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PREFACE

This thesis presents the results of investigations of graphene-metal organic framework (MOF)
hybrid composites and porous pillared graphene frameworks. Graphene is a wonder material with
novel electronic properties and also exhibits remarkably high surface area and gas adsorption
capacity. MOFs have received widespread attention due to high surface area, optical property and
catalytic applications. Composites of graphene with MOFs due to synergistic effects show many
interesting optical and gas adsorption property.

Chapter 1 gives a brief overview of graphene and metal organic frameworks.

In chapter 2, the effect of graphene content on the optical property of lanthanide based MOFs has
been studied. Graphene quenches the lanthanide emission.

In chapter 3 graphene oxide ZIF-8 hybrid nanocomposites are discussed. The morphology, surface
area and CO, uptake were affected by graphene in the nanocomposite. Increase in CO, uptake is
observed for hybrid nanocomposites due to synergistic effect of nano MOF and graphene. ZIF-8
nanoparticles on the graphene oxide basal plane are used as sacrificial agents for the synthesis of
GO-ZnS composites.

Chapter 4 presents the effect of graphene in modulating the adsorption property of a flexible Cd-
based MOF.

In chapter 5 a Pd (0) catalyzed coupling reaction has been employed for the synthesis porous 3D
pillared graphene porous solid. These materials exhibit high thermal stability and high CO,

uptake.
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CHAPTER 1

Brief overview of graphene and MOFs

1.1.1 Introduction:

Carbon is one of the most important elements in the periodic table and the source of life.™
Besides its important role in organic chemistry, it forms many allotropes, two being known from
ancient times (diamond and graphite) and some discovered recently (fullerenes and nanotubes).®
4 The new two-dimensional form of carbon, graphene, consisting of atomically thin sp® bonded
carbon atoms has attracted widespread attention from the scientific community.>" Graphene
with interesting electronic, optical, high mechanical strength and chemical properties have wide

range of applications.”!

It is used in energy storage devices, sensors, gas storage, electronics,
optical, optoelectronic devices and polymer composites.[” & 2 11 Graphene normally refer to a
single-layer of sp? bonded carbon atoms, the properties of bi- and few- layer graphene
synthesized using different chemical and physical methods have been investigated in detail.** **!
Graphene initially was obtained by micromechanical cleavage of graphite.”® This method allows
to get high quality graphene, but is not suitable for large scale synthesis. There has been

significant progress in large scale synthesis of graphene using by chemical and physical routes.
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1.1.2 Structural and electronic properties:

Graphene is the mother of all graphitic carbons including carbon nanotubes, and
fullerenes.!® Fig. 1.1.1 shows how 2-D graphene sheet can be wrapped, rolled or stacked to

generate fullerene, nanotube and graphite.®

Figure 1.1 Graphene: mother of all
graphitic forms. It can be wrapped up
into OD buckyballs, rolled into 1D
nanotubes or stacked into 3D graphite.
[Adapted with permission from Ref. 6]

According to Mermin-Wagner theorem, there should be no long range order in two
dimensions.!* * Thus, dislocations will appear in two-dimensional crystals at any finite
temperature, as a result two-dimensional crystals should be rippled. Indeed, ripples are observed
in 2-D graphene sheets and play an important role in its electronic properties.™ The electronic
structure of graphene rapidly evolves with the number of layers and approaches the three
dimensional electronic structure of graphite for more than 10 layers.™®*® Monolayer and bilayer

graphene have simple electronic structure and both are zero-gap semiconductors or zero-overlap
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semimetals with electrons and holes as charge carriers. With increasing number of layers the
electronic structure become complicated as several charge carriers appears, and the valence and
conduction band start overlapping. Thus, electronic structure allows single-, double-, and few-(3

to <10) layer graphene to be distinguished as three different types of two-dimensional crystals.

1.1.3 Synthesis of single- and few- layer graphenes

Several physical and chemical methods have been developed in recent years for the
synthesis of graphene. Some of the important methods for synthesis are exfoliation, arc

discharge, reduction of graphene oxide and sonication.

Mechanical Exfoliation and sonication:

Stacking of individual graphene sheets in graphite is due to weak van der Waals
interaction between individual graphene sheets. Partially filled p, orbital forms extended =
bonding in graphene sheets. The delocalized 7 electron cloud of individual graphene sheets
interacts with each other by =7z interaction in graphite. Due to the weak bonding in
perpendicular direction in comparison to very strong in-plane covalent bond, it has been
attempted to synthesize graphene sheets through exfoliation of graphite. Graphene sheets with
different number of layers have been obtained by micromechanical cleavage of HOPG using

scotch tape.
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Using the concept involved in the dispersion and exfoliation of carbon nanotube in
different organic solvents, solution phase exfoliation of graphite in different organic solvents
have been performed to yield graphene sheets. Enthalpy of mixing of nanotubes per volume of

solvent is given by
&Hmiva A 4(\.!' ES,NT oA/ Es,sol jz (P/(D 1)

In equationl ¢ denotes the dispersed nanotube volume fraction, D is the dispersed nanotube (or
bundle) diameter, and Esnr and Essy are the surface energies of nanotube and solvent,
respectively. The equation suggests that those solvents with surface energy close to that of the
nanotube are very efficient in exfoliation and dispersion of SWNT.' Using this principle
solution phase exfoliation of graphite in N-methylpyrrolidone yields single layer graphene. The

energy required to exfoliate graphite is balanced by the solvent graphene interaction.™*

Arc Discharge:

Large scale synthesis of few layer graphene using simple procedure of arc discharge was
reported by Rao et al.l*? This procedure of arc discharge yields 100 nm-300 nm graphene sheets
(HG) with 2-3 layers. The use of small concentration of H, during arc discharge process
terminates the dangling carbon bonds present on edges and prevents the formation of closed
structure. The experimental conditions favorable for obtaining graphene in the inner wall of arc
chamber are high DC current (above 100 A), high voltage (above 50 V) and H, (200 torr)/He
(500 torr) gas mixture. The procedure has been further utilized for the synthesis of boron and

nitrogen doped graphene in the presence of boron and nitrogen precursors.
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Figure 1.2: (A) TEM image of few layer graphene synthesized using arc discharge method (HG). (B) Raman
spectrum of graphene synthesized using arc discharge method. [Fig.(A), Adapted with permission from Ref.12]

Reduction of graphite oxide:

Graphite oxide synthesized by B.C. Bordie in the year of 1859, is an important precursor
for large scale synthesis of graphene and various chemically modified forms of graphene.?”!
Graphite oxide basal plane contains large concentration of epoxy, hydroxyl and carboxylic acid
functional groups.” Oxygen containing functional groups makes graphite oxide highly
hydrophilic and can be easily dispersed in water. Single layer graphene oxide dispersed in water
can be easily reduced using various reducing agents such as N,H, and NaBH,./?> 22! Several other
reducing agents such as hydroxylamine, phenyl hydrazine, glucose, ascorbic acid, hydroquinone
etc. have been used.**?® Reduction method utilizing NoH, and NaBH,4 are most widely used.
Graphene synthesized using reduction of graphene oxide contains small concentration of

unreduced oxygen containing functional groups or inserted N atom in aromatic rings in case of
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hydrazine hydrate reduced samples. Acid treatment and thermal annealing have been further

developed to increase the C/O ratio.[?* 2

Chemical Vapor Deposition:

CVD is the most promising inexpensive and readily accessible approach for the deposition
of reasonably high quality graphene on transition metal substrates such as Ni, Pd, Ru, Ir, and
Cu.l" ¥ The process is based on the saturation of carbon concentration on transition metal
upon exposure to hydrocarbon gas at higher temperature. During cooling the solubility of carbon
in the transition metal decreases and a thin film of carbon precipitates from the surface. Different
hydrocarbons such as methane, ethylene, acetylene and benzene have been used for CVD growth
of graphene. Radio frequency plasma enhanced chemical vapour deposition (PECVD) was used
to synthesize graphene on variety of substrates such as Si, W, Mo, Zr, Ti, Hf, Nb, Ta, Cr, SiOo,
Al,05 etc.3® The PECVD have advantage of reduced energy consumption and prevents the
formation of amorphous carbon or other types of unwanted products. Optimization of gas flow,
hydrocarbon concentration and reaction temperature are important parameters for the growth of
high quality graphene sheets. Fig.1.1.3 shows the TEM image and Raman spectrum of graphene

prepared on Ni substrate by thermal decomposition of methane.
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Figure 1.3: Raman spectra of graphene films with different number of layers. Inset shows transferred
graphene layers on SiO2/Si substrate. [Adapted with permission from Ref. 35]

1.1.4 Characterization:

Graphene has been characterized using different microscopy and spectroscopic technique.
Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are used to
obtain morphology. Atomic force microscopy (AFM) is used to obtain number of layers. Optical
contrast of graphene is the most simple and reliable method for identifying different number of
layers on different substrates. The contrast is due to interference of the reflected light beam at the
air-to-graphene, graphene-to-dielectric (in the case of thin dielectric films) and dielectric-to
substrate interfaces. Fig.1.1.4A shows the single-, bi-, and multiple-layer (< 10 layers) graphene
on Si substrate with a 285 nm SiO, film, differentiated by using contrast spectra, generated from

the reflected light of a white light source.®% One of the interesting properties of graphene is
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fluorescence quenching of luminescent dye molecules and have been utilized to observe
graphene on different substrates (Figure1.1.4B) by using fluorescence quenching microscopy.*”!
TEM images of single and bilayer graphene are shown in Fig.1.1.4C, by keen observation of
edges number of layers in few layer graphene can be obtained using TEM.[*! Atomic force
microscope gives information about number of layers of graphene. Height profile analysis of
AFM images gives the clear idea about the number of layers present in graphene. Fig.1.1.4D

shows the AFM images of exfoliated graphene oxide sheets with high profile showing mostly

single layer.”??
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Figure 1.4: (A) Optical image of graphene with one, two, three and four layers.[ Adapted with permission from
Ref. 39]. (B) Visualization of GO and RGO by fluorescence quenching microscopy.[ Adapted with permission
from Ref. 40]. (C) TEM images of graphene. [Adapted with permission from Ref. 41] (d) AFM image of graphene
oxide sheets along with height profile in different locations. [Adapted with permission from Ref. 22]
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Raman spectroscopy is a relatively easy non-destructive and quick measurement to probe
the inelastic scattering of light from sample surface. It is very helpful in characterizing
nanocarbons.[*). Raman spectrum of graphene shows three characteristic bands, D band around
1300 cm™, G band around 1580 cm™, and the 2 D band around 2700 cm™. In addition to these
three bands sometimes D’ band near 1620 cm™ is observed. The D and D’ bands are defect
induced Raman features. The G-band is due to in-plane vibrations of the sp® carbon atoms. The
integrated intensity ratio Ip/lg for D band and G band is widely used for characterizing the defect
quantity. The 2 D band related to the double resonance Raman scattering process is symmetry

allowed.[*!

i/

-
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N I\

1 A ' A 1 ra— ) A 1 A |
7’

1200 1400 1600 2400 2600 2800 3000
Raman shift (cm™)

Figure 1.5: Raman spectrum of graphene showing characteristic D band, G band, D’ band and 2 D band.
[Adapted with permission from Ref. 43]
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1.1.5 Properties and applications:

As explained in earlier sections 2-D sheets of graphene exhibits many interesting
properties which make it applicable in large range of applications. Some of the remarkable

property of graphene and its corresponding applications are briefly explained in this section.

Mechanical properties:

Graphene shows very high mechanical strength. Lee et al. measured the elastic property
and intrinsic breaking strength of free standing monolayer graphene membranes by
nanoindentation.”®’ Graphene showed an elastic modulus of ~ 1 TPa, a strength of ~ 130 GPa and
a breaking strength of 42Nm™. Very high mechanical strength of graphene has been utilized in
designing high performance graphene reinforced polymer matrix composites. A significant
increase of 35% and 45% respectively in the elastic modulus and hardness was obtained on the
addition of just 0.6 wt.% of graphene to PVA matrix."*! Detailed investigation of synergistic
effect and mechanical properties of binary combinations of nanodiamond (ND), few-layer
graphene (FG) and single-walled carbon nanotubes (SWNT) in PVA matrices have been carried
out. The mechanical properties of resulting composites, evaluated by nanoindentation technique
showed remarkable synergy with improvement by as much as 400% in stiffness and hardness
compared to those obtained with single nanocarbon reinforcements. Extraordinary synergy was
observed in ND + FG composites (PVA-0.4FG-0.2ND) with 4 and 1.5-fold increase in elastic

modulus and hardness respectively. Variation in the percent crystallinity (%) of the PMCs with

10
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the two nanocarbon is 2%, which shows that increase in crystallinity is not the cause of observed

synergy.*

B Hardness
=1 Elastic modulus

Figure 1.6: Percentage synergy in hardness and
elastic modulus for different binary nanocarbon
composites. [Ref. 45]

0. 4SWNT 04SWNT 04ND 04ND 0.4FG D4FG
0.2FG 02ND 02SWNT 02FG (28WNT 02ND

Clean energy applications:

(A) Chemical storage of Hydrogen

The amount of chemical energy which can be stored per mass of hydrogen (142 MJkg™) is
at least three times larger than that of other chemical fuels (equivalent value for liquid
hydrocarbons are around 47 MJkg™)."*®! Only combustion product of hydrogen is water has lot of
advantage over hydrocarbons which produces greenhouse CO, as combustion product. One of
the major obstacles for the mobile applications of hydrogen is efficient storage. Lot of research
in MOFs and other hydrogen storage materials have been performed but storage capacity is low
at room temperature. In this regard chemical storage of graphene in few layer graphene is very
promising. By using Birch reduction up to 5 wt.% of hydrogen can be stored under ambient
condition without the need of high pressure. The stored hydrogen can be released within few

minutes on laser irradiation.”]

11
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(B) Gas adsorption

Theoretically predicted surface area of single layer graphene is 2600 m?%g.[*® This
theoretically predicted high surface area of graphene is hardly achieved due to strong 77
interaction between graphene sheets. Due to this strong 77 interaction graphene sheets are
agglomerated and show much less surface area than theoretically predicted value. Few layer
graphene samples prepared by different method have surface area in the range of 270-1550 m%/g.
The H, adsorption measurement on few layer graphene samples prepared by exfoliation of
graphite oxide (EG) and conversion of nanodiamond exhibited uptake up to 1.7 wt.% at 77K.
High pressure measurement showed an uptake of 3 wt.% H, at 100 atm and 298 K. The prepared
samples showed highest CO, uptake of 35 wt.% at 1 atm and 195 K. The H; uptake was observed

to increase with increasing surface area (Fig.1.1.8A).[%

12
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Figure 1.8: (A) Increase in H, uptake with increasing surface area at 1 atm and 77 K for various graphene
samples. (B) Increase in CO, uptake (at 195K and 1 atm) and methane uptake (at 298 K and 5 MPa) with
increasing surface area. [Adapted with permission from Ref. 49]

Supercapacitors

Few layer graphene prepared by thermal exfoliation of graphene and conversion of
nanodiamond has been studied as an electrode material for supercapacitors. The few layer
graphene showed high specific capacitance up to 117 F/g in aqueous electrolyte and an operating
voltage of 1 V. In  ionic  liquid  [(N-butyl-N-methylpyrrolidinium  bis
(trifluoromethanesulfonyl)imide); (PYR14TFSI)] specific capacitance and energy density of 75
F/g and 31 Wh kg™ respectively was obtained at an operating voltage of 3 V. Figure 1.1.9 shows

the Voltametric characteristic and specific capacitance as a function of scan rate.[”

13
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Figure 1.9: (A) Voltametric characteristics of a capacitor built from different graphene samples in aqueous
electrolyte (1M H,SO,4) (B) Specific capacitance as a function of scan rate for different graphene samples.
[Adapted with permission from Ref. 7]

Fluorescence Quenching:

Graphene is an efficient fluorescence quencher.[** *®! Fluorescence quenching of aromatic
dye molecules and semiconductor nanoparticle graphene composites have been studied.
Fig.1.1.10 shows the PL emission spectrum of OPV ester with increasing concentration of
graphene. Large quenching of fluorescence emission supported by decrease in lifetime was
observed. Graphene acts as an electron acceptor and both charge transfer and energy transfer
mechanism have been given to explain the observed fluorescence quenching. This property of
fluorescence quenching has been utilized in characterizing graphene and as bio sensors. Electron
transfer from semiconductor nanoparticle to graphene sheets has been used for photocatalytic

applications of graphene.®™

14
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Figure 1.10A: Quenching of OPV ester fluorescence with increasing concentration of graphene. [Adapted
with permission from Ref. 50]

1.1.6 Chemistry of graphene:

Covalent and non-covalent chemistry of graphene has been explored recently to some
extent.®%% Graphene with its 7 electron cloud gives the opportunity of interaction with various
aromatic systems. This 7z interaction of graphene has been utilized for dispersing graphene
sheets in various solvents. Coronene tetracarboxylic acid salt was used for dispersing graphene
sheets. In this regard non-covalent interactions have an advantage over covalent bond formation
which perturbs the electronic structure of graphene. Carboxylic acid functionalization of
graphene has been performed by treating with HNOs; and H,SO, mixture.l”? Obtained
functionalized graphene sheets can be easily dispersed in various solvents. After treatment with
SOCI;, various molecules can be attached to graphene basal plane by amide bond formation.
Functionalization of graphene basal plane using different diazonium salts for various

applications have been performed. Palladium catalysed C-C and C-N coupling reactions are well
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explored in synthetic organic chemistry for the synthesis of various drugs and biomolecules.
Such coupling reactions have not been developed for covalent modification of nanocarbons.
Since Pd catalyzed coupling reactions are highly efficient and simple, in chapter 5 Sonogashira
coupling reaction has been used for the synthesis of highly porous 3D graphene structures.
Various modifications of graphene basal plane according to required applications are possible
using these coupling reactions. Presently Pd(0) catalyzed Buchwald-Hartwig C-N coupling
reaction and Suzuki coupling (C-C) reactions in graphene and carbon nanotube are under

investigation.

d)

% u) H,0, 100°C, 24h

) sonication, 70°C, 2h
EGHG m) centrifugation

Figure 1.10B: Schematic representation of the exfoliation of few-layer graphene with CS to yield
monolayer graphene-CS composites. [Adapted with permission from Ref. 53]
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1.2.1 Porous Solids:

Solids containing voids or empty space in their structure which can be used for trapping

adsorbates are called porous solids. Porous solids can be highly crystalline zeolites and metal
organic frameworks or amorphous activated carbon. Depending on the size of pore present these
porous solids are classified as microporous (2 nm <), mesoporous (2 nm-50 nm) and macroporus
(< 50 nm).Y Sometimes a distribution of pore size is observed. The voids in these porous solids
are generally occupied by guest or template molecules and can be easily removed by heating or
evacuation. Till 1990s zeolites and activated carbon were most explored porous solids. In 1990s
mesoporous silica based porous solids (MCM-41 and SBA-15) were developed.®® % Followed
by the initial work of Robson et al. in 1990 there has been significant development in high
surface area MOFs since 1995." %8 Along with conventional porous materials nanocarbons such
as carbon nanotubes and carbon fibers were also studied for gas storage applications.>® Recently
graphene based carbon materials have been studied for gas storage and catalyst support.t” 4% !
Some of the new materials with high surface area and remarkable CO, and CH, adsorption
capability that have been developed recently are graphene like Borocarbonitrides , BxCyNz by
Rao et al.[® Other important developments in last one decade are covalent organic frameworks
(COFs) and conjugated microporous polymers. Owing to the well-known industrial requirement
for porous solids in storage/separation, catalysis, ion exchange, sensors etc.®”? Lots of
development in the area of porous solids is expected depending on required applications. CO,
sequestration is other area where porous solids can have significant advantage over amine based
solvents.®®) Graphene based porous solids are highly promising for CO, sequestration

applications. In Chapter 5 a new route for the synthesis of pillared 3D porous structure of

graphene with significantly high CO, uptake is explored.
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1.2.2 Metal-Organic Frameworks (MOFSs):

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) are an
important class of hybrid materials that exist as infinite crystalline lattices consisting of inorganic
vertices (Figure 1.2.2) and organic struts (Figure 1.2.3), connected by coordination bonds of
moderate strength.®* MOFs have attracted widespread attention because of the potential of
exploiting both inorganic and organic components within the same framework structure.!®”
Inorganic elements in framework structure provide the potential of similar properties to
traditional zeolites, mechanical and thermal stability, regular structure along with many other
interesting material properties such as optical and magnetic. Organic ligands offer tunable
properties based on shape, size and functionality. By changing the length of ligand, binding site
of ligands and introducing different functional group in linker lot of important property,
flexibility and pore size can be tuned. Large numbers of organic ligands are commercially

available or can be designed according to pore size and functionality requirements.
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(a) Inorganic ligands:
Halides (F, Cl, Br, and 1), Cyanometallate ([M(CN),]"), CN-, SCN-

(b) Neutral organic ligands
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Figure 1.12: Commonly used Ligands for the synthesis of metal organic frameworks
(MOFs)/Coordination polymers.
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Maximum MOFs are microporous although few mesoporous frameworks have also been
reported. The design of MOFs with ordered array of the basic building units has been
extensively studied for the development of new solid state functional materials. Large number of
dense as well as porous structure based on carboxylate functional group of ligand has been
synthesized with many interesting property.'® Generally framework structures based on metal
carboxylates are rigid and have been used to design high surface area materials for gas storage
applications.®® Other interesting classes of MOFs are flexible which responds reversibly to
external stimuli. In addition to coordinate bond other weak interactions such as hydrogen
bonding, 77 interactions and van der Waals interactions are generally utilized for designing
flexible MOFs. Crystalline structures are generally rigid and flexibility of framework structures
is an important property of MOFs.[”! The topology of MOFs are intimately related to the
coordination environment of metal ion and the geometry of the organic ligand, which together
form overall framework structure and dictate the property. Hybrid organic inorganic analogue of
zeolites using imidazole ligands and Zn (1) metal ion with very good chemical and thermal

stability are other important class of MOFs.®]

Typically MOFs are synthesized under solvothermal condition by taking appropriate
concentration of metal ion, organic ligand and suitable solvent. Reaction temperature, choice of
solvent, reaction time and pH plays an important role in designing the framework structure.
Other important parameters controlling the formation of framework structure are kinetic and
thermodynamic control. Slow diffusion technique has also been used to grow MOF crystals
under ambient condition. In this technique metal ion and ligand are dissolved in two different

solvent and slow diffusion forms the MOF crystals at liquid- liquid interface. Recently, other
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techniques such as sonochemical, microwave and mechnochemical synthesis etc. have been

developed for the synthesis of MOFs.

Highly porous structure with very well defined and tailorable pores and specific
functionality makes MOFs one of the promising materials for gas storage/separation, catalysis
and sensing applications.’? In addition to gas storage applications lanthanide/lanthanide doped
frameworks and lanthanide and transition metal based hetrometallic frameworks shows very
interesting optical and magnetic properties.®® ¢ Using proper choice of metal ion and ligand
multifunctional material with luminescence, magnetism and porosity can be designed. These
materials will have promising optical, optoelectronic, sensing and biomedical applications.
Recently many nano-MOF and hybrid composites have also been synthesized.!*¥ A brief account
of some of the promising applications of these hybrid organic inorganic framework materials are

given in separate section.

1.2.3 Classification of MOFs:

Tablel shows the complete range of possibilities in terms of M-ligand-M
connectivity and extended inorganic dimensionalities. In tablel, m represents the dimensionality
of ligand bridging (O™) and n represents the dimensionality of inorganic connectivity (1").
Overall the structure is represented by the notation 1"O™ and the sum of exponents gives the
overall dimensionality of the structure. Interestingly the entire family of organometallic
chemistry and much of classical coordination chemistry is represented within a single box (1°0°)
in tablel (i.e. both the ligand connectivity M—L-M (m) and inorganic connectivity (n) = 0). The
remaining three boxes in the first column represent the coordination polymers with extended

ligand connectivity in different dimension and overall dimensionality 1-3. The three boxes in the
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second column represent hybrid compounds with extended inorganic connectivity in one
dimension (I') with an overall dimensionality between 1 and 3. The two boxes in the third
column represent hybrid compounds with extended inorganic connectivity in two dimensions
with the overall dimensionality of structure between 2 and 3. The first box in the fourth column
represents a rare class of hybrid compound (1°0°) with the extended inorganic connectivity in all
the three dimensions (1°) and overall dimensionality of 3. Hybrid compounds with zero inorganic
connectivity and ligand connectivity M-L-M in different dimensions are coordination polymers,
which can be represented as ,I°0O™ where x represents the nuclearity of the metal site. For

coordination polymers with isolated metal sites, x = 1 and for cluster metal sites, x > 1.¢!

Dimensionality of inorganic connectivity, I" (n = 0-3)

0 1 2 3
- 0 Molecular Hybrid inorg Hybrid inorg. 3-D Inorg.
@ complexes chains 1'0° layers 1°0° hybrids 1°0°
I 1°0°
£
o
2 1 Chain Mixed inorg.- Mixed inorg.-
2 coordination organic layers organic3-D .
5 polymers I‘o! framework
0~1 2A1
S 'O 10
o
g
()
E 2 Layered Mixed inorg.-
= coordination organic 3-D _ .
2 polymers framework 1'0?
2 1°0?
g
(<5}
=
3 3-D
coordination . - -
olymers
P |%o3

Table 1.1: Classification of hybrid inorganic-organic framework solids.

22



Chapter 1

In addition to the given broader classification of hybrid materials of which coordination
polymers or MOFs are one of the subset, MOFs have also been classified according to flexibility
and dynamic behavior of structure. Kitagawa et al have classified MOFs/PCPs into three
categories, viz. first, second and third generations (Figure 1.2.4) based on their structural
response upon guest removal.[” The first generation framework structure collapses irreversibly
after the removal of guest molecules. The second generation MOFs/PCPs has stable and robust
structure which maintains original framework structure upon guest removal. Large surface area
highly porous MOFs such as ZIFs and MOF-5 can be classified in this category. The third
generation MOFs/PCPs has flexible structure which responds reversibly to external stimuli, such
as solvent or guest molecules. These classes of hybrid solids show selective adsorption property
and interesting adsorption property. Chapter 3 of thesis deals with the application of graphene in

modulating the adsorption property of flexible MOFs.

Ist generation

£

4
o
i

2nd generation P

Figure 1.13: Classification of metal organic
frameworks (MOFs). [Adapted with permission
from Ref. 67]
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1.2.4 Zeolitic imidazolate frameworks :

Zeolitic imidazolate frameworks are an important class of MOFs with structure analogous
to zeolites. These framework structures are designed by carefully selecting metal ion and
imidazole based linkers. These imidazole based ligands make M-Im-M angle close to 145 °,
which is coincident with the Si-O-Si angle commonly found in many zeolite structures. ZIFs
have been shown to have high thermal and chemical stability and surface area.”® ZIFs have
advantage in comparison to conventional zeolites, many ZIF structure have been reported to have
remarkably high surface area in comparison to inorganic zeolites. In addition to higher surface
area different functional group can be attached to imidazole linkers for specific applications.
ZIF-8 is one of the widely studied zeolitic imidazolate framework with a sodalite zeolite
structure, containing large cavities (~11.7 A of diameter) interconnected by narrow windows
(~3.40 A). ZIF-8 nanoparticles can be easily synthesized using simple mixing of 2-
methylaimidazole and Zn (I1) ion solution in water or methanol. High surface area with good
thermal and chemical stability has made it promising in catalysis, gas storage, polymer
membranes for gas separation etc. Hybrid nanocomposites of ZIF-8 with metal, semiconductor
and transition metal oxide nanoparticles with interesting optical and magnetic property have been

studied.l™™

Figure 1.14: Figure showing the pore of ZIF-8
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1.2.5 Luminescent MOFs

Luminescence in MOFs arises from direct organic ligand excitation of highly conjugated
ligands, charge transfer process such as metal to ligand charge transfer (MLCT) and ligand to
metal charge transfer (LMCT) and metal centered emission in case of lanthanide ions due charge
transfer process. The 4f orbital in lanthanide ions (Ln**) are shielded by filled 5s® and 5p°
orbitals.!” Due to the shielding of 4f orbital lanthanide ions are less sensitive to the chemical
environment around the metal ion and have well-defined energy levels. Owing to the well-
defined energy levels each lanthanide ion exhibits narrow and characteristic 4f-4f transitions.
Figure 1.2.5 shows the electronic energy levels of lanthanide ions. Due to the forbidden f-f
transitions lanthanide ions suffer from weak light absorption, which makes the direct excitation
of metal ions very inefficient. However in case of MOFs this is not a problem due to energy
transfer from photo excited organic ligand to lanthanide centers. Figure 1.2.6 shows the process
of energy transfer from ligand to lanthanide ions. The main energy transfer process involves
ligand centered absorption followed by intersystem crossing S;—T:, Ti—Ln*" transfer, and
metal- centered emission. Other possible energy transfer process involves direct energy transfer
from excited singlet state S; of ligand to the energy levels of lanthanide ion. This mechanism of
direct energy transfer is known for Eu** and Tb**. If the process of energy transfer is not very
efficient, both remaining ligand fluorescence and the lanthanide centered emission are observed.
Efficient energy transfer is achieved by proper choice of ligands. The lowest triplet state of the
organic linker should have to be located at an energy level nearly equal to or above the resonance

level of the lanthanide ions.["?
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Figure 1.15: Electronic excited-state energy levels for Ln** ions. [Adapted with permission from

Ref. 71]
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Figure 1.16: Schematic representation of energy transfer process involved in lanthanide MOFs. Energy
transfer process is sometimes referred as antenna effect. [Adapted with permission from Ref. 71]
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Due to very sharp and well defined emission spectrum of lanthanide based MOFs it has
promising applications in optical, optoelectronic and biomedical applications and as sensors.
Several hetrometallic lanthanide frameworks have also been designed. Recently bismuth based
frameworks which have not been studied in detail have been shown as a very efficient host for
lanthanide ions with very efficient energy transfer and high quantum yield.[73] The possibility of
having optical, magnetic and porosity property in same hybrid material is interesting. Chapterl
of thesis deals with lanthanide doped bismuth based framework graphene composites and effect

of graphene on fluorescence property.

In addition to lanthanide ion based luminescent MOFs several other luminescent MOFs
due to flourishing highly conjugated ligands or florescent guest have been studied. The Charge
transfer luminescence in d'® metal ions has been explored. Ligand based luminescence are
generally stronger in MOFs in comparison to solution due to rigid arrangement of linkers around
the metal ions. In addition to the enhancement in lifetime and quantum yield of ligand based
luminescence in framework structure, shift in absorption maxima is generally observed due to
enhanced molecular interactions. Loss of fine structure and broadening of emission spectrum is

observed.[™
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T B Figure 1.17: Various possibilities of luminescence
with metal or ) MOFS

In

organic linkers

Linker-based
Emission

27



Chapter 1

1.2.6 Gas storage/ Separation:

One of the most important properties of MOFs which have been studied in very detail
for clean energy applications is very high surface area with well-defined pore structure.[”™ Some
of the remarkably high surface area MOFs reported in literature are MOF-177 (5640 m?g™),
MIL-101 (5900 m’gl), UMCM-2 (6000 m°g™?) and MOF-210 (6240 m?g™).l'®™! The
exceptionally high surface area along with well-defined nanospace inside their framework
structure allows them to efficiently trap various gas molecules. With the merits of high
crystallinity, porosity and controllable structural characteristics, MOFs have been studied for Ho,
CH, storage and CO, sequestration. Although hydrogen storage in MOFs have been studied in
great detail methane storage in MOFs have not been explored in much detail. Compared to
petroleum oil, methane can provide much more energy because of its higher hydrogen-to-carbon
ratio. Other application where MOFs will have promising application is CO, sequestration.
MOFs provide significant advantage over amine based solvents presently used for CO,
sequestration in thermal power plants. Amine based solvents suffer from solvent degradation,

toxicity, corrosive nature, and high energy demand for the solvent regeneration.!®®!

Adsorptive separation is an important industrial process. Industrial separation process uses
porous solid materials such as zeolites, silica gel, and activated carbon as adsorbents. The basic
principle for separation is different affinity between different adsorbates and the surface of
adsorbents. The adsorption capacity and selectivity of an adsorbent are the requisite for
adsorptive gas separation. The adsorption capacity depends on the equilibrium pressure and
temperature, the nature of the adsorbate, and the nature of the micropores in the adsorbent. The

selectivity is significantly more complicated, as it seems to be integrative and process related
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issue in practical separation, though it is still related to the operational temperature and pressure
and the nature of adsorbate- adsorbent interaction.® " Many MOFs and MOF polymer
membrane composites have been studied for gas separation applications. ZIF-8 polymer

membranes have been studied for gas separation with interesting results.

1.2.7 Catalysis:

One of the interesting applications of MOFs is in catalysis. The metal or metal clusters,
used as connecting nodes can be used to catalyze organic reactions. Shape and selectivity are
important parameter in industrial catalytic process and nonporous MOFs with tunable pore size
and functionality attached to ligands have been utilized.!*® ®® The catalyst must have uniform
pores with molecular dimensions, in order to provide shape/sizes selective behavior. Uniform
porosity in case of MOFs is an outcome of highly ordered structure. Due to the very open
architecture, self-diffusion coefficients of molecules in the pore system are only slightly lower
than in the bulk solvent. The mass transport in the pore system is not hindered. The ordered
structure offers the opportunity to spatially separate active centers. Due to their very high surface
areas, MOF- based catalysts contain a very high density of fully exposed active site per unit
volume. This feature results in enhanced activity, and hence a more effective catalytic system. In
addition to the non-coordinated catalytically active metal site catalytically active centers can also
be generated from the functional group attached to the ligand. Interestingly, unlike traditional
immobilized catalyst, the active catalytic sites generated are predictable and tunable due to the

well-known chemical property of linker.
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1.2.8 Graphene MOF hybrid composites

Graphene can be chemically modified with various functional groups such as benzoic acid
and graphene oxide. Oxygen containing functional groups provide coordination center for metal
ions and can be utilized for the synthesis of graphene MOF hybrid composites. Oxygen
functionality present on graphene basal plane will modulate the growth mechanism of MOF
crystals; also graphene may act as nucleation center for the growth of MOF crystals. Large area
functionalized graphene sheets can be used to grow MOF nanocrystals with many interesting
property due to the synergistic effect of MOF and graphene. Further such hybrid composites may
have different adsorption property in comparison to parent MOF. MOFs are known to be
insulators but such composites are conducting due to high conductivity of graphene. Interesting
optical properties of graphene have been studied, MOFs are also known for certain interesting
optical properties. Study of optical properties of such hybrid composites will be interesting.

Chapters 2, 3 and 4 explore some of the interesting properties-graphene MOF hybrid composites.

HYBRID
MOF
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CHAPTER 2

Quenching of lanthanide emission
in composite of graphene with a Bi-
based MOF

Summary

Effect of graphene on the optical properties of lanthanide-based graphene-MOF hybrid
composites has been investigated. Graphene is found to be a very efficient quencher of
lanthanide emission. For this purpose, hybrid composites of a bismuth based MOF
[Bi(1,4-bdc)2].(dma) [where 1,4-bdc = Benzene-1,4-dicarboxylate anion, dma = dimethyl
ammonium cation] doped with lanthanide ions were prepared with different proportions
of benzoic acid functionalized graphene (BFG). A large decrease in luminescence
intensity is observed even with a very small concentration (2wt.%) of benzoic acid
functionalized graphene (BFG). The quantum yield decreased from 50.23% to 1.37% in
case of Tb doped samples. Similar effect was observed in Eu doped and Eu/Th codoped
samples. On subsequent addition of higher concentration of functionalized graphene, a
small decrease in luminescence intensity and hence fluorescence quenching was
observed. The observed fluorescence quenching was further supported by lifetime
measurements. The observed quenching of lanthanide emission is attributed to excited

state energy/charge transfer from bdc ligand to graphene which perturbs the energy
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transfer from ligand to lanthanide metal ion. Even very small concentration of graphene

is sufficient to quench lanthanide emission very effectively.

2.1 Introduction:

Graphene due to its interesting electronic, optical, mechanical, chemical and other
properties has received great attention."® Fluorescence quenching is one of the
important properties of graphene and has been utilized in sensing biomolecules and
visualization of graphene sheets on various substrates.[*® Interaction of graphene and
various chemically modified forms of graphene with semiconductor nanoparticles and
dye molecules has been studied to understand the mechanism of fluorescence
quenching.l” ® Lanthanide based metal organic frameworks (MOFs) have been studied
for their optical, magnetic and catalytic property.***! Bi®** based frameworks have been
recently investigated as hosts for lanthanide ions with interesting optical properties. 4 °!
Lanthanide based phosphors and metal organic frameworks have promising
optoelectronic applications. Since graphene and various modified forms of graphene have
been utilized for various optical and optoelectronic applications, *® X1 we have prepared
lanthanide based hybrid graphene composites with metal organic framework. Interaction
of graphene with lanthanide based frameworks and its effect on quenching lanthanide
emission is largely unexplored. We have carried out detailed investigations of optical
properties of such graphene bismuth based MOF hybrid composites. For our present
investigations, the bismuth based framework [Bi(1,4-bdc);]-(dma) (BDC) [1,4-bdc =

Benzene-1,4-dicarboxylate anion, dma = dimethyl ammonium cation] with lanthanide ion
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doping was utilized.™™ This lanthanide doped framework shows strong luminescence
corresponding to rare earth emission due to very efficient ligand to rare earth ion energy
transfer. In order to make uniform composites and provide coordination center to the
metal ions graphene basal plane was functionalized with benzoic acid (BFG).'® we

discuss properties of the BFG-Ln doped BDC composites in this chapter.

2.2 Materials and experiments:

Graphite powder used for synthesizing RGO was obtained from Alfa Aesar.
Terephthalic acid, Eu(NO3)3.5H,O and Tb(NOs3)3.5H,O were obtained from Sigma
Aldrich. Bi(NO3)3.5H,0 was obtained from SRL Chemicals. DMF, KMnO,4, NaNOj3 and
other chemicals were obtained from Merck chemicals. All the chemicals were of high

purity and used without further purification.

Synthesis of Graphite Oxide:

Graphite oxide was prepared using a modified Hummers and Offeman method. In
an ice bath 75 ml conc. H,SOy, 1.5 g graphite powder and 1.5 g NaNO3 were added and
stirred forl0 min to make uniform mixture. To this mixture, 10 g KMnO, was slowly
added. The reactants were allowed to mix properly then transferred to an oil bath
maintained at 40 °C and stirred for 45 min. Oxidation of graphite powder occurred and
dark brown coloured viscous product formed. 75 ml distilled water was slowly added

followed with stirring for another 15min at 70 °C. Brown color suspension formed. The
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temperature was then raised to 80 °C followed by the addition of 15 ml H,O, in 150 ml
warm water (~70 °C). Colour of suspension changed from dark brown to yellow.
Obtained product was centrifuged then washed repeatedly with distilled water to remove
excess acid. The product was again dispersed in water and dialyzed for 24 hours to
remove any residual acid. GO suspension was then centrifuged to remove excess water.
Obtained solid product was transferred to petri dish and kept in vacuum at room

temperature for drying.
Reduction of Graphite Oxide:

Obtained graphite oxide was dispersed in water and reduced using NaBH,
according to procedure reported in literature.”®® In a round bottom flask 400 mg of GO
was dispersed in 320 ml water by sonication. The pH was adjusted to10 by adding 5%
Na,COg solution. Then, the dispersion was stirred at 90 °C for 9 hours. The pH was again
checked using a pH meter and adjusted to 10. Then, 3.2g NaBH, (0.085 mol) in 80 ml
H,0O was added to dispersion under constant stirring, with temperature maintained at 80
°C. The dispersion was stirred for next 3 hours. The color of dispersion changed from
dark brown to black accompanied by outgassing. The final product was filtered and

washed several times with water and ethanol and dried under vacuum.
Benzoic Acid functionalization of Graphene (BFG):

Functionalization of graphene was performed by making diazonium salt of para-
aminobenzoic acid. In 80 ml water 960mg para-aminobenzoic acid and 280mg NaOH

(7mmol) were added. In the solution 526 mg NaNO;, and 6ml 20%HCI (6.4M, 19.2
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mmol) were added with temperature maintained at 0 °C and stirred for 45min.The color
of solution changed to pale yellow due to the formation of diazonium salt. RGO (300mg)
was dispersed in water by sonication in 1 wt.% sodium dodecylbenzenesulfonate (SDBS)
solution. RGO dispersion was added to diazonium salt solution and stirred at 0°C for 4
hours. Then, ice bath was removed and stirred for another 4 hours at room. The resulting
dispersion was filtered and washed with ethanol water mixture, ethanol and acetone to
remove the surfactant. TEM images of RGO and characterization of RGO and BFG are

given in Figure 2.1.
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Figure 2.1 (1) Infrared spectra of (a) RGO (red) and (b) BFG (Black). (I11) UV- Visible absorbance spectra
of (a) GO (black) (b) RGO (red) and (c) BFG (blue). (I11) TEM image of RGO. (IV) PL excitation and
emission spectra of BFG.
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In reduced graphene oxide (RGO) Strong peak at 1577 cm™ due to C=C bond vibration
and a very weak shoulder near 1700 cm™ due to remaining carboxylic acid was observed
(Figure 2.1(1)). Very low intensity of carboxylic acid peak is due to efficient reduction of
graphene oxide. In benzoic acid functionalized graphene (BFG) strong peak at 1691 cm™
due to COOH functional group is present. Peak at 1600 cm™ in BFG is due to C=C
stretching vibration. UV-Visible absorption spectra of GO, RGO and BFG were collected
by dispersing in water. GO showed absorption maxima at 227 due to z—»z# transition
(Figure 2.1(11)). In RGO z— 7+ transition absorption maxima peak was red shifted to 250
nm due to partial recovery of conjugation after reduction. Red shift in z—7z* was also
observed in BFG with the absorption maximum at 247nm. . TEM image of reduced
graphene oxide (RGO) used for the benzoic acid functionalization of graphene are given
in figure 2.1(111). RGO synthesized using sodium borohydride as reducing agent were
agglomerated due to strong w-7 interaction between graphene sheets. PL excitation and

emission spectrum of BFG is given in figure 2.1(1V).
BDC ([Bi(1,4-bdc,)].dma) and BDCG graphene composite:

Benzoic acid functionalized graphene was dispersed in 5 ml DMF by sonication for
45 mins. Benzoic acid functional group present of graphene helped in dispersing
graphene sheets in DMF. A stable colloidal dispersion of BFG was obtained. To the
colloidal dispersion of BFG, Bi(NO3)3.5H,0 (0.3 mmol), 1,4H,bdc (1.5 mmol, Benzene-
1,4-dicarboxylic acid), Him (1.2 mmol,. Imidazole), dmf (N,N-Dimethylformamide)

were added and stirred for 30 min to form a homogeneous mixture. The homogeneous
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mixture was sealed in a 23 ml stainless steel reactor with a PTFE liner and heated at 100
°C for 72 hours, then cooled to room temperature. 10 mol% Eu**, Th**, and 5 mol% each
Eu**/Tb*doped BDC/BFG composites were obtained by replacing stoichiometric
amounts of Eu/Bi and Th/Bi nitrates. BDC1 and rare earth doped BDC1 were obtained by
the same procedure without adding functionalized graphene. The product was filtered,

washed with dmf and acetone and dried at room temperature.
Physical Measurements

Powder X-ray diffraction (PXRD) pattern of all samples were recorded with a
Bruker D8 X-ray diffractometer with Cu Ka radiation. Raman spectra were recorded
using Jobin Yvon LabRam HR spectrometer with 632.8 nm HeNe laser in backscattering
geometry. Infrared spectra were recorded on a Bruker IFS 66v/S using KBr pellets.
Thermogravimetric analysis (TGA) was carried out on Mettler Toledo TGAB850
instrument with a heating rate of 10 °C/min in air. FESEM images were obtained from
Nova Nano SEM 600, FEI Company. Transmission electron microscope images of
samples were obtained with a JEOL JEM 3010 microscope operating at an accelerating
voltage of 300 kV. Photoluminescence measurements of solid samples were carried out
using Flurolog-3 spectrophotometer from Horiba Jobin Yvon. PL measurements of solid
samples were done by taking approximately equal amount of sample and placing between
quartz plates. Illumination area of sample was kept constant during measurement.
Lifetime measurements were carried out on Edinburgh PL spectrometer using pulsed

Xenon lamp.
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2.3 Results and Discussion:

BDC and BDC graphene composites BDCG with different concentration of
graphene and Eu/TB doping was synthesized using solvothermal route. The samples were
prepared with three different benzoic acid functionalized graphene (BFG) concentration 3
mg (BDC3G), 6 mg (BDC6G) and 9 mg (BDC9G) which corresponds to approximately 2
wt.%, 4 wt.% and 6 wt.% of BFG respectively based on 86% observed yield. BDC host
framework and corresponding composites were doped with 10 mol % Eu, 10 mol % Tb
and 5 mol % Eu/ 5 mol % Tb respectively. Obtained BDC and BDCG were characterized

with PXRD (Figure 2.2) to check phase purity and were consistent with simulated

pattern.
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Figure 2.2 PXRD pattern of lanthanide doped BDC and BDCG. (I) Eu doped BDC and BDCG. (1) Tb
doped BDC and BDCG. (I1l) Eu/Tb doped BDC and BDCG. (IV) undoped BDC. 3G, 6G and 9G
correspond to 3 mg, 6 mg and 9 mg of functionalized graphene respectively. BDC 3 mg, 6 mg, and 9 mg,
BFG composites are represented in black, red, blue and magenta respectively.
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No change was observed in PXRD pattern between BDC and BDCG. BDC crystallizes
in rhombohedral R-3c space group with two crystallographically different Bi** cation.
Two different Bi** sites B1 and B2 corresponds to twelve and nine coordination with a
stereochemically inactive lone pair of electrons. The dma cation occupy space between
the bdc anion by hydrogen bonding interaction with the oxygen atom of carboxylate
group. Overall the framework forms a dense structure without any void space.

Raman spectroscopy gives an important insight on the homogeneity and quality of
nanocarbon composites.*® Figure 2.3 shows the Raman spectra of BFG, BDC and
BDCG. Raman spectra were collected in backscattering geometry using 632.8 nm He Ne
laser by focusing on individual cube shaped crystals. BFG shows characteristic D and G
band at 1330 cm™ and 1593 cm™ respectively. Peaks at 631 cm™, 836 cm™ and 874 cm™
in BDC and BDCG can be assigned to out of plan deformation modes of the C-H bond in
benzene ring of 1,4-bdc ligand. Peaks at 1425 cm™ and 1607 cm™ are due to the
stretching modes of carboxylate groups and symmetric benzene ring stretching
vibration.”®! In addition to the Raman modes corresponding to BDC, characteristic D and
G bands of graphene at 1330 cm™ and 1593 cm™ were observed in BDCG. G band at
1593 cm™ merged with 1607 cm™ peak. Intensity of D and G bands increased from
BDC3G to BDC6G and BDC9G which is consistent with increasing graphene

concentration.

FESEM images of BDC and BDCG (Figure 2.4) showed cube shaped morphology for
both BDC and BDCG. No significant change in morphology was observed for graphene
composites in comparison to pure MOF. The BDC and BDCG crystals were very uniform

with cubic morphology and average size variation between 5 um to 10 um. An
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important role of pH was observed in morphology of BDC crystals. In acidic
environment BDC1 crystallized in thin approximately 1um plate shaped crystals with
small concentration of cubic morphology crystals. In the presence of functionalized
graphene even in acidic environment always cube shaped crystals formed which may be
due to functionalized graphene sheets acting as nucleation center for the growth of MOF

crystals
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Figure 2.3 Raman spectra of (a) Benzoic acid functionalized graphene (BFG) (b) Eu doped BDC (c) Eu-
BDC3G (d) Eu-BDC6G and (e) Eu-BDC9G. Eu-BDC corresponds to Eu doped BDC. 3G, 6G, and 9G

correspond to 3 mg, 6 mg and 9 mg of functionalized graphene respectively.
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Figure 2.4 FESEM images of (a) Eu-BDC (b) Eu-BDC9G (c) Eu-BDC in acidic condition. Scale bar
corresponds to 10 um.

TEM image of composites are given in figure 2.5. BDCG composites were highly
crystalline and electron diffraction pattern was observed. When the crystals were grinded
and sonicated for 45 min uniform cubic structure collapsed and approximately 10 nm

MOF particles strongly agglomerated and supported by graphene sheets was observed.

Figure 2.5 TEM images of (a) Eu-BDC9G and (b) Eu-BDC9G after grinding and 45 min sonication.
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Thermograviametric analysis (Figure 2.6) of BDC and different concentration graphene
composites BDCG showed two step weight loss. First weight loss near 300 °C is due to
the loss of dmf molecules and second weight loss at 400 °C is due to the decomposition
of framework structure. TGA showed similar thermal stability for BDCG and BDC.
Thermal stability of graphene MOF composites (BDCG) shows that composites are
homogeneous with high thermal stability. Infrared spectrums of all the compounds are

given in figure 2.7.
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Figure 2.6 TG analysis of BDC and BDCG. TGA was carried out at a heating rate of 10 °C in air.
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Figure 2.7 Infrared spectra of lanthanide doped BDC and BDCG. (I) Eu doped BDC and BDCG. (I1) Th
doped BDC and BDCG. (l1l) Eu/Tb doped BDC and BDCG. (IV) undoped BDC. 3G, 6G and 9G
correspond to 3 mg, 6mg and 9mg of functionalized graphene respectively. BDC 3 mg, 6mg, and 9mg,
BFG composites are represented in black, red, blue and magenta respectively

Figure 2.8 shows the photoluminescence spectrum of BDC, BDCG and rare earth doped
BDCG. Very efficient fluorescence quenching of lanthanide emission was observed.
BDC showed broad emission with maximum at approximately 490 nm on excitation at
345 nm. This broad emission spectrum is due to intraligand luminescence or charge-
transfer transitions. On addition of first 3 mg of BFG large decrease in emission intensity
was observed followed by small decrease in intensity on subsequent addition of 6 mg and

9 mg functionalized graphene. Eu doped BDC showed very strong characteristic
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peak at 615 nm corresponding to °Do—'F, transition at 335 nm excitation wavelength.
Low intensity peaks at 583 nm, 592 nm and 695 nm can be attributed to *Dy—'F; (J = 0,
1, 4) transitions. Low intensity peak at 583 nm due to °Do—'Fq suggests that Eu** occupy
a low symmetry site without an inversion center.™ Asymmetric ratio of
°Dy—'Fo’Dy—'F; transition was 6.2, which indicates that Eu®" ion occupy highly
asymmetric site.”> 21 With the addition of first 3 mg functionalized graphene strong
quenching of Eu®" emission was observed followed by small decrease in emission
intensity on subsequent addition of 6 mg and 9 mg functionalized graphene. Th doped
BDC showed sharp emission peaks at 489 nm, 543 nm, 582 nm and 620 nm due to
°D,—'F; (J = 6, 5, 4, 3) transitions at 335 nm excitation wavelength. Peak at 543 nm due
to °D4—'Fs is the most intense peak. Similar to Eu doped BDC very strong quenching of
Th emission was observed on the addition of first 3 mg functionalized graphene followed
by slight decrease in emission intensity for samples containing 6 mg and 9mg
functionalized graphene. Eu and Th Codoped samples showed emission peaks
corresponding to Th®" at 489 nm and 543 nm due to °D,—'F; ( J = 6, 5) transitions.
Peaks at 583 nm, 592 nm, 615 nm and 695 nm are due to °Do—'F; (J = 0, 1, 2, 4)
transitions of Eu®* at 335 nm excitation. In addition to the observed peaks very weak
intensity peak at 649 nm due to °Dy—Fs transition is also present in Eu doped and Eu/Th
codoped samples but is not observable due to very high intensity of 615 nm electric-
dipole transition. Observed lanthanide emission quenching in Eu/Th codoped samples
due to excited state interactions with graphene were similar to Eu and Th doped samples.
The emission band of the intraligand luminescence was not observed in the emission

spectra of all the rare earth doped compounds suggesting very efficient energy transfer
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from ligand to rare earth ions. Lanthanide ion emission was strong and red, green and
orange emission can be observed with naked eye for Eu, Tb and Eu/Th doped BDC

respectively.
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Figure 2.8 PL excitation and emission spectra of (a) BDC (black), BDC3G (red), BDC6G (green) and
BDC9G (blue) (b) Eu-BDC (black), Eu-BDC3G (red), Eu-BDC6G (green) and Eu-BDC9G (blue) (c) Th-
BDC (black), Th-BDC3G (red) and Th-BDC6G (green) and Th-BDC9G (blue) (d,e) Eu/Tb-BDC (black),
Eu/Tb-BDC3G (red), Eu/Tb-BDC6G (green) and Eu/Th-BDCIG (blue) with excitation spectra monitored
at 615 nm and 543 nm corresponding to Eu** and  Th** respectively.
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Figure 2.9 shows the image of lanthanide doped BDC and BDC3G samples
corresponding to 3 mg of functionalized graphene under UV light. Quenching of rare
earth emission can be easily observed. Very strong luminescence of lanthanide doped
BDC shows that bismuth based framework is very efficient host for lanthanide ions in

designing high quantum efficiency phosphors.

Figure 2.9 Figure (1a, b) Eu-BDC and Eu-BDC3G (2a,
b) Tb-BDC and Th-BDC3G (3a, b) Eu/Th-BDC and
Eu/Th-BDC3G on UV light excitation. 3G corresponds
to 3mg of benzoic acid functionalized graphene.

Consistent with observed quenching of rare earth emission fluorescence decay
measurement showed decrease in lifetime in rare earth doped graphene MOF composites.
Figure 2.10 shows the lifetime trend of rare earth doped BDC and BDCG samples. The
°D, decay time of Eu doped samples were monitored using the strongest 'F, component
at 615 nm using excitation wavelength of 335 nm. The lifetime Eu-BDCG decreases with
increasing BFG concentration which is consistent with observed quenching of Eu

emission. The °D, decay time of Th doped samples were monitored using 'Fs component
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at 543 nm. Both °Dy and °D, decay time corresponding to Eu** and Th*" were monitored
for Eu/Tb codoped samples. The °Dg and °D, decay time corresponding to Eu* and Th**
codoping were monitored using 'F, and Fs transitions respectively. Similar to Eu doped
samples lifetime decreased in Th doped and Eu/Tbh codoped BDCG with increasing BFG
concentration. The decrease in lifetime is consistent with observed quenching in Eu and

Tb emission. Lifetime value of lanthanide doped BDC and BDCG are given in table 1.
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Figure 2.10 Lifetime value with increasing functionalized graphene concentration (a) Eu doped (black) (b)
Tb doped (red) (c, d) Eu/Tb codoped samples corresponding to Eu (615 nm, blue) and Tb (543 nm,
magenta) emission respectively.

BFG Eu doped Tb doped Eu/Tb doped Eu/Tb doped
Concentration | (A.,=615nm) | (A.,=543nm) (Aepy,=615nm) (Aey=543nm)
(mg) Lifetime (ms) | Lifetime (ms) Lifetime (ms) | Lifetime (ms)

0 0.76373 1.02058 0.75874 0.98942

3 0.72575 0.98408 0.71958 0.95849

6 0.72011 0.9574 0.71235 0.90799

9 0.70884 0.93987 0.68801 0.85004

Table 1 Lifetime value of lanthanide doped BDC and BDC graphene composites with increasing graphene
concentration:
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Composites of semiconductor nanoparticle with graphene oxide and carbon nanotube
show quenching of semiconductor nanoparticle emission.”” 2* %! Similar behavior of
graphene as a very efficient quencher for aromatic molecule fluorescence has been
observed.®® 2! Graphene and its various functionalized forms acts as an electron acceptor
and provide an additional non radiative decay pathway.[” & Although charge transfer has
been explained as one of the mechanism, fluorescence quenching of dye molecules have
been observed at 4 nm distance which cannot be explained by charge transfer
mechanism.”?”! Both energy transfer and charge transfer plays a role in fluorescence
quenching property of graphene.l’ 8 2728 High intensity of lanthanide (Eu, Th) emission
in BDC is due to very efficient energy transfer from bdc anion to lanthanide ions on UV
excitation. Energy transfer from photo excited bdc anion to graphene may be responsible
for observed quenching of rare earth emission. Charge transfer from photo excited bdc
anion to graphene cannot be ruled out due to the close proximity of bdc anion and
graphene in the MOF crystal. Excited state charge transfer interaction between graphene
and aromatic molecules has been observed in earlier study. The observed quenching of
rare earth emission can be explained by energy transfer and/or charge transfer from photo
excited bdc anion to graphene. Such excited state interactions perturb the photo excited
energy transfer from bdc anion to lanthanide ion. Scheme 1 shows the schematic

mechanism of energy/charge transfer responsible for quenching of lanthanide emission.
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Figure 2.11 Energy level diagram of lanthanide doped BDC- graphene composite. Graphene provides an
additional non-radiative decay pathway via electron/energy transfer. ET = energy transfer, ISC = Inter

system crossing, 1C = internal conversion, F = fluorescence, P = phosphorescence, L = lanthanide emission,
NR = non-radiative decay.

Energy
Ligand transfer

Lanthanide
UV-Excitation

Emission

Quenched
Lanthanide
Emission

Ligand transfer

UV-Excitation

Energy/charge
transfer

Scheme 1: Schematic representation of mechanism for quenching of lanthanide emission in BDC graphene
composites. Inset shows confocal images of Th-BDC and Th-BDC3G crystals on UV light excitation.
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Figure 2.12 Decay curve of lanthanide doped BDC and BDCG. (I) Eu doped BDC and BDCG (Il) Th
doped BDC and BDCG (I, 1V) Eu/Tbh doped BDC monitored at 615 nm Eu emission and 543 nm Th
emission respectively. Excitation wavelength is 335 nm in all samples. Black, red, green and blue
corresponds to BDC, BD3G, BDC6G and BDC9G composites respectively.

Figure 2.12 shows the quantum vyield of lanthanide (Eu, Tb) doped BDC and
BDCG. Lanthanide doped BDC has very high quantum yield of 50.23 %, 33.64% and
40.94 % for Th-BDC, Eu-BDC and Eu/Th-BDC respectively. On addition of first 3mg of
BFG large decrease in quantum yield was observed. The quantum yield value decreased
to 1.37 %, 1.1 %, and 1.37 % for Th-BDC3G, Eu-BDC3G and Eu/Tb-BDC3G
respectively. On further addition of 6mg and 9mg BFG slight decrease in quantum yield
was observed for lanthanide doped BDCG. Quantum yield value of lanthanide doped
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BDC and BDCG are given in table 2. Quantum yield data further confirms very high

efficiency of graphene in quenching rare earth emission.
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Figure 2.13 Quantum yield with increasing functionalized graphene concentration (a) Eu doped BDC (b)
Th doped BDC and (c) Eu/Tb codoped BDC samples.

BFG Eu doped Tb doped Euw/Tb doped
Concentration
(mg)
0 33.64 50.23 40.94
3 1.1 1.37 1.37
6 0.3 0.72 0.63
9 0.13 0.46 0.15

Table 2 Quantum yield of lanthanide doped BDC and BDC graphene composites with increasing graphene
concentration. Large decrease in quantum yield was observed with first 3mg of functionalized graphene.

54



Chapter 2

2.4 Conclusions:

Homogeneous graphene-MOF composites of [Bi(1,4-bdc),]-(dma) (BDC) doped with Eu
and Tb with varying proportions of benzoic acid functionalized graphene (BDCG) were
synthesized using a solvothermal route. Very strong quenching of lanthanide emission
was observed even for very small concentration of the functionalized graphene. Lifetime
measurements of lanthanide doped BDC and BDCG showed decrease in lifetime with
increasing concentration of functionalized graphene consistent with the observed
quenching of lanthanide emission. Lanthanide doped BDC exhibit high quantum yields
due to efficient energy transfer from the photo-excited bdc anion to the lanthanide ion.
Even a small concentration of functionalized graphene decreased the quantum yield of
lanthanide doped BDCG drastically. Photoluminescence, lifetime and quantum yield
measurements establish that graphene is highly efficient in quenching lanthanide
emission. Utilization of Bi®* based frameworks in designing high quantum efficiency
phosphors needs to be explored in detail. The present results on quenching of lanthanide
emission will have applications in designing hybrid graphene and lanthanide based

composites for various optical and optoelectronic applications.
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CHAPTER 3

Hybrid nanocomposites of ZIF-8 with
graphene oxide exhibiting tunable
morphology, significant CO, uptake
and other novel properties

¥*
Summary

Hybrid nanocomposites of graphene oxide (GO) with ZIF-8 were synthesized and effect
of graphene oxide on the morphology and gas adsorption property was studied. Graphene
oxide provides as the coordination center for Zn(ll) metal ions and controls the
nucleation and growth of ZIF-8 nanocrystals. With increase in GO wt.% due to the
presence of epoxide, hydroxyl and carboxylic acid functional groups on basal plane the
particle size of ZIF-8 decreases from 80-100 nm to 5-10 nm. The morphology of crystals
changes from hexagonal to spherical. The surface area of the hybrid nanocomposites
depends on the graphene content. The nanocomposites show high CO, uptake up to 72
wt.% at 195 K and 1 atm. The remarkably high CO, uptake of these nanocomposites can

be attributed to synergistic effect due to graphene oxide.

# A paper based on this study has been accepted for publication in Chem.Commun.
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3.1 Introduction:

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) have
attracted great attention in recent years because of their possible use in gas storage,
catalysis, and optoelectronic devices.>® The modifiable pore surface of MOFs props
them to forefront of clean energy and drug delivery research.’® 7 Scaling down these
materials to nanoscale keeping the same periodic structure of the bulk state can give rise
to novel applications in bio imaging, bio-sensing and other areas.®'® Furthermore
nanoscale MOFs enables solution-based processibility and increased gas uptake.!* 1
Methodologies such as solvent induced precipitation, solvo(hydro)thermal or microwave
treatment, coordination modulation techniques and reverse micro emulsion have been

employed for the synthesis of nanoscale MOFs.®'2

In the last few years, graphene
oxide (GO) has become a material of vital importance because of its unique
properties.’® ¥ GO has a functionalized basal plane with anchoring groups like
hydroxyl, epoxy or carboxyl which are useful for forming graphene-based soft materials
and hybrid composites.™> **! Hybrid composites based on MOFs and graphene afford
integration of the unique properties of these two fascinating materials, thus allowing one
to design materials possessing properties not possessed by either component.!’*"!
Bandosz et al. have recently reported GO-MOF composites for the adsorption of
ammonia and nitric oxide®™ while Loh et al. have described conducting nanowires
comprising MOF-5 and benzoic acid functionalized graphene where MOF-5 is

intercalated between graphene sheets.”! Growth of MOF nanocrystals of different

morphologies on graphene sheets has not been explored adequately.
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GO can be considered to be a potential platform and as a structure-directing agent
for the growth and stabilization of MOF nanoparticles, where coordination modulation
occurs through the different functional groups on the surface.™ In this context,
making use of zeolitic imidazolate frameworks (ZIFs), a new class of zeolite-like
MOFs, possessing a high degree of microporosity and exceptional thermal and
chemical stabilities to prepare composites with GO appeared attractive. The prototypical
ZIF-8 (Zn(MelM),, MelM = 2-methylimidazolate) with a sodalite zeolite structure,
containing large cavities (~11.7 A of diameter) interconnected by narrow windows
(~3.40 A) was used for the purpose (scheme 1a).”*? It may be noted that ZIF-8 has
been exploited for developing thin films, membranes for catalysis and separation of
gases.® 21 A simple route for the preparation of hybrid nanocomposites of graphene
oxide and ZIF-8, where the growth of the ZIF-8 nanocrystals as well as their sizes and
morphologies are tuned by the different concentration of GO was developed. The
obtained GO@ZIF-8 (ZG) hybrid nanocomposites show tunable surface areas and pore
volumes depending on the proportion of GO. Interestingly the hybrid nanocomposites
exhibit characteristics by nature of both GO and ZIF-8. The composites exhibit
remarkable CO, uptake characteristics with increasing GO concentration. Furthermore,
we demonstrate the generation of ZnS nanoparticles on the GO sheets by using external

sulphur source, where GO acts as a template and ZIF-8 as the sacrificial Zn source.
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3.2 Materials and experiments:

Materials: All the reagents and solvents were commercially available and used as
supplied without further purification. Zn(NO3),.6H,0, 2-methylimidazole were obtained
from Aldrich Chemical Co.

Synthesis of Graphite Oxide:

Detailed synthesis procedure for graphite oxide using modified Hummers method is

given in Chapter 2.

Room temperature synthesis of nanoscale ZIF-8 crystals:

Nanoscale ZIF-8 with hexagonal morphology was prepared according to the
literature procedure reported by Wiebcke et al.* In a typical synthesis methanolic solution
(25 ml) Zn(NO3),-6H,0 (16 mmol, 366 mg) was slowly added into a methanolic solution
(25 ml) of 2-methylimidazole (8 mmol, 811 mg) with constant stirring. Stirring was
stopped after combining the component solutions and a gel-like solid was recovered by
centrifugation and washed with metahnol for three times and then dried under vacuum.
Yield: 60%. Anal. Calcd. for CgHioNsZn: C, 42.18; H, 4.3; N, 24.6; Found: C, 41.54; H,

4.86; N, 24.39 %.
Preperation of GO@ZIF-8 hybrid nanocomposites:

First bare X mg of GO was dispersed in methanol and sonicated for 5 hours. For
the synthesis of GO@ZIF-8 composites, different wt.% of GO solution added during
preparation of ZIF-8 nano crystals in the stirring condition. The resultant solution was

centrifuged and washed several times with water-methanol mixture and dried at 60 °C.
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The resulting solid composites obtained by variation of GO content were denoted by ZG-
X, X indicated wt.% (X =1, 2, 4, 10 and 20 wt.%) of GO in comparison to Zn(ll) metal.
The obtained samples were designated as ZG (ZG-0, ZG-1, Z2G-2, ZG-4, ZG-10 and
ZG-20) based on the different amount of GO loading.

Characterization:

The as synthesized ZIF-8, GO@ZIF-8 composites and Go@ZnS were
characterized through different techniques. Powder X-ray diffraction (PXRD) pattern
were recorded on a Bruker D8 Discover instrument using Cu-Ka radiation. The
morphology and porous nature of ZG-Xs’ were characterized with Transmission electron
microscopy (TEM) (JEOL JEM-3010 with an accelerating voltage at 300 KV). The
Raman spectra of the samples were recorded in backscattering arrangement, using 532
nm laser excitation and 6 mW laser power. Thermogravimetric analysis (TGA) were
carried out under nitrogen (flow rate of 50 mL/min) with Metler Toledo TGA-850 TG

analyzer in the temperature range between 25 - 800°C at a heating rate 3°C / min.

Adsorption Measurements:

Adsorption studies of N, (77 K) and CO, (195 K) on ZIF-8 and ZG composites
were carried out using QUANTACHROME AUTOSORB-1C analyzer. Prior to the
measurements, the samples were activated at 433 K under high vacuum. In the sample
chamber (~12 mL) maintained at T £ 0.03 K was placed the adsorbent sample (100-150
mg), which had been prepared at 423 K in 10 Pa for 18 hours prior to measurement of
the isotherms. The adsorbate was charged into the sample tube, and then the change of

the pressure was monitored and the degree of adsorption was determined by the decrease
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of the pressure on the equilibrium state. All operations were computer-controlled and

automatic.

3.3 Results and Discussion:

In Scheme 1 we show the method of synthesis of GO@ZIF-8 hybrid
nanocomposites with different GO content (ZG-0, ZG-1, ZG-2, ZG-4, ZG-10 and ZG-20

corresponding 0, 1, 2, 4, 10 and 20 wt% GO, respectively).

(b)
* O
MeOH
2-melM >
+ Zn"
Graphene Oxide (GO) GO@ZIF-8 hybrid nanocomposite
Increase of
Thioacetamide GO Content
€ = € =
GOGZnS Nanosphere ZIF-8 on GO Nanohexagaonal ZIF-8 on GO

Scheme 1. (a) View of ZIF-8 framework showing large cavities with narrow windows; (b) Stepwise
synthesis of GO@ZIF-8 hybrid nanocomposites with tunable morphology, nanospheres from hexagonal
ZIF-8 nanocrystals and in-situ stabilization of ZnS nanoparticles on the GO sheet
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The phase purity of the nanocomposite was established through elemental analysis
and EDAX (Figure 3.2, 3.3). Powder X-ray diffraction patterns of the composites with
different GO contents show the reflections of ZIF-8 (cubic space group) (Figure 3.1).
With increase of GO content, a new reflection appears at 26 = 8.6° close to the 110 peak
of ZIF-8, which would be attributed to GO. Such low angle shift compared to pristine GO

indicating intercalation of ZIF-8 nanocrystals between the GO sheets.

PN ()

(€)

(d)
. (©)

(b)

(@)

10 20 30 40 50
20/degree

Figure 3.1: PXRD patterns of ZIF-8 and GO@ZIF-8 hybrid nanocomposites; (a) ZG-0 (ZIF-8), (b) ZG-1,
(c) ZG-2, (d) ZG-4, (e) ZG-10, and (f) ZG- 20
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Figure 3.2 Colour mapping of ZG-10 sample showing phase purity with homogeneously distributed
throughout the sample.
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Figure 3. 3 Energy dispersive X-ray spectroscopy (EDS) analysis of ZG-10 sample showing presence of C,
N, O and Zn elements.

The infrared spectra of the ZG hybrid nanocomposites show bands due to ZIF-8 as
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well as GO, the frequencies being shifted to slightly lower frequencies (Figure 3.4).
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Figure 3.4 FT-IR spectra of (a) ZG-0 (ZIF-8), (b) ZG-1, (c) ZG-2, (d) ZG-4, (e) ZG-10, (f) ZG- 20 and (g)
GO.

Infrared spectrum of graphite oxide (GO) shows peak at 1728 cm™ due to C=0 stretching
vibration, peak at 1621 cm™ can be attributed to C=C vibration of unoxidized sp?
domains along with contribution from adsorbed water molecules. Fingerprint region is
very broad with many overlapping peaks which cannot be clearly resolved. Peak around

1230 cm™ can be due to C-O stretching vibration of hydroxyl and epoxide functional
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group. In ZG composites additional bands around 1728 cm™ and 1621 cm™ are observed
due to contribution from GO. The 1586 cm™ band of ZIF-8 has shifted in ZG composites
to lower wavenumber with increasing wt.% of GO. The value for ZG-4, 10, 20 is around
1574 cm™ which indicates a strong interaction between graphene oxide and ZIF-8

nanoparticles. The 1586 cm™ band of ZIF-8 can be attributed stretching vibration of

imidazole ring.
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Figure 3.5 Raman spectra of (a) ZG-0 (ZIF-8), (b) ZG-1, (c) ZG-2, (d) ZG-4, (e) ZG-10, (f) ZG- 20 and (g)

GO.
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The ZIF-8 shows bands in the Raman spectrum corresponding to the 2-
methylimidazole linker while GO shows bands at 1333 cm™ and 1594 cm™ due to the D
and G bands respectively. The Raman spectra of composites show bands corresponding
to ZIF-8 as well as the D and G bands (Figure 3.5). Peak assignment of Raman spectra is

given in table 3.1 below.

Raman Shift Assignment
(cm™)

685 (s) v (CCHg) due to C-C stretching of methyl group attached to imidazole
ring.

1145 (s) Methyl rocking vibration p (CH3). Bending mode of CH3 group
attached to imidazole ring.

1460 (s) Antisymmetric deformation vibrations of C-H in methyl group

1380 (w) Symmetric deformation vibrations of C-H in methyl group

834 (w) v (CH) modes. Out of plane C-H bending mode of H attached to 2-
methylimidazole ring.

1508 (m) v (R) In-plane imidazole ring stretching mode.

2930 (m) C-H stretching vibration of methyl group (sp® C-H stretching vibration).

3114,3135 | C-H stretching vibration of H attached to 2-methylimidazole ring (sp
(m) C-H stretching vibration)

1333 (broad) | D band of graphite oxide.

1594 (broad) | G band of graphite oxide.

[w = weak, s = strong, m = medium intensity]

Table 3.1. Raman peak assignment of ZIF-8 (ZG-O) and ZIF-8 graphene oxide composites (ZG).
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Thermogravimetric (TG) analysis of ZIF-8 and the composites show high thermal

stability as shown in figure 3.6.
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Figure 3.6 TGA of as-synthesized ZIF-8, GO and ZG composites.

The morphologies of ZIF-8 and the ZG composites were characterized by
transmission electron microscopy (TEM). Typical TEM images are shown in Figure 3.7.
The as-synthesized ZIF-8 (without any GO) shows hexagonal morphology with a particle
size in the range ~100 - 150 nm as shown in Fig. 2a. Similar hexagonal morphology and
particle size are also found in ZG-1 (1 wt.% of GO), with the ZIF-8 particles being
stabilized within the dense GO sheets. With increasing GO content, the particle size of
ZIF-8 decreases. In the case of ZG-2, irregular hexagons with a few squares or rectangles

of 50 -100 nm size are seen and covered between the GO sheets (Figure 3.7c). On
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increasing the GO content to 4 wt.% in (ZG-4), irregular particles transform to spherical
shape, the size being 40 - 50 nm (Figure 3.7d). In ZG-10 (10 wt.% GO) spheres of 20
nm diameter (with a few of the bigger size of 40-50 nm) are formed (Figure 3.7¢). In
the case of ZG-20 (20 wt.% GO), the size of the nanocrystals gets significantly

reduced and we see a homogenous distribution of uniform nanospheres of ~4 nm

diameter in figure 3.7f.

Figure 3.7 TEM images of ZG samples (a) ZG-0, (b) ZG-1, (c) ZG-2, (d) ZG-4, (e) ZG-10 and (f) ZG-20.

Clearly, the size and morphology of ZIF-8 are controlled by the percentage of GO in the

composite. The GO sheets appear to provide a platform for the nucleation and growth of
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nanocrystals. The shapes and sizes (hexagonal to sphere) are probably controlled by -OH
and -COOH groups through coordination modulation which inhibits the growth of large
crystals. The functionalized GO sheets act as both structure-directing and size-controlling

agents for ZIF-8 nanocrystals.

160 4 g/
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Figure 3.8 (a) Nitrogen (b) Carbon dioxide adsorption isotherm of GO at 77 and 195 K respectively.

Textural parameters such as surface area, pore volume and pore size of the ZG
hybrid nanocomposites were obtained from N, adsorption desorption measurements at 77
K (Figure 3.9, left). The BET surface area of the GO sample is around ~15 m?/g (Figure
3.8). On the other hand, N, adsorption of the nanoscale ZIF-8 (ZG-0) shows typical type
—1 profile with a surface area of about 1120 m®/g comparable with the literature value.

The textural parameters of the ZG composites are given in table 3.2. The BET surface
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area of the composites decreases relative to ZG-0 (ZIF-8) with increasing GO content.
Thus, the surface areas of ZG-1, ZG-2, ZG-4, ZG-10 and ZG-20 are 819, 675, 450, 320,
280 m?/g respectively. The decrease in surface area can arise due to an increasing
proportion of nonporous GO in the composites. To our surprise, the ZG composites
exhibit good CO, storage capacity with the CO, uptake at 195 K increasing with the
increasing GO content (Figure 3.9 (right) and Table S2). Note that pristine ZIF-8 (ZG-0)
and GO show 27.2 wt.% and 33 wt.% of CO, uptake, respectively (Figure 3.8). ZG-4
exhibits CO, uptake of about 49 wt.% at 195 K (1 atm) which increases further to 72
wt.% in ZG-20. This unusual CO, uptake can be attributed cumulative effect of ZIF8 and
GO as later provide specific interaction with CO, based functionalities on the sheets.
This is supported by the high heat of CO; sorption (qst) 31.9 kJ/mol in case of ZG-20
obtained from Dubinin-Radushkevich (DR) equation.”®! To the best of our knowledge,
this is the first report of GO@ZIF-8 hybrid nanocomposites with tunable porosity and

significant CO, storage capacity.
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Figure 3.9 (Left) Nitrogen (at 77 K), (right) Carbon dioxide (at 195 K) adsorption-desorption isotherms of
ZG samples(a) ZG-0; (b) ZG-1; (c) ZG-2; (d) ZG-4 (e) ZG-10 (f) ZG-20.
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Sample Seer Vp co, Q
(m2/g) (cm3/g) (wt%) (KJ/mol)

ZIF-8 1120 0.56 27.2 -

ZG-1 819 0.45 32.4 28.9

2G-2 675 0.23 35.1 29.4

7G-4 450 0.19 48.4 30.3
ZG-10 320 0.11 55.3 31.4
2G-20 289 0.09 72.4 31.9

Table 3.2. Textural parameters and CO, storage capacities of as-synthesized nanocrystals of ZIF-8 and ZG
composites.

Zinc sulphide (ZnS) shows fascinating electrical and optical properties, which
would be further modified into nanoscale or in hybridization with other materials like
graphene oxide (GO).” We have made use of the GO@ZIF-8 composite, ZG-20 for the
synthesis of the GO@ZnS composite. On reaction with ZG-20 with thioacetamide, the
ZIF-8 in the composite acts as the sacrificial Zn source and reacts with the sulphur
produced by thioacetamide. Figure 3.10 (a) shows the powder X-ray different pattern of
the GO@ZnS nanocomposite with broad reflections corresponding to the Wurtzite
structure of ZnS (JCPDS No 39-1363). The reflection at 12.21° corresponds to GO and
the slight shift to a higher angle corroborates a decrease in the interlayer separation
between two successive graphene sheets. Figure 3.10 (b-c) shows TEM images of the
GO@ ZnS, revealing that the ZnS nanoparticles of ~ 3 nm are stabilized on the GO sheet.
This particle size is consistent with the XRD data and this hybrid also shows uptake of

CO; about 9 wt% as shown in Figure 3.11.
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10 20 30 40 s 60
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Figure 3.10 Characterization of GO@ZnS composites: (a) powder XRD pattern (ED pattern inset shows
three planes of the ZnS corresponding Wurtzite structure); (b-c) TEM images of show ZnS nanoparticles

on the GO sheet.
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Figure 3.11 CO, adsorption profile of GO@ZnS nano composite at 195 K.

3.4 Conclusions:

In conclusion, we have demonstrated a simple procedure to prepare hybrid

GO@ZIF-8 hybrid nanocomposites. ZIF-8 is stabilized on the GO surfaces through

functional groups and the nanoscale morphology of the composite (from hexagonal to

spherical) can be tuned by the concentration of GO. GO acts as a structure-directing
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agent for the growth of nanocrystals of ZIF-8 through coordination modulation. The
composites show remarkable CO, storage capacity compared to the parent ZIF-8. To the
best of our knowledge, this is the first account of the growth and stabilization of
nanoscale MOF on a graphene surface, with tunable morphology and gas storage
characteristics. The GO-ZIF composite can be used as a precursor to obtain the GO@ZnS
composite by reaction with thioacetamide, where ZIF-8 acts as the sacrificial source of

Zn(1).
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CHAPTER 4

Flexible Porous crystal composites of
a Cd-based MOF and graphene

Summary

Homogeneous  graphene  MOF  composites of 2D  MOF  [Cds(azpy),-
(pyrdc)4(H.0),].9H,0, (CAP) (azpy = 4,4'-azopyridine, pyrdc = pyridine-2,3-
dicarboxylate) were synthesized and their adsorptive characteristics studied in detail. For
the synthesis of hybrid composites two different functionalized graphene precursors,
benzoic acid functionalized graphene and graphene oxide were used. Selective
intercalation of functionalized graphene in 2D interlayer space was observed Pure MOF
shows selective CO, uptake with single step type | adsorption profile. Composites show
two step CO, adsorption profile with large hysteresis, which indicates strong adsorbate-

adsorbent interaction.
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4.1 Introduction:

Metal organic frameworks (MOFs) have wide range of applications in various
fields like gas storage/separation, catalysis, biomedical and optoelectronic devices due to
their unique ordered tunable functional porous environment with high surface area and
large pore volume.[**! Some of the MOFs are flexible and respond reversibly to external
stimulii.® ! Owing to their flexibility the MOFs show interesting selective gas adsorption
and hysteresis in the adsorption profiles.”® ® Dynamic MOFs have promising applications
in selective adsorption, molecular recognition, guest storage and transport.!*! Utilization
of weak interactions in addition to the coordinate bonds is an important requisite in
designing flexible coordination frameworks.™ Coordination bonds in MOFs are often
supported by hydrogen bonding, van der Waals forces, 7 interaction and other weak
interactions which impart flexibility to the framework.!® @ Crystalline phases are often
rigid and MOFs show an exceptional behavior of flexibility in this regard. The dynamic
behavior of MOFs is therefore interesting for a study of the adsorption behavior, physical

properties and applications.*

Graphene and various chemically modified forms of have widespread applications
in electronics, energy storage devices, polymer composites, sensors and gas storage.[**
Graphene oxide (GO) which can be synthesized on a large scale by Hummers method is
an important precursor for various graphene based materials.'® 1 Benzoic acid
functionalized graphene (BFG) synthesized from graphene oxide is another chemically
modified form and has been used in the synthesis of MOF composites.l*®! Epoxide,

hydroxyl, carbonyl and carboxylic acid are the main functional group present in GO basal
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plane and edges.!*! Important functional group in BFG basal plane is benzoic acid. These
oxygen containing functional groups acts as coordination center for metal ion. In addition
to providing coordination to metal ion they provide interaction by hydrogen bonding, 7z
interaction and weak van der Walls interaction. Recently various graphene based MOF
composites have been reported but the MOF structures are rigid with no flexibility and
adsorption property is mainly controlled by rigid MOF framework.[*® 2221 Applications
of chemically modified graphene for designing flexible MOFs are largely unexplored.
The chemically modified graphene basal plane (GO, BFG) provides weak interactions
required for designing flexible framework structure with interesting adsorption property.
In this context making use of weak interactions provided by chemically modified
graphene we have synthesized flexible graphene MOF composites of [Cds(azpy).-
(pyrdc)4(H20),].9H,0, (CAP) (azpy = 4,4'-azopyridine, pyrdc = pyridine-2,3-
dicarboxylate) with remarkably different adsorption property of composites in
comparison to the parent MOF.”?®! The difference in adsorption properties can be
attributed to the synergistic effect in the composites and new interactions provided by the

chemically modified graphene basal plane (GO, BFG).*

4.2 Materials and experiments:

Graphite powder, Cadmium perchlorate hydrate and 2,3-Pyridinedicarboxylic acid were
obtained from Sigma Aldrich. 4,4’-Azopyridine was synthesized using the procedure
reported in literature.?* 2° Methanol, KMnO,, NaNO; and other chemicals were obtained

from Merck chemicals.
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Synthesis of GO and BFG:

Detailed procedure for synthesis of GO, RGO and BFG and characterization are given in

chapter2.
Synthesis of CAP-GO, CAP-BFG and CAP

Weight of 30 mg GO was dispersed in 50 ml water by sonication for 2 hrs. In the
uniform colloidal dispersion Cd (Il) ion (~1mmol, Cd(CIO,4),.xH,0) was added and
stirred. After 15 min Napyrdc (1 mmol) and methanolic solution (25 ml) of azpy (1
mmol) was slowly added and allowed to stir overnight. The obtained product was
centrifuged and washed with water. Obtained product was dried under vacuum at room
temperature. CAP-BFG was obtained by same procedure except the initial dispersion of
BFG was obtained by sonication in water maintained at pH 10. CAP was obtained by
simple mixing and overnight stirring of ligand solution with metal ion solution.’®! Phase
purity of obtained product was checked by matching powder X-ray diffraction pattern

with simulated pattern.

Characterization: Powder X-ray diffraction (PXRD) pattern of obtained composites
were recorded on a Bruker D8 Discover instrument using Cu-Ka radiation. Morphology
of CAP-GO, CAP-BFG and CAP were characterized with Transmission electron
microscopy (TEM) (JEOL JEM-3010 with an accelerating voltage at 300 KV). SEM
images were obtained from Nova Nano SEM 600, FEI Company. Raman spectra of the
samples were recorded in backscattering arrangement, using 514.53 nm Ar® laser.

Thermogravimetric analysis (TGA) was carried out under nitrogen (flow rate of 50
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mL/min) with Metler Toledo TGA-850 TG analyzer in the temperature range between 30
- 900°C at a heating rate 5 °C / min. Infra-red spectra of the compounds were recorded on
a Bruker IFS 66v/S spectrophotometer using the KBr pellets in the region 4000-400 cm™.
Gas adsorption measurement:

The adsorption isotherms for N, (at 77K), and CO, (at 195 K) gases were carried
out using QUANTACHROME AUTOSORB-1C analyzer. The solvent adsorption isotherms
(MeOH (at 293 K) and H,O) were measured using BELSORP aqua-3 volumetric
adsorption instrument from BEL, Japan. A known weight (100-125 mg) of the as-
synthesized samples were placed in the sample cell, then, prior to measurements, the
samples were dried under high vacuum at 423 K for 12h to remove the adsorbed water
molecules. The adsorbate was charged into the sample tube, and change of the pressure
was monitored. The degree of adsorption was determined by the decrease in pressure at
the equilibrium state. All operations for measurement were computer-controlled and

automatic.

4.3 Results and Discussion:

MOF composites CAP-GO and CAP-BFG were obtained by a simple procedure of
room temperature stirring. Ligand solution and metal ion solution were mixed in 10 wt.
% GO and BFG colloidal dispersion and stirred at room temperature. [Cds(azpy).-
(pyrdc)4(H20),].9H,0, (CAP) was synthesized using the same procedure of stirring
ligand and metal ion solution. Obtained composites were characterized using PXRD, IR,

Raman, TGA, FESEM, TEM and Elemental analysis. Gas and solvent adsorption
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property were studied in detail. Scheme 1 shows the proposed bonding and formation of
uniform composites CAP-GO and CAP-BFG, which is further supported by PXRD and
adsorption measurements. Metal organic frameworks made up of a 2-D structure exhibits
greater degree of flexibility due to the possible movement of 2-D networks in response

to external stimuli or change in chemical environment in the 2-D networks.?®

T

107 N1/ NI/

,1'_ ) 2 }y‘) < ../Z)f) 2D interlayer
3 o N space
L UenX/1L | UineX/

Selective intercalation of functionalized
graphene in 2D interlayer space.

Scheme 1: Schematic representation of intercalation of functionalized graphene in (400) plane. 2D interlayer
space is blocked due to selective intercalation.

This flexibility of structure can be monitored using peak shifts in powder X-ray
diffraction of particular plane involved in structural breathing.” 2! Kanno et al.

determined the crystal structure of CAP in the monoclinic C2/c space group, with 2D
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pillared bilayer structure.l”®! Framework Structure consisted of two different adsorbate
accessible space 1D channel and 2D space in the interlayer region. 2D corrugated sheets
of [Cd4(pyrdc)s], were formed by linking of pyrdc ligands with Cd (Il) centre in
crystallographic bc plane. These 2D corrugated sheets were connected by azpy pillars
along the crystallographic a direction to form a 2D pillared bilayer network. Convex type
1-D channels with a window dimension ~ 3.5x8.8 A? were formed along the
crystallographic ¢ axis due to azpy pillars arranged in a cris-cross and canted fashion by
7 interaction. The 2D pillared bilayer networks are held in plane by hydrogen bonding
interaction between guest water molecules present in 2D interlayer space between two
pillared bilayers. Carboxylic acid functional group of pyridine 2,3-dicarboxylate (pyrdc)
forms hydrogen bond with water molecules present in the 2D gallery. Figure 4.1 shows
the powder X-ray diffraction pattern of composites CAP-GO, CAP-BFG and CAP.

(400) (400)

— (d)

JA«K‘LMA Ao (E)

(b)

(d)

1
1
1
1
1
1
1
1
1
!

Figure 4.1 Simulated PXRD pattern of (a) [Cds(azpy),-(prdc)s(H.0),].9H,0, (CAP) (Black). Observed

PXRD pattern of (b) CAP (red), (c) CAP-BFG (blue) and (d) CAP-GO (green).Raman spectroscopy
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PXRD pattern matched with simulated pattern with a shift in peak position corresponding
to (400) plane in CAP-BFG and CAP-GO. The (400) plane corresponds to 2D interlayer
space and gives an important insight in the dynamic behavior of framework. Structural
breathing due to flexible motion of pillared bilayers can be easily monitored by observing
the peak shift corresponding to (400) plane. A shift to higher 20 in (400) plane
corresponding to 2D interlayer space was observed in composites CAP-BFG ~9.12° and
CAP-GO ~9.15° in comparison to pure MOF CAP ~ 9°. This shift in PXRD pattern to
higher 26 in CAP-GO and CAP-BFG can be attributed to intercalation of GO and BFG in
2D bilayer space and competitive hydrogen bonding and other weak interaction with
functionalized graphene basal plane instead of water molecules. CAP due to flexibility
and hydrogen bonding interaction accommodates water molecules in 2D space and
depending on amount of water molecule present in 2D bilayer gallery shift in (400) plane
is observed. Benzoic acid functional group present on the basal plane of BFG provides
hydrogen bonding interaction with carboxylic acid of pyridine 2, 3-dicarboxylate.
Similarly, in GO with epoxide, hydroxyl, carbonyl and carboxylic acid functional group
strong hydrogen bonding interaction occurs between neighbouring bilayers. Other
important interaction in composites CAP-GO and CAP-BFG is the 7z interaction
between pyridine moiety of 2D corrugated sheet [Cd(pyrdc)4], and zelectron of GO and
BFG. Due to the smaller size of water molecules (kinetic diameter, 2.65 A) large number
of water molecules are intercalated and stabilized by hydrogen bonding interaction in 2D
space and a peak at 26 ~ 9 ° is observed in as synthesized CAP under ambient condition.

With increase in temperature loss of water molecules from these 2D space occurs, bilayer
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comes closer to each other and (400) plane shifts to higher 26. In composites large
number of functional group present on graphene basal plane participates in hydrogen
bonding, 77 interaction and water molecules are excluded. In contrast to the smaller
dynamic water molecules functional group on graphene basal plane are rigid and
localized, leading to stronger interaction which brings bilayers more close to each other.
GO due to more oxygen containing functionality will have more hydrogen bond forming
sites in basal plane in comparison to BFG.CAP-GO with more hydrogen bond forming
sites will have more stronger interaction between neighboring bilayers in comparison to
CAP-BFG. This may be the reason for further shift in (400) peak ~ 9.15° in CAP-GO in
comparison to CAP-BFG ~ 9.12° . Dynamic behavior of composites and interaction with

functionalized graphene were further studied using adsorption measurements.

Raman spectroscopy gives an important insight into the homogeneity and quality of
nanocarbon composites.?”? From the Raman spectra of all the compounds shown in
Figure 4.2 in addition to all the peaks corresponding to MOF, two additional bands at
1335 cm™ and 1595 cm™ corresponding to D and G band of BFG can be observed in
CAP-BFG.CAP-GO spectrum shows very strong D and G bands at 1345 cm™ and 1595
cm™ corresponding to graphene oxide in addition to the peaks corresponding to metal
organic framework. As shown in figure 4.3, it is clear that infrared spectra of composites

matched with pure MOF.
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Figure 4.2 (I) Raman spectra of (a) CAP (red), b) CAP-BFG (blue) and ¢) CAP-GO (green. (II) TG
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Figure4.3 Infrared spectra of (a) CAP (red), (b) CAP-BFG (blue) and (c) CAP-GO (green)

Thermo gravimetric analysis of CAP, CAP-BFG, CAP-GO (Figure 4.2 (11)) shows

first weight loss up to 115 °C due to the loss of coordinated water molecules inside the
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pores. Second weight loss due to the decomposition of framework was observed at 240
°C. From the TG analysis it can be concluded that the thermal stability of CAP-BFG and

CAP-GO are similar to CAP indicating the composites are very uniform and stable.

Morphology of CAP, CAP-BFG and CAP-GO were analyzed using FESEM and
TEM. As shown in figure 4.4 shows TEM images of CAP-BFG and CAP-GO composites
consisted of thin plate like sheets arranged in layers similar to pure MOF. FESEM
(Figure 4.5) images shows that sheet sizes of composites are bigger in comparison to pure
MOF which may be due to the nucleation and growth of MOF on large area chemically

modified graphene sheets.

Figure 4.4 TEM images of (a) CAP-BFG and (b) CAP-GO (c) CAP and (d) RGO used in the synthesis of

BFG
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Figure 4.5 . FESEM images of (a) CAP, (b) CAP-BFG, and (C) CAP-GO showing layered morphology.
Scale bar is 2 um.

Adsorption isotherm gives important information on flexibility of framework,
different types of pore and interaction between adsorbate and adsorbent.’”? The dynamic
behavior of framework and interaction between adsorbate and adsorbent were studied
with the help of solvent and gas adsorption. Adsorption behavior of composites CAP-GO
and CAP-BFG were different from pure CAP which is also supported by the observed
changes in PXRD pattern. Both composites showed selectivity for CO, with negligible
N, uptake. This selectivity for adsorption of a particular gas is an important property of
flexible frameworks which gives it capability in molecular recognition and separation.”'
%8 Figure 4.6 shows CO, adsorption isotherm of CAP and composites at 195 K. CAP
with two different adsorbate accessible spaces 1D channel and 2D interlayer space
showed type | CO, adsorption isotherm due to adsorption in micropores. Isotherm
showed sharp CO, uptake up to P/Po ~ 0.1 with a final uptake of 32 ml/g at P/Po ~
1.Carbon dioxide with suitable kinetic diameter (3.3 A) and quadrupole moment (-
1.4x10™ Cm?) interacts with —COO and -N=N- functional group present on the surface
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of 1D channel.’” Such fruitful interaction helps in overcoming the diffusion barrier in
1D channel. CO, adsorption occurs selectively in 1D channel and a single step
adsorption profile is observed. The CO, adsorption isotherm of CAP-BFG and CAP-GO
showed two step uptakes which is remarkably different from CAP. In the first step up to
P/Po ~0.1 CAP-GO and CAP-BFG shows adsorption of ~ 5 ml and ~ 9 ml CO,
respectively followed by onset of second step. P/Py ~ 0.1 corresponds to threshold
pressure for gate opening in bilayers and the bilayers starts moving with respect to each
other. First step before Py, ~ 0.1 is due to adsorption of CO; in 1D channel. Low uptake
of CO; in the first step may be due to the blocking of 1D channel with nonporous GO and

BFG.

ey
0.1

P/P o log 1 0P/P 0

Figure 4.6 (1) CO, sorption isotherm at 195 K (a) CAP adsorption (red filled triangles) and desorption (red
open triangles), (b) CAP-BFG adsorption (blue filled circles) and desorption (blue open circles), (c) CAP-
GO adsorption (green filled squares) and desorption (green open square). (I11) Plots in log scale showing
two step CO, uptake.
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After Py, diffusion of CO, molecules occurs in the 2D interlayer space and slow increase
in adsorbed amount with final uptake of 27 ml and 34 ml at P/Po ~ 1 is observed for
CAP-GO and CAP-BFG respectively. This slow increase in adsorption after Py, in second
step is different from reported stepwise adsorption profile in literatures, where a sharp
increase in adsorption near Py, is generally observed. The cooperative interaction of large
ensemble of adsorbate with adsorbent brings the required structural change and stepwise
adsorption is observed at Pgy. This cooperative interaction depends on the property
adsorbent and hence interaction between adsorbate and adsorbent. GO and BFG owing to
the functional group on its basal plane provides strong interaction to quadrupolar CO,
molecule. Due to this strong interaction between CO, and oxygen functionality of GO
and BFG, adsorption of CO, occurs in 2D interlayer space in the second step. The
dimension of 2D interlayer space is smaller than that of the 1D channel and slow
diffusion of CO, in the 2D interlayer space dominated by strong interaction with
functional groups of graphene basal plane may be the reason for slow increase in CO,
uptake in the second step. Large hysteresis was observed in adsorption profile of CAP-
GO and CAP-BFG which supports the strong interaction of CO, with composites.
Although an increase in CO, uptake is expected when adsorption in both 1D channel and
2D interlayer space occurs, uptake amount of CAP-BFG and CAP-GO are comparable to
CAP. This comparable value is due to the low uptake in the first step in CAP-BFG and
CAP-GO in comparison to CAP. Figure 4.7 (I) and (I1) shows the MeOH (at 293 K) and
H,O (at 298 K) adsorption profile. Both CAP-GO and CAP-BFG showed single step
adsorption with the final uptake of 99 ml and 109 ml respectively due to adsorption in 1D

channel. This single step adsorption of CAP-GO and CAP-BFG is different from CAP
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which shows double step adsorption due to adsorption in both 1D channel and 2D
interlayer space. GO and BFG present in 2D interlayer space interacts with the

neighbouring bilayer by hydrogen bonding and competes with MeOH and H,0.
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Figure 4.7 (1) Methanol sorption isotherm of (a) CAP-BFG adsorption (blue filled circles) and desorption
(blue open circles) and (b) CAP-GO adsorption (green filled squares) and desorption (green open squares)
at 293 K. (1) Water sorption isotherm of (a) CAP-BFG adsorption (blue filled circles) and desorption (blue
open circles) and (b) CAP-GO adsorption (green filled squares) and desorption (green open squares) at 298
K

The diffusion barrier for MeOH and H,O in 2D layer is compensated by the energy
released from the hydrogen bond formation. Now with oxygen functionality present on
GO and BFG participating in hydrogen bond formation diffusion of MeOH and H,0O in 2
D interlayer space is not favourable. Similar single step adsorption profile due to
adsorption in 1D channel was also obtained for H,O. Water uptake was higher in CAP-
BFG and CAP-GO in comparison to CAP which may be due to the cluster formation at

higher pressure. Figure 4.8 shows N, adsorption profile of CAP-GO and CAP-BFG
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Composites CAP-GO and CAP-BFG showed negligible N, uptake with type Il

adsorption profile.
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Figure 4.8 N, adsorption isotherm of (a) CAP-BFG (blue squares) and (b) CAP-GO (green diamond) at 77
K

4.4 Conclusions:

Hydrogen bonding, 7~z interaction and other weak interactions provided by
benzoic acid functionalized graphene and graphene oxide were utilized in designing
flexible MOF graphene composites. The composites, CAP-GO and CAP-BFG, based on
a Cd containing MOF show a double-step CO, adsorption profile and hysteresis, with the
second step having higher contribution in CO, uptake. This is different from pure CAP
where only the 1D channel participates in adsorption and a single step is observed in CO,
uptake. Weak interactions enabled by the graphene oxide basal plane and functionalized

graphene in designing flexible MOFs are largely unexplored. Such composites making
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use of functionalities present in the graphene basal plane may find applications in

separation processes, storage, sensing and catalysis.
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CHAPTER 5

Robust porous graphene
frameworks pillared by organic
linkers, with tunable surface area
and gas storage

Summary

A procedure making use of the Pd(0) catalyzed coupling reaction has been developed for
the synthesis of high surface area graphene based 3D porous graphene frameworks.
These porous solids have high BET surface areas up to 825 m%/g which is higher than the
reduced graphene oxide precursor (RGO, 40 m?/g). The pillared porous solids have
remarkably high CO, uptake of 112 wt.% at 195 K and 1 atm. High pressure CO,
measurements shows uptake of 43 wt.% (34 bar) and 31 wt.% (55 bar) at 273 K and 298
K respectively. Porous solids have hydrogen uptake of up to 2.1 wt.% at 77 K and 1 bar
pressure. The 3D pillared porous solids have high thermal and chemical stability.
Utilization of very light weight and mechanically strong graphene sheets in the synthesis
of such high performance pillared porous solids is promising. The Pd(0) catalyzed
synthesis procedure is highly efficient and can be utilized for covalent modifications of

nanocarbons.
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5.1 Introduction:

Graphene has emerged to become an exciting two-dimensional material with many

unique properties.

Besides its unusual electronic properties, it is associated with
high-surface areas, the predicted value being close to 2600 m?/g. Very high surface area
in combination with high mechanical and thermal stability makes graphene one of the
best materials for storage, sensing and catalyst support.®! However theoretically
predicted high surface area is hardly achieved due to strong =7 interaction between
individual graphene sheets. Application of graphene for gas storage applications needs
synthesis of graphene in large scale which can be achieved by reduction of graphene
oxide.” % Graphene synthesized by reduction of graphene oxide contains residual
oxygen functionality such as epoxy, hydroxyl and carboxyl groups. These functional
groups in addition to strong 7z interactions further increases interaction between
individual graphene sheets and decreases adsorbate accessible space. Various
noncovalent interactions between graphene and intercalating molecules have been
utilized to decrease strong 7z interactions.!* *) Utilization of very light weight graphene
sheets with high mechanical, thermal and chemical stability by covalently linking
individual graphene sheets using definite length linkers can be a promising approach for
very high performance porous solids. The improvement in permanent porosity with high
specific surface area and monolayer pore surface is a key for gas storage applications.
Such pillared nanostructures connecting individual graphene sheets and carbon nanotubes

have been theoretically studied for hydrogen storage applications.[*°!
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Recently Yildirim et.al reported construction of pillared graphene oxide (GO)
framework based on 1,4-diboronic acid linkage.'”! However, the surface area has not
significantly increased. High O/C ratios due to the direct use of GO resulted in reduced
surface area.l'® Moreover, GO is hydrophilic and the presence of boronate ester linkage,
a moisture sensitive group, would further diminish its chemical stability. Thermal
stability of GO is limited due to the presence of large concentration of oxygen
functionality on GO basal plane.™ Therefore further development of tailorable graphene
based materials with high thermal and chemical stability, tunable surface area with

modular pore surface is essential for storage of the hydrogen and carbon dioxide.

With this objective in mind construction of 3D pillared graphene materials by
covalently linking functionalized reduced graphene oxide sheets (RGO) by different
organic linkers was envisioned. We have used Pd catalyzed Sonogashira coupling
reaction for covalently linking individual lodobenzene functionalized graphene (IBZ-
RGO) sheets. Two different linkers were used to connect graphene sheets and obtained
porous solids are denoted as PGF-1 and PGF-2. Obtained porous solids PGF-1 and PGF-
2 showed large increase in surface area in comparison to RGO and very high CO, uptake.
These porous solids will have potential application in gas storage/separation, CO,

sequestration and catalysis.

To the best of our knowledge this is the first report of application of Pd catalyzed C-C
coupling reaction in chemically modifying nanocarbon basal plane. Although we have
used Pd catalyzed coupling reaction for the synthesis of porous solids, the synthesis
procedure can be applied in other systems for covalent modification of nanocarbon.

Different synthesis procedure for aryl halide functionalization of carbon nanotube and
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graphene are reported in literature.#! Aryl halide functionalized nanocarbons can be
further connected with different functionalities using very efficient palladium catalyzed
C-C or C-N coupling reactions.™ The traditional approach of carboxylic acid
functionalization using HNO3; and H,SO, followed by reaction with SOCI, and amide
bond formation using amino group containing molecules creates defects on the basal
plane due to the cleavage of C=C bonds and formation of -COOH functional groups.!®!
Owing to the well-known chemistry of Pd catalyzed coupling reactions, this new
approach of chemically modifying aryl halide functionalized nanocarbons will start a new

synthetic protocol in nanocarbon chemistry. ! 26291

5.2 Materials and experiments:

Graphite powder was obtained from Alfa aesar. 4-lodoaniline (98%) and Pd(PPh3)4
were obtained from Sigma Aldrich. Other chemicals were obtained from Merck

chemicals unless otherwise mentioned. The chemicals were of high purity grade.
Synthesis of Graphite Oxide:

Graphite oxide was synthesized using modified Hummers method.” In an ice bath
75 ml conc. H,SO,4 was mixed with 1.5 g graphite powder and 1.5 g NaNO3 and allowed
to stir for 10 min. In the uniform mixture 10 g of KMnO,4 was added slowly and allowed
to mix properly. The reactants were transferred to oil bath maintained at 40°C and stirred

for another 45min. To this mixture 75 ml distilled water was added followed by stirring
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for 15min at 70 °C. Uniform brown colour suspension was formed. The temperature was
then raised to 80 °C and 15ml H,O, in 150ml warm water (~70 °C) was added. The color
of suspension changed from brown to yellow. Obtained product was centrifuged and
washed repeatedly with deionized water. Graphite oxide was again dispersed in water and
dialyzed till dialysate became neutral. Product was then centrifuged to remove excess
water. Obtained solid product was transferred to petri dish and dried under vacuum at

room temperature.
Reduction of Graphite Oxide:

Obtained graphite oxide was dispersed in water and reduced using NaBH,
according to the procedure reported in literature.* In a round bottom flask 400 mg of
GO was dispersed in 320 ml water by sonication. The pH was adjusted t010 by adding
5% Na,COj3 solution. Then, the dispersion was stirred at 90 °C for 9 hours. The pH was
again checked using a pH meter and adjusted to 10. Then, 3.2g NaBH, (0.085mol) in
80ml H,O was added to dispersion under constant stirring, with temperature maintained
at 80 °C. The dispersion was stirred for next 3 hours. The color of dispersion changed
from dark brown to black accompanied by outgassing. The final product was filtered and

washed several times with water and ethanol and dried under vacuum.

lodobenzene functionalization of graphene

Diazonium salt used for iodobenzene functionalization of graphene was prepared in
situ using 4-lodoaniline. 4-lodoaniline (4.3 mmol, 961 mg) was dissolved in 80 ml water
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by adding minimum amount of HCI drop wise. 4-lodoaniline solution was then
transferred to a round bottom flask maintained at 0 °C in an ice bath. To this solution
NaNO, (7 mmol, 483 mg ) and 4 ml 20% HCI (6.4 M, 12.8 mmol) was added and
allowed to stir for 45 min. Colour of solution changed from transparent to yellow due to
the formation of diazonium salt. Reduced graphene oxide obtained after sodium
borohydride reduction was agglomerated with poor dispersion in water. RGO (125 mg)
was dispersed in 125 ml 1 wt.% sodium dodecylbenzene sulfonate (SDBS) surfactant
solution. RGO dispersion was then added to diazonium salt solution. Reactant mixture
was maintained at 0°C for next 2 hours followed by stirring at room temperature for next
4 hours. Obtained product was filtered and washed with copious amount of water, (1:1)
water-ethanol solution, ethanol and THF to remove the surfactant properly. Final product

was dried in vacuum desiccator at room temperature.
Synthesis of RGOF-1:

In a typical procedure, mixture of IBZ-RGO (40mg), 1,4-diethynylbenzene
(177mg), Pd(PPh3)s (3mol%), Cul (6mol%) were degassed by four freeze-thaw pump
cycles and purged with N,. To this 2 mL dry DMF and 1mL anhydrous triethylamine
were added under continuous N flow. Reaction mixture was stirred at 140 °C for 48 hrs
and cooled to room temperature. Precipitates were collected by filtration and washed
several times with water, ethanol and tetrahydrofuran. Further purification was carried
out using Soxhelet extraction technique with methanol and THF for 24hrs each.
Compounds were dried under vacuum at room temperature for 24 hrs. Yield: 83%. FTIR

in KBr (cm™): 3428(br), 3293(br), 3027(w), 2919(w), 2184(w), 1907 (w), 1664(br),
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1600(s), 1502(m), 1384(m), 1261(w), 1178(w), 1099(s), 1016(m), 898(sh), 833(s),

543(w).r
Synthesis of RGOF-2:

Similar procedure is followed as in RGOF-1, except 4, 4’-diethynylbiphenyl in the
presence of linker. Yield: 78%. FTIR in KBr (cm™): 3438(br), 3299(br), 3029(w),
2919(w), 2184(w), 1909 (w), 1664(br), 1604(s), 1492(m), 138(m), 1261(w), 1178(w),

1099(s), 1004(m), 898(sh), 833(s), 543(w).
Physical Measurements

Infrared spectra of samples were recorded on a Bruker IFS 66v/S using KBr
pellets. Raman spectra were recorded in backscattering geometry using Jobin Yvon
LabRam HR spectrometer with 514.53 nm Ar" laser. Thermogravimetric analyses (TGA)
were carried out on Mettler Toledo TGA850 instrument with a heating rate of 3 °C/min
in N, atmosphere. FESEM images of PGF-1 and PGF-2 were obtained from Nova Nano
SEM 600, FEI Company. TEM images were obtained with a FEI TITAN microscope
operating at an accelerating voltage of 80 kV. XPS spectra were recorded using omicron
spectrometer. XPS samples were prepared by drop casting samples on Si substrate with
native SiO, coating. Solid state NMR measurements were performed using Bruker solid

state NMR spectrometer.
Gas adsorption measurement:
All the samples were activated at 160 °C prior to gas adsorption measurements

.The adsorption isotherm for N, (at 77K), and CO, (at 195 K) were obtained using

QUANTACHROME AUTOSORB-1C analyzer. The adsorbates were charged into the
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sample tube, and change in pressure was monitored. The degree of adsorption was
determined by monitoring the decrease in pressure at the equilibrium state. High-pressure
H, adsorption measurements were carried out at 77 K. High pressure CO, adsorption
measurements were carried out at 273 K and 298 K. The measurements were performed
in a fully computer controlled volumetric BELSORP-HP, BEL JAPAN high pressure
instrument. Non-ideal corrections for H, and CO, gases were done by applying virial
coefficients at respective measurement temperatures. All the gases used in adsorption

study were high purity scientific/ research grade.

5.3 Results and Discussion:

Scheme 1 shows the synthesis steps involved in PGF-1 and PGF-2. Initial
reduction step of graphene oxide using sodium borohydride reduces oxygen
functionality.®” Small concentration of oxygen functionality remains after reduction.
Obtained RGO was functionalized with lodobenzene using in-situ prepared diazonium

salt.
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{ Sonogashira Coupling \

Pd(0), Cul,
g Bt 10°C

Scheme 5.1: Synthesis steps involved in PGF-1 and PGF-2 using Pd(0) Sonogashira coupling
reaction.
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lodobenzene functionalized RGO (IBZ-RGO) sheets were coupled using Pd(0) catalyzed
Sonogashira coupling reactions with two different linkers 1,4-diethynylbenzene (PGF-1)
and 4, 4’-diethynylbiphenyl (PGF-2). Infrared spectrum of RGO (Figure 5.1 (1)) have
peaks at 1580 cm™ due to C=C stretching vibration, low intensity shoulder peak near
1720 cm™ indicates efficient reduction of graphene oxide. UV spectra of GO and RGO
(Figure 5.1 (1)) have peaks at 227 nm and 250 nm respectively due to z7—z* transition.
Red shift in z—z* transition of RGO is due to partial recovery of conjugation after
reduction. lodobenzene functionalization of graphene (IBZ-RGO) was characterized
using IR and XPS spectroscopy. IR spectrum of IBZ-RGO has strong C-I stretching band
at 467 cm™ (Figure 5.2 (11)). XPS Survey scan of IBZ-RGO (Figure 5.2 (1)) shows peaks
at 621 eV and 632.5 eV due to | 3ds, and | 3ds;, from lodobenzene functional groups on

graphene basal plane.!
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Figure 5.1 (I) IR spectra of (a) GO (black) and (b) RGO. (Il) UV-visible absorption spectra of (a) RGO
(red) and (b) GO (black)
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Figure 5.2 (I) Survey scan of IBZ-RGO. (Il) High resolution XPS spectra | 3ds,. (I11) High resolution
C1s XPS spectra of IBZ-RGO. (1V) IR spectrum of IBZ-RGO.
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Obtained porous solids PGF-1 and PGF-2 were characterized using direct pulse *C
solid state NMR spectroscopy. Figure 5.3 shows the **C NMR spectrum of PGF-1 at 10
kHz MAS. SSNMR spectra of RGO, RGO-1BZ and PGF-2 were collected at 5 kHz MAS
(Figure 5.4). SSNMR spectrum of PGF-1 shows broad unresolved peak from 120 ppm to
145 ppm due to sp? carbon present in different chemical environment. Presence of
moderate signal about 91 ppm corresponding to -C=C- bond confirms connection of
bridging linkers 1,4-diethynyl benzene in-between layers of IBZ-RGO resulting in
pillared 3D porous structure. Very weak intensity peak near 170 ppm can be attributed to
remaining carboxylic acid group of graphene after reduction.®? Weak broad signal at 60
ppm merging with spinning side band is probably due to remaining small concentration

of epoxide functional group of RGO. No signal at 70 ppm corresponding to hydroxyl

group was observed in PGF-1.
sp2C

200 180 160 140 120 100 g0 &0 40 20 0 FEm

Figure 5.3 Direct pulse *C NMR spectrum of PGF-1 at 10 kHz MAS. Aestrik represents spinning
sidebands.
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Poor signal to noise ratio of NMR spectra collected at 5 kHz limited the identification of
functional groups present in low concentration. NMR spectra of RGO and RGO-1BZ
showed broad peak centered at 118 ppm and 121 ppm due to sp® carbon with no
significant observable intensity at 60 ppm and 70 ppm corresponding to epoxide and
hydroxyl functional groups. Although no peak with observable intensity corresponding to
epoxide, hydroxyl and carboxylic acid functional groups are observable in NMR
spectrum, detection of peak in our NMR spectra is limited by the poor S/N ratio and
small concentration of these functional groups. NMR spectrum of RGO is consistent with
literature reports of sample prepared by reduction of GO using sodium borohydride.™® !
Even at poor S/N ratio peak near 91 ppm corresponding to -C=C- can be observed in 5

kHz spectrum of PGF-1 and PGF-2. Similar to PGF-1, PGF-2 showed broad unresolved

peak from 115 ppm to 145 ppm due to different sp? carbon centers present in the sample.

Infrared spectra of PGF-1 and PGF-2 (Figure 5.5 (1)) have strong peaks at 1602
cm™ and 1502 cm™ corresponding to -C=C- vibrations. Weak band at 2184 cm™ in PGF-
1 and PGF-2 is due to -C=C- stretching frequency of connecting linkers. Raman spectra
(Figure 5.6) of PGF-1 and PGF-2 showed characteristic D and G bands of graphene

centered at 1345 cm™ and 1593 cm™ respectively.

Thermal stability of pillared porous solids PGF-1 and PGF-2 were analyzed using
thermogravemetirc analysis (Figure 5.5 (Il)). PGF-1 and PGF-2 showed high thermal
stability with no weight loss up to 300 °C followed by slow weight loss upto 900 °C due
to the loss of functional groups on graphene basal plane. PGF-1 and PGF-2 have

significantly higher thermal stability in comparison to RGO due to very effective
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crosslinking of graphene sheets by linkers and formation of 3-D porous structure.

Obtained porous solids were highly hydrophobic with very good chemical stability.
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Figure 5.4 Direct pulse **C NMR spectra of (a) RGO (b) IBZ-RGO (c) PGF-1 and (d) PGF-2 at 5 kHz

MAS.
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Figure 5.5 (1) Infrared spectra of (a) PGF-1 (black) and (b) PGF-2 (red). (I11) Thermograviametric analysis
of (a) PGF-1 (red), (b) PGF-2 (blue) and (c) RGO (black).
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Figure 5.6 Raman spectra of (a) RGO (black) (b) IBZ-RGO (green) (c) PGF-1 (red) and (d) PGF-2 (blue)
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XPS spectrum of PGF-1 showed no peaks corresponding to lodine. Figure 5.7 shows the
survey scan and high resolution C1s core level spectra of PGF-1. Small concentration of
oxygen functionality can be observed. Peak positions corresponding to different

functional group are represented in figure. Peak at 284.95 can be attributed to -C=C- of

the pillar.
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Figure 5.7 (1) Survey scan of PGF-1. (11) High resolution C1s XPS spectra of PGF-1.
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3D porous structure of PGF-1 and PGF-2 were further studied by electron
microscopy techniques. FESEM images of PGF-1 and PGF-2 showed the formation of
micrometer sized particles with sizes ranging from 3 to 6 um corresponding to the
dimension of the RGO sheet (Figure 5.8 a, b). The attachment of several RGO sheets
through rigid pillar was clearly observed in SEM. Cross-sectional view of PGF-1 and
PGF-2 showed the stacking of several RGO sheets. Greater insight into pillared networks
is provided by transmission electron microscopy (TEM). Keen observation at the
boundaries of the PGF-1 and PGF-2 reveals thick packing of several graphene sheets into
several nanometers (Figure 5.8 ¢, d). TEM of RGO shows agglomerated few layer

graphene sheets with single layer sheets present on edges (Figure 5.9).

Figure 5.8 FESEM images of (a) PGF-1 and (b) PGF-2. TEM images of (c) PGF-1 and (d) PGF-2.
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Figure 5.9 TEM images of RGO.

Permanent porosity and gas adsorption property of the 3D porous solids PGF-1 and
PGF-2 were studied using N, H, and CO; gas adsorption. All the samples were activated
at 160 °C under vacuum before adsorption measurements to remove any moisture or
solvent molecules. Figure 5.10 shows the N, uptake at 77K of PGF-1 and control sample
RGO used for the synthesis of PGF-1 and PGF-2. PGF-1 showed type-IV adsorption
profile with steep uptake in the low pressure region upto P/Po 0.1 followed by hysteresis
in the high pressure region which reveals mesoporous nature of pillared solid PGF-1.
PGF-1 have final N, uptake of 477 ml and Brunauer—-Emmet-Teller (BET) surface area
of 824.8 m?/g. Also, a Non-local density functional theory (NL-DFT) model is fitted to
the N, adsorption isotherm to estimate the pore size distribution (inset figure 5.10). The
average pore size is found to be 30.8A indicating the mesoporous nature of the
framework. RGO showed type 11 adsorption profile with BET surface area of 40 m?/g and
final N, uptake of 60 ml. RGO due to strong =7 interaction and remaining oxygen
functionality is nonporous and shows the characteristic type 1l adsorption profile.

111



Chapter 5

50041 @
N\.\\
a 400 = \.\.
> 1 3 6 9 1215 18 21 24 27 30 33
Pore width (nm)
S 30
(<D)
4
8 200
Qo
>
100
< ®) |
0 NATE Tete ah s e e
0.0 0.2 0.4 0.6 0.8 1.0

PIP_

Figure 5.10 N, sorption isotherm of (a) PGF-1 adsorption (red close circle) and desorption (red open
circle) and (b) RGO adsorption (black close square) and desorption (black open square) at 77 K. Inset
shows the pore size distribution of PGF-1

The N, adsorption of PGF-2 at (77 K) is shown in figure 5.11. PGF-2 showed type H4
hysteresis loop which indicates narrow slit like pores with pore width in both micropore
and mesopore range. This adsorption behaviour is further supported by pore size
distribution from micro to mesopores (1.5 nm - 4.0 nm) (inset figure 5.11). PGF-2 has
BET surface area of 770.23 m?/g with the final N, uptake of 571 ml which is higher than
PGF-1. The observed increase in uptake can be attributed to the increased pillar length

between graphene sheets in PGF-2.
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Figure 5.11 N, sorption isotherm of (a) PGF-2 adsorption (blue close triangle) and desorption (blue open
triangle) and (b) RGO adsorption (black close square) and desorption (black open square) at 77 K. Inset
shows the pore size distribution of PGF-2.

Good thermal and chemical stability along with the high N, uptake capacity and
surface area of porous solids prompted us to study their potential application in CO,
sequestration and H, storage for clean energy applications. Application of high
performance porous solids with good thermal and chemical stability provides significant
advantage over amine based solvents presently being used for CO, sequestration. Figure
5.12 (1) shows the CO, uptake of PGF-1 and PGF-2 at 195 K and 1 atm pressure. PGF-1

and PGF-2 showed remarkably high CO, uptake of 112 wt.% and 59 wt.% respectively at
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195 K and latm. High pressure measurements at 273 K showed the CO, uptake of 43

wt.% at 34 bar and 35.9 wt.% at 30 bar for PGF-1 and PGF-2 respectively (Figure 5.12
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Figure 5.12 (1) CO, uptake of (a) PGF-1 (red triangle) and (b) PGF-2 (blue triangle) at 195 K and 1 atm.
Closed and open triangle corresponds to adsorption and desorption respectively. (I1) High pressure CO,
uptake of (a) PGF-1 (red triangle) and (b) PGF-2 (blue triangle) at 273 K

PGF-1 showed 31 wt.% CO, uptake at 298 K and 55 bar pressure (Figure 5.13). This
remarkably high CO, uptake of PGF-1 and PGF-2 can be due to fruitful interaction
between remaining oxygen containing functional groups in PGF-1 and PGF-2 and

quadrupolar CO, molecule (-1.4x10°%° Cm?). High CO, uptake in PGF-1 and PGF-2 is

further supported by the high heat of adsorption (ds4) for CO, molecules calculated from
Dubinin-Radushkevich (DR) equation. Obtained CO, uptake values are comparable with
high surface area MOFs. We further investigated the application of PGF-1 and PGF-2 for
hydrogen storage application. PGF-1 and PGF-2 showed H, uptake of 1.9 wt.% and 1.8
wt.% respectively at 77 K and 50 bar pressure (Figure 5.14). Obtained hydrogen uptake
capacities are close to high surface area MOFs
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Figure 5.13 High pressure CO, uptake of PGF-1 at (a) 273 K (red circle) and (b) 298 K (blue circle).
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Figure 5.14 H, uptake of (1) PGF-1 (blue diamond) and (b) PGF-2 (black diamond) at 77 K and 1 atm.
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5.4 Conclusions:

In conclusion, a new method for the synthesis high performance 3D pillared porous
structures of graphene is developed. The porous solids PGF-1 and PGF-2 have good
thermal and chemical stability with high specific surface areas. They have remarkably
high CO, uptake and good hydrogen storage capacity. Although Pd catalyzed coupling
reaction is utilized for cross linking graphene sheets with tunable pillar length, the
synthesis procedure can be utilized for covalent modification of carbon nanotube and
graphene. The chemistry of Pd catalyzed reactions is well explored and nanocarbons can
be easily functionalized with aryl halide using diazonium salts. Different molecules can
be attached to these aryl halide functionalized nanocarbons using C-C or C-N coupling
reactions. Our present investigations provide a new synthesis strategy in nanocarbon
chemistry. Presently we are investigating the application of these 3D porous solids as
electrode materials in electric-double layer capacitors (EDLC). We plan to incorporate
polar functional groups such as -OH, -NH; or amide etc. to improve CO, uptake and H,

uptake capacity.
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