyclic measurement, carried out at a
current density of 9 A/g. Specific capacitance value for the hybrid was calculated at an interval
of 50 cycles and the corresponding plot has been provided in Figure 2.11c shows the data
containing 1000 cycles of CD. The data shown in Figure 2.11c elucidates that even after 1000
cycles, the degradation in specific capacitance of the hybrid material is merely ~10% of the
original value. The corresponding Ragone plots for VS4/RGO _0.75, VS4/RGO 1.5 and
VS4/RGO_3 and comparision of the power density and energy density in ragone plots have been

given Figure 2.12.
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Figure 2.5. (a) CV curves for VS,/RGO_1.5 at different scan rates, (b) specific capacitance vs

scan rate showing a gradual decrease of capacitance at higher scan rates. (c) CD curves at

different current densities and (d) variation of capacitance with different values of current
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Figure 2.6. Supercapacitor data for VS,/RGO_0.75. (a) CV curves at different scan rates (b) plot
between specific capacitance and scan rate, (¢c) CD curves at different current densities, (d) plot
between specific capacitance and current density.
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Figure 2.7. Supercapacitor data for VS4/RGO_3. (a) CV curves, (b) plot of specific capacitance
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Table 2.1. Comparison of supercapacitor performance of VS4#/RGO_0.75, VS4/RGO_1.5,
VS4/RGO_3, RGO and VS,

Sample Maximum Maximum Maximum
Specificcapacitance Energy Density | Power Density
(A/9) (Wh/kg) (KWI/kg)
VS4/RGO_0.75 223 Flg 29.72 Wh/kg 4.53 KW/kg
VS4/RGO_1.5 877 Flg 117 Wh/kg 20.65 KW/kg
VS4/RGO_3 259 Flg 35.36 Wh/kg 11.57 KW/kg
RGO 144 Flg 20 Wh/kg 6.2 KW/kg
VS, 137 Flg 19 Wh/kg 6 W/kg

Table 2.2. Comparison of supercapacitor performance of VS,/RGO_1.5 with the reported metal

sulfides/graphene hybrids

Hybrid Maximum Maximum Maximum Reference
Specificcapacitance Energy Density | Power Density
(F/g) (Wh/kg) (KWI/kg)

NiS/graphene 775 F/g (at 0.5 A/g) 11.2 Whikg ~1 KW/kg o1
WS,/RGO 350 F/g (at 2 mV/s) 49 Wh/kg 8.2 KW/kg 22
CosSsgraphene | 6759 F/g (at 0.5 A/g) |  —-oommmmmemm | e 62
CoS,/graphene 314F/g (0.5 A/g) |  —mmeeeeeeee | - 63

VS4/RGO_1.5 877 Flg (at 0.5 A/g) 117 Whikg 20.65 W/kg Present

Work
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VSe,/RGO containing 0.15 wt% of RGO, 0.3 wt% of RGO and 0.75 wt% of RGO has been
denoted hereafter as VSe,/RGO_0.15, VSe/RGO_0.3 and VSe,/JRGO_0.75, respectively.
FESEM images of the VSe,/RGO (0.3 wt%) hybrid confirm uniform distribution of VVSe, over
RGO layer (Figure 2.13a and 2.13b). Figure 2.13d shows the EDAX data of the VSe,/RGO_0.3
hybrid confirming the presence of the components with appropriate proportions. Figure 2.13c
shows the PXRD pattern of the hybrid demonstrating a prominent growth along (011) direction
with another peak along (102). In the XRD pattern of VSe,/RGO, the suppressed carbon peak (at
20 value of ~26°), characteristic of RGO, is due to the low thickness of the RGO layer and the
sharp crystalline peak of VSe,/J/RGO _0.3. All these diffraction peaks can be assigned to VSe;
structure with JCPDS file:89-1641. The FESEM studies and XRD analyses for VSe; confirms

the formation of pure phase without any impurities (JCPDS file: 89-1641) (Figure 2.14).

Intesity (a.u.)

JCPDS:89-1641 0 1 2
I Full Scale 16918 cts Cursor: 0.000
I | Pl |

T T T T T T
12 24 36 48 60 72

2 Theta (degree)

Figure 2.13. (a) Low and (b) high magnification FESEM images of VSe,/RGO_0.3 hybrid, (c)
PXRD patterns for VSe,/RGO_0.3 hybrid and (d) EDAX spectrum.
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Figure 2.14. (a) Low and (b) high magnification FESEM images of VSe,. (c) PXRD pattern for
VSe; and (d) EDAX spectrum.

The electrochemical measurements were performed for VSe,, RGO and VSe,/RGO at three
different concentrations (i.e. 0.15 wt%, 0.3 wt% and 0.75 wt%) of RGO. VSe,/RGO_0.3 shows
high specific cacapacitance as comapred to other hyrdids, due to the uniform distribution of VSe,
layers over RGO hybrid and also unifrom crystalinity of VSe,/RGO_0.3. Here we have
mentioned detailed specific capacitance measurmenet for VSe,/RGO_0.3 hybrid from CV and
CD methods (Figure 2.16). VSe,/RGO_0.3 hybrid shows high specific capacitance in the order
of hybrid of 500 F/g at current density of 1 A/g and also from CV showed a capacitance of 400
F/g at sacn rate of 5 mV/s. This high value of specific capacitance can be attributed to the EDLC
from the RGO layer as well as pseudocapacitive contribution from VSe,. Figure 2.18 showed the
comparison between capacitance and current density for all the hybrids. Figure 2.17 shows the

Ragone plot which depicts the energy density and power density of the hybrid material at

213



different scan rates. At a scan rate of 5 mV/s, the hybrid material shows a maximum energy

density in the order of ~128 Wh/kg and a maximum power density in the order of ~32.81
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Figure 2.15. Supercapacitor performance of VSe,/RGO 0. 3. (a) CV curves at different scan
rates, (b) plot between specific capacitance and scan rate, (¢) CD curves at different current

densities and (d) plot between specific capacitance and current density.
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Figure 2.16 Comparison of capacitance vs. current density.
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Figure 2.17 Ragone plot for VSe,/RGO_0.3 hybrid.

2.8 Conclusions

The synthesis of VSe,/RGO and VS4/RGO hybrids by facile one-step hydrothermal techniques
have been accomplished and its supercapacitor performance is tested. The results obtained so far
have shown the great potential of the VSe, /RGO and VS4/RGO hybrids with the specific
capacitance as high as 500 F/g at current density of 1 A/g and 855 F/g at 0.5 A/g respectively.
VSe, /RGO _0.3 hybrid exhibited enhanced energy density of 128 Wh/kg and power density of
32.81 KW/Kkg. The second hybrid VS4/RGO_3 exhibited enhanced energy density in order of 117
Wh/kg and power density of 20.65 KW/kg which is compared to reported metal sulfides and
their graphene based hybrids. From these experimental findings provide these two hybrids useful
insights in the design of supercapacitors for potential high performance energy storage

application in future.
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3.1 Abstract

In this chapter describes the facile hydrothermal synthesis of a patronite hybrid,
VS4/SWCNTS/RGO is reported. Detailed electrochemical investigations showed an exceptiona-
Ily high energy density of the hybrid VS4/CNTs/RGO which was of the order of ~174 Wh/kg and
a moderate power density of ~13.8 KW/kg. The value was compared to other supercapacitor
electrodes based on metal sulfides and also some of those having reportedly high energy density
values. The comparison reveals the potential of the patronite hybrid to be a fitting candidate for

its possible application in energy storage devices.
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3.2 Introduction

The electrodes used in supercapacitors are made primarily from carbonaceous materials such as
RGO, CNTs, activated carbon etc. which have significant impact on the energy densities of those
devices. While the value is much higher than conventional dielectric capacitors, it still lags
behind rechargeable batteries due to lower value of energy per unit weight ratio. A thorough
research is going on to address this particular issue associated with a typical supercapacitor.
There are several ways to enhance the energy density of a supercapacitor. By increasing the
amount of charge storage and/or the potential window will surely enhance the energy density of
supercapacitors. Controlling the amount of charge storage depends upon the choice of suitable
electrode material. One of the important issues is to increase the energy per unit weight ratio in
supercapacitor electrodes. Therefore in recent times, much attention has been focused onto
pseudocapacitive materials which have the ability to store enormous amount of energy per unit
weight in terms of surface redox (faradic) reactions." However, they don’t have the advantage of
long cyclic stability as in case of carbonaceous materials.>® So, the current research is to bring
both the materials together and hybridize them in order to get stable and high performing
composite structures.” In this context, 2D-inorganic analogues of graphene have found special
preference over other materials because of their unique physical and chemical properties.® Such
rise of 2D-inorganic analogues of graphene in recent years has earmarked their presence in
various areas like valleytronics,” ° biosensors,'® energy storage and conversion devices etc.***2
Prominent among their compounds are TMDCs which have drawn significant attention for the

past few years. They have found successful implementations in energy storage devices such as

Supercapacitors and lithium ion batteries.™
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Despite high values of specific capacitances associated with them, energy densities of
pseudocapacitive materials (also their hybrid with RGO/or other carbonaceous materials) remain
low (in comparison to batteries) due to narrow operational potential windows.* Since the
working potential window strictly follows the nature of the electrolyte, it is customary to choose
a suitable and stable electrolytic material/solution. Aqueous electrolytes, which are normally
employed in Supercapacitors, don’t have the ability to withstand larger working potential
windows as they would eventually get electrolyzed. Though many organic electrolytes reported
recently, have wide operational potential window, movement of ions inside the electrolyte is
significantly hindered due to the low conductivity associated with them which results in lower
values of power densities. Also the high cost associated with such electrolytes would hinder their
practical application and scalability. Therefore to form stable supercapacitor architecture with
enhanced energy density (without sacrificing the power density significantly); one has to choose,

carefully, both an ideal material that is to be used as the electrode and a congenial electrolyte.

TMDCs are easy to synthesize and their properties can be easily modulated for various
applications. Some compounds like Mo0S,,>* WS,,*#% CdSe,?% NiS,**% CoS etc.”?® have
undergone intense research. Only recently, a novel group of compounds, namely the vanadium
sulfides, belonging to this category have come to the fore.** 2*° \/S, which belongs to this group
has showcased promising energy storage activities.'> ?® Another emerging compound is VS,

which contains two sz~ dimers and have an unusual linear chain structure.”® ** However, the

oxidation state of VV remains the same in both VS, as well as VS,. Few recent reports have
suggested that by following a facile hydrothermal method mediated GO/CNTs as active
template, V'S4 can be obtained in its pure form.**? Both GO and CNTs provide the required

nucleation path in which VS, transforms to VS,;. The template mediated synthesis process
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produces a VS4/RGO hybrid which is known to show some interesting electrochemical activities

towards energy storage applications.****

3.3 Motivation of our work

As per the above mentioned discussions, Composite materials of TMCs/CNTs/RGO are very
good for the storage of high energy and power density in electrochemical super capacitance.
However, reports on compoiste materials of TMCs with CNTS/RGO are very less explored.
Vanadium layers (VS and VS,) have emeging applications in electronics and reports are very
explored. Hence, we are intersting on VS,//SWCNTs/RGO hybid. In this chapter we discuss the
facile synthesis, morphology and their electochemical supercapacitance of VS, VS,/JRGO
,VS,/CNTs/RGO hybrids by using two elcrode measurments. The hybrid VS,/CNTs/RGO shows
good energy density and moderate power density which was compare with some of the reported
composite materials.

3.4 Experimental section

3.4.1 Synthesis of GO, RGO and functionalization of CNTs

GO was synthesized from graphite powder following a modified Hummer’s method as reported
in a previous literature.®* Subsequent reduction of GO to form reduced graphene oxide (RGO)
was done by a hydrothermal reaction carried out at 160 °C for 24 h. The as received CNTSs
(Reinste Nano Ventures Pvt. Ltd., India) were functionalized using a mixture of HNO3; and
H,SO,. The finally obtained precipitate was filtered, dried in vacuum and washed thoroughly

prior to use.
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3.4.2 Synthesis of CNTs/RGO hybrid

60 mg of GO and 100 mg of functionalised CNTs were separately dispersed in 15 ml of DI water
by ultrasonication to get homogeneous mixture solution. Then these two mixture solutions were
added under constant stirring condition and DI water is further added to make the final volume,
40 mL. The stirring was continued for about an hour after which the mixture was transferred to a
50 mL Teflon lined stainless steel autoclave. Hydrothermal reaction was carried out at 160 °C for
24 h to get CNTs/RGO hybrid.

3.4.3 Synthesis of VS,

Hydrothermal reaction at 160 °C involving sodium orthovanadate (NazVVO,4, Sigma-Aldrich,
99.98%) and thiacetamide (C,HsNS, Sigma-Aldrich, >99%) resulted in the formation of VS,
layered structures as has been detailed in an earlier report.*

3.4.4 Synthesis of VS4/RGO hybrids

Under similar hydrothermal conditions (as for VS;), the reaction between sodium orthovanadate
(NagVVO,4, Sigma-Aldrich, 99.98%) and thioacetamide (C,HsNS, Sigma-Aldrich, >99%) was
carried out in GO solution. The reaction resulted in the reduction of GO to form RGO which
acted as a template to promote the growth of VS,.*!

3.4.5 Synthesis of VS,/CNTSs hybrids

100 mg of functionalized CNTs was thoroughly dispersed in DI water by sonication. A mixture
containing 0.55 gm of sodium ortho-vanadate and 1.12 gm of thioacetamide was dissolved in 40
mL of DI water. Then the above two mixture solutions were mixed under constant and vigorous
stirring condition. The stirring was continued for about 1 h and then the mixture was transferred

to a 50 mL Teflon lined stainless steel autoclave and heated at 160 °C for 24 h. After allowing
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the final product to cool naturally, it was then filtered and dried in vacuum at 60 °C for 6 h prior
to use.

3.4.6 Synthesis of VS,/CNTs/RGO hybrid

First functionalized CNTs (100 mg) and GO (60 mg) were sonicated separately in DI water to
give homogeneous mixture solutions. There after a mixture of 0.55 gm sodium orthovanadate
and 1.12 gm of thioacetamide was dissolved in 40 mL water. All the three mixture solutions
were then thoroughly mixed under vigorous stirring condition. The stirring was further carried
for 1-2 h before transferring the final mixture solution to a 50 mL Teflon lined stainless steel
autoclave. Hydrothermal treatment was performed at 160 °C for 24 h. The final precipitate was

collected by filtration and was dried in vacuum at 60 °C for 6 h prior to use.
3.5 Supercapacitor device fabrication and measurement

Electrochemical supercapacitive measurements were performed in a two-electrode configurati-
on. For this, a Swagelok type two-electrode setup was used by taking high grade, cylindrical,
stainless steel electrodes as current collectors. First the two stainless steel electrodes were
polished using alumina slurry on emery paper and then sonicated in DI for about 10-15 min.
Then the electrodes were put in a vacuum desiccator to dry. The sample was dispersed in ethanol
by sonication to give a near homogeneous mixture solution which was then carefully drop-casted
onto the finely polished electrode surface so that each electrode would have 2 mg of the sample
on its surface. Then the modified electrodes were further dried in a desiccator for about an hour.
A cellulose nitrate membrane having a pore diameter of ~0.22 um was used was the porous
separator. Prior to use, the membrane was thoroughly soaked in 0.5 M aqueous K,SO, solution.
Detailed electrochemical measurement for the fabricated device was carried out with the help of

a standard potentiostat/galvanostat (PG 262A, Techno science Ltd., Bangalore, India). For all the
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measurements, working potential window was kept at 1.5 VV (From highest potential of 0.8 V to

lowest potential of -0.7 V).
3.6 Results and discussion

Morphology of the VS,/CNTs/RGO hybrid was characterized via FESEM along with EDAX,
which is shown in Figure 3.1a. From the low magnified image, it can be seen that there is a
uniform distribution of VS, nanosheet structures on the CNTS/RGO template. The nanosheets
consist of rough surfaces with protruding edges (as can be seen in the highly magnified image,
Figure 3.1b) which is an ideal condition to facilitate fast charge transportation as well as surface
redox reaction. A typical nanosheet has a thickness which would be around ~5-10 nm. These
ultrathin, rough and highly edged nanosheets along with RGO and CNTs bring further
enhancement in the electrochemical behavior of the reported hybrid. Elemental mapping data is
depicted (Figure 3.2) in which the existence of the constituent elements of the hybrid can be

observed.

Full Scale 54978 cts Cursor: 0.000

Figure 3.1. Low (a) and high (b) magnified FESEM images of VS,/CNTs/RGO. (c) EDAX
spectroscopy showing the characteristic peaks for constituents of the hybrid with the atomic and
weight percentage of the constituent elements.
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Figure 3.2. Elemental mapping data of VS4//CNTs/RGO hybrid. (a) Electron image of the region
of the sample for which mapping has been done showing the presence of elemental carbon (b),

oxygen (c), sulphur (d) and vanadium (e).

Structural characterization of VS4/CNTS/RGO hybrid was done by adopting powder X-ray
diffraction technique and the subsequent diffraction patterns have been depicted in Figure 3.3.
From the diffraction data, two clear sharp peaks were observed at ~15.8° and ~17°, showing the
phase growth along (110) and (020) directions, respectively. All these peaks were matched with
original crystallographic data (JCPDS file no. 72-1294) which confirmed the formation of body
centered V(S,). belonging to monoclinic system. The FWHM values for each of those peaks
were calculated and by implementing the Scherrer equation it was found that the size of the VS,
crystallite varies roughly within the range of 22-30 nm. The diffraction patterns of RGO, CNTs
and CNTs/RGO have been illustrated in Figure 3.4. The pattern obtained for RGO shows a broad

peak at 20 = ~25° which corresponds to (002) plane and a d-spacing of ~3.41 A. The second
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peak at 20 = ~43° shows the growth along (100) direction.*** Figure 3.5 shows the diffraction
patterns for VS,. It was found that the phase growth of as prepared VS, is prominent along the
(011) direction though growth along (110) and (012) is also clearly observable. These peaks
were matched with the stock crystallographic data (JCPDS file: 89-1640) which confirmed the
formation of VS, having primitive hexagonal lattice structure. X-ray diffraction patterns for
VS4/CNTs, VS4/RGO have also been obtained and compared with that of VS,/CNTs/RGO which
is shown in Figure 3.6. In all three circumstances (i.e. VS,/CNTs, VS,4/RGO and
VS, CNTs/RGO) similar growth phenomena have been observed for VS, thus indicating its

successful nucleation and growth.
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Figure 3.3. PXRD patterns for VS4/CNTs/RGO.
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Figure 3.6. Comparison of PXRD patterns for VS4/CNTSs, VS4/RGO and VS,/CNTs/RGO.

The electrochemical supercapacitive investigations were performed in a typical two-electrode
configuration. The results are shown in Figure 3.7. The cyclic voltammetry measurements were
performed at different scan rates (from 1 mV/s to 200 mV/s) as shown in Figure 3.7a and 3.7b.
The working potential window was kept at 1.5 V (-0.7 V to 0.8 V) for all the measurements.
Redox peaks due to faradic reaction can be observed at slow scan rates (Figure 3.7a) which is
due to the characteristic surface reaction involving VS, and the electrolytic solution.*® However,
at higher scan rates, the redox couples are suppressed (Figure 3.7b) significantly due to
kinetically slow surface reactions. In such cases, the electrolytic resistance and slower
responsivity of the electrode surface hinders faradic redox reactions and major contribution
emerge from the double-layer capacitive effect. Galvanostatic CD measurements were performed
at various current densities which are being illustrated in Figure 3.7c. The graph between specific
capacitance and scan rate has been depicted in Figure 3.8a.

As can be seen, the value of specific capacitance decreases gradually with increase in the
scan rate because at higher scan rates the major contribution is only due to charge trapping by

electrostatic double-layer formation whereas at lower scan rates, the significant contribution is
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from the pseudocapacitive redox reaction. Similar phenomena have also been observed in the
graph between specific capacitance and current density (Figure 3.8b). At lower values of current
densities, the hybrid shows high values of specific capacitance, however at higher values of
current, there is a significant decline in the capacitance. In addition to the above measurements,
cyclic stability test is an essential benchmark to check the feasibility of a supercapacitor
electrode for its successful implementation in practical devices. Hence, a long cyclic CD
experiment was carried out for 1000 cycles which is shown in Figure 3.8c. A declination of only
~3% (~97% retention) in the initial capacitance value was observed. To showcase the energy
density and power density of the hybrid, Ragone plot has been shown in Figure 3.8d. It shows
that the hybrid possesses an exceptionally high value of energy density of the order of ~174

Wh/kg, and the maximum value of power density obtained was ~13.8 KW/kg.
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Figure 3.7. CV data for the hybrid VS,/CNTs/RGO at (a) slower scan rates (i.e. 1 mV/s, 2 mV/s
and 5 mV/s) and (b) fast scan rates (i.e. 10, 20, 40, 100 and 200 mV/s). (c) CD curves of the

hybrid at different values of current densities.
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Similar two-electrode electrochemical measurements were performed for VS,;, RGO, CNTs,
CNTs/RGO, VS4/RGO and VS,/CNTSs in order to investigate the best performing material/hybrid
under similar measuring parameters. From Figure 3.9a, the CV curves of VS, can be observed.
Areas under the curves, obtained at higher scan rates have much lower values, indicating poor
faradic activity of VS,. Similar observations were made with galvanostatic CD data (Figure
3.9b). Highly unstable faradic reactions were observed with poor coulombic efficiency.
Variations of specific capacitance with scan rate and current density for VS, have been depicted
in Figure 3.9c and Figure 3.9d, respectively. The highest capacitance shown by VS, is ~120 F/g
(at 1 mV/s) and the value decreases to ~1 F/g at 200 mV/s. Figure 3.10 shows supercapacitor
performance of RGO. RGO, being an EDLC material, produced CV curves (Figure 3.10a) which

are of quasi-rectangular shape. The CD curves (Figure 3.10b) are almost triangular in shape,
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indicating good coulombic efficiency. The capacitance vs. scan rate and capacitance vs. current
density plots have been shown in Figure 3.10c and 3.10d, respectively. Results were similar for
CNTs, which is also an EDLC material, and shows equivalent electrochemical properties like
RGO as shown in Figure 3.11. The highest values of capacitance obtained in case of RGO and
CNTs were ~66 F/g and ~60 F/g, respectively. However, the hybrid mixture of CNTs and RGO,
i.e. CNTs/RGO showed exceptional capacitance as compared to its pristine constituents. The
highest value of capacitance was measured to be ~233 F/g for CNTs/RGO. This shows the
synergistic effect of both the constituents towards electrochemical supercapacitive performance.
Figure 3.12 shows the detailed electrochemical performance of CNTS/RGO hybrid.
Supercapacitive performances of VS,/CNTs and VS4#/RGO have been represented in Figure 3.13
and 3.14. While VS,/CNTSs showed a capacitance of ~231 F/g, the capacitance obtained in case
of VS,/RGO was much better (~492 F/g). It reveals that the incorporation of VS, is better with
RGO than CNTs and thus the hybrid, VS,/RGO, showcased enhanced electrochemical activity. It
is to be noted that, there is a significant increase in the energy density and capacitance values of
VS4/CNTs/RGO than those of VS4/CNTs and VS,/RGO. This can be attributed to the synergistic
interaction between CNTs and RGO in VS,/CNTs/RGO, which resulted in an enhanced
supercapacitive performance. Energy densities, power densities and specific capacitances of all
the aforementioned samples were compared and have been illustrated in Table 3.1.

Also the comparative supercapacitive performances of all of the above discussed samples
have been investigated in terms of capacitance vs. scan rate and capacitance vs. current density
graphs, as can be observed from Figure 3.15a and 3.15b, respectively. Furthermore, their energy

densities and power densities were compared using Ragone plot technique illustrated in Figure
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3.16. The exceptional energy density shown by VS,/CNTs/RGO was compared to the energy

densities of other earlier reported samples, which has been furnished in Table 3.2.
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Table 3.1. Comparison data of supercapacitive performance of all the samples

Sample Maximum Specific Maximum Energy Maximm
Capacitance Density Power Density
(F/g) (Wh/kg) (KW/kg)

VS, ~121.3 (at 1 mV/s) ~37.9 ~0.28

RGO ~66.3 (at 1 mV/s) ~20.7 ~1.56

CNTs ~60.7 (at 1 mV/s) ~18.97 ~7.88

CNTs/RGO ~233 (at 10 mV/s) ~72.8 ~25.5

VS4/CNTs ~231 (at 1 mV/s) ~72.2 ~0.9

VS4/RGO ~492 (at 1 mV/s) ~153.75 ~4.59

VS4J/CNTS/RGO ~558.7 (at 1 A/g) ~174.6 ~13.85
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Table 3.2. Comparison of supercapacitive performance of VS,/CNTs/RGO with those reported

in other literatures

Sample Maximum Maximum Maximum Reference

Specific Energy Power

Capacitance Density Density

(F/g) (Wh/kg) (KW/kg)
VS,/CNTS/RGO ~558.7 (at 1 Alg) | ~174.6 ~13.85 Present

work

RGO/CNTs/CeO, 215 (at 0.1 A/g) | 29.86 ~0.049 39
RGO/CNTs/NiO 367 (at 1 A/g) 40
RGO/CNTs/MnO 319 (at 0.5 A/g) | 44.3 30.0 4
RGO/CNTs/a- 1320 (at6 A/g) | 43.1 5.6 42
Ni(OH),
VO,:Ti-VACNTSs 313 (at2mvV/s) | 25 45 43
C0gSeg/RGO 1349 (at 2.2 A/g) | 68.6 ~1.32 4
MnMoO, 234 (at 2 Alg) 130 8 4
Gr-MnMoO, 364 (at 2 A/g) 202.2 8 4

3.7 Conclusions

In summary, a successful template assisted synthesis procedure comprising of a facile
hydrothermal reaction was carried out for the obtention of a patronite hybrid, VS,4/CNTs/RGO.
The as prepared hybrid is resulted because of the nucleation of VS,, in presence of CNTs/RGO

as an active template. Other intermediary samples such as VS,, bare CNTs, bare RGO,
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CNTs/RGO, VS,CNTs and VS4/RGO were also obtained under different controlled
experimental procedures. Structural and morphological properties of the hybrid, VS4/CNTs/RGO
were studied and its electrochemical properties towards supercapacitor application were
investigated using a swagelok type two-electrode setup using 0.5 M aqueous solution of K,SO,4
as the electrolyte. A thorough comparison was carried out for the supercapacitive properties of
all experimentally obtained samples mentioned above, under similar testing conditions. The
hybrid, VS4/CNTs/RGO showed an impressive energy density of ~174 Wh/kg and a moderate
power density of ~13.8 KW/kg. The performance was unambiguously better than those observed
in case of remaining samples. Also the performance of the hybrid was compared to some of the
best performing hybrids from the literature. The results show that the hybrid reported here has

the potential to be implemented as high energy density supercapacitor electrodes.
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