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Abstract

Hydrogen being the cleanest fuel has one of the highest energy densities. The cleanliness
of hydrogen provides an attractive alternative to fossil fuels. Greenhouse emissions can
be reduced by using the less fossil fuel. Those industries which use hydrogen as a fuel
have the advantage of emitting water as waste product. But the main problem is of the
hydrogen storage. These days a lot of work is being done on metal organic frameworks
for better hydrogen storage. Metal organic frameworks have great tendency for
hydrogen storage because of their simple preparation, tunable chemical functionality and
structure toughness. In this work various composites of copper based metal organic
framework and graphite oxide with different ratios have been synthesized. The
composite materials have been studied for their hydrogen adsorption capacities. These
compounds are characterized by X-ray diffraction, FT-IR spectroscopy, thermal
analysis, scanning electron microscopy and BET. The new composites formed have the
increased porosity and the surface area as compared to the parent materials. The
crystalline structure of the composites has been confirmed by X-ray diffraction.
MOF/GO 20% composite has the best surface area of 380m?g™. Hydrogen uptake study
shows that this composite can store 6.12% of H, at -40 C.

Keywords: Metal organic frameworks, Graphene oxide, MOF/GO composites,
Hydrogen.
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Chapter -1

Introduction

Hydrogen is known as future fuel in perspective of human fuel evolution. The fuel
evolution history starts from coal to natural gas that leads to the use of hydrogen.
Greenhouse gases are responsible for environmental pollution leading to global
warming. These emissions can be reduced by using less fossil fuel. Hydrogen can be
used as an alternative fuel. Hydrogen is an ideal energy carrier for various applications
producing zero emissions. Hydrogen is the cleanest gas, having the heating value greater
than other fuels. The only bottleneck is the storage of hydrogen. The major techniques
used for hydrogen storage are compressed gas and liquefied hydrogen. However both of
these techniques have major stumbling block for mobile application, because for this
purpose high pressure and extensive cooling is required. These days, stupendous efforts
are being made to store hydrogen in solid materials [1] [2]. Hydrogen is stored in safer
and compact manner in solid materials. Solid materials involve hydrogen bonding
through weak van der Waals forces (physisorption) or stronger binding of atomic
hydrogen (chemisorption) forming a new compound for hydrogen storage. These solid

materials are generally classified in the following groups:

e Adsorbents (zeolites, metal organic frameworks)
e Conventional metal hydrides (LaNisHg, MgzNiHy)
e Complex metal hydrides (NaAlH,)

e Chemical hydrogen storage (NH3BHs3)

Depending on the pores size, porous materials can be classified in three types:

(1) Micro pores, which have diameters smaller than 2 nm (< 20 A). These are sometimes

called Nano pores.
(2) Mesopores, which have diameters between 2 and 50 nm (20-500 A)

(3) Macro pores, which have diameters larger than 50 nm (>500 A)



1.1 Metal Organic Framework

Metal organic framework (MOFs) or porous coordination networks are advanced
materials which are designed by engaging metal ions and organic linkers. They are
crystalline, extremely porous having large surface area with low density. Metal organic
frameworks (MOFs) have great tendency for hydrogen storage which is based on
physisorption because of their simple preparation, tunable chemical functionality and
structural toughness [3]. MOFs structure has two important building units including

metal ions and organic ligands in three dimensional lattices.

+ L —

organic metal ions or metal organic
linkers clusters frameworks

Figure 1: General scheme of building Metal Organic Frameworks

This coordination polymer or metal organic framework (MOF) that consists of metal
ions and organic linkers produces the 1, 2 and 3 dimensional framework. The

representation of these 1D, 2D and 3D MOFs are shown below in the figure 2.



Figure 2: Representation of 1D, 2D and 3D MOFs

Metal organic frameworks (MOFs) have been studied for many applications including
gas storage, gas separation, and heterogeneous catalysis and so on. MOFs are produced
by combining metal containing cluster which is referred to as secondary building unit or
SBU with multidentate organic ligand with the help of coordination bonds [4]. Examples
of metal carboxylate clusters and organic units are shown in the below given figure 3.
Many organic ligands and metal ions have the tendency to produce networks of required
structure and properties. Mostly, MOFs have 3-D structures including regular pores and
matrix of channels for the guest species to be trapped here during synthesis. The
porosity can be varied by the appropriate removal of confined guest molecules. MOFs
have high surface area as compared to other porous materials because of the open
scaffolds having pores without walls. As the topography of this scaffold is elucidated by
molecular building blocks, the pore size of the framework is very small which results in

well-built interactions among guest molecules and frameworks [3].
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Figure 3: Examples of inorganic metal carboxylate clusters and their corresponding
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secondary building unit (SBU) geometry (A) and organic units and their corresponding

secondary building unit (SBU) geometry.

1.2  Correlation between MOF structure and hydrogen storage capacity

These days lot of work is being done on the hydrogen uptake capacities of MOFs.
Tremendous efforts have been made in order to understand the factors that influence the
hydrogen adsorption capacity for developing suitable hydrogen storage materials. These
factors consist of specific surface area, pore size, pore volume and hydrogen binding
sites. Recently, at 77 K excessive hydrogen uptake has been disclosed with specific
surface area [5] [6]. MOF-177 shows the highest hydrogen uptake with an absolute
value of 0.112 kg kg™ of hydrogen adsorption [7]. This reveals the high surface area of
MOF-177, that is 5600 m”g™ [7]. Furukawa and coworkers revealed that MOF-210 has



the record BET surface area of 6240 m?g™. MOF-210 showed 8.6wt % of hydrogen
uptake and estimated total hydrogen uptake of 0.176 kg kg™ [8]. Mostly, if the crystal
density is low, the surface area is high. Most of the times due to low density of MOFs
low volumetric hydrogen uptake capacities are obtained. So, a compromise is necessary
between surface area and crystal density for porous MOFs with high hydrogen uptake

capabilities.
1.3 Synthetic Considerations

MOFs can be prepared by using many methods including solvothermal, hydrothermal,
vapor diffusion, direct mixing, sonochemical, microwave heating etc. The solvothermal
method is the most commonly used that involves heating a mixture of organic linker and
metal cluster in a solvent system. The solvents used for this purpose are water, ethanol,
dimethylformamide and diethylformamide. Most commonly used solvents are
formamides because of their tendency to not only dissolve the reactants but also
deprotonate the carboxylic acids. Moreover, the important parameters in the reaction
conditions are time, temperature and reagent concentration. The main disadvantage of
solvothermal method is that, it takes long reaction time, high temperature and high cost
of solvent. So alternative methods have been developed for MOF synthesis including

microwave heating and electrochemical methods [9] [10].

The key factors for the hydrogen uptake studies are the sample activation and good
hydrogen uptake. Normally, MOF samples are immersed into low boiling solvents such
as, dichloromethane, chloroform and methanol in order to remove high boiling solvent
such as N, N-dimethylformamide (DMF) which normally occupies pores in synthesized
MOFs. The lower boiling point solvents are removed by moderate heating. Although,
due to this process MOFs structure may collapse because of surface tension. Freeze
drying and supercritical drying are introduced for activation which results in better pore
quality. These techniques have provided a path for MOFs that were unreachable before
[11] [12]. By using one of these activation methods, solvent is replaced under moderate
conditions and the problem of surface tension is removed. Better gas-attainable specific
surface areas of four MOFs have been revealed by Nelson and Co-workers using

supercritical carbon dioxide (sc-CO,) drying process. For example, IRMOF-16 shows a

5



400% increase in the specific surface area compared to the conventional solvent

exchanged sample [12].

1.4 Graphite Oxide

In recent times, great interest has ascended in graphene and graphene based materials in
the scientific community because of its unique structure, mechanical and electronic
properties [13] [14]. Graphene is a single layer of pure carbon, tightly packed carbon
atoms which are held togather in a hexagonal honeycomb lattice. In another way you
can say that graphene is a form of carbon which is in a shape of sp? bounded atoms
having a bond length of 0.142 nanometers. The most usual source of graphene is
graphite, which can be reckoned as 3D crystals having graphene layers. The separation
of graphene layers from graphite is not a minor task and many attempts have been made
of graphite oxide (GO). GO is synthesized by reacting graphite with a strong oxidizing
agent having layered structure with non-stoichiometric chemical composition [15]. In
recent times, GO is used to build many nanocomposites exhibiting improved electronic
and adsorption properties [16] [17] [18]. Depending on the level of hydration graphene
layers of GO are assembled together with an interlayer distance of 6 to 12 A°[19]. When
graphite is oxidized, there is an introduction of epoxy and hydroxyl groups into the
graphene layers, as well as the carboxylic groups present on the edges of the layers [20]
[21]. However, that strong oxidation causes the defects in the graphene layers which are
in the form of assimilated oxygen atoms or vacancies [22] [23]. In this way
hydrophilicity is increased and it causes GO to be easily scattered in water [24].
Afterwards, the graphite layers can be restacked and their degree of orientation depends

on the method of drying.

1.5  Why MOF/GO composite?

Although MOFs have high porosities yet their open framework is not able to provide
enough adsorption forces to retain small molecules at ambient conditions. A surface of
dense and porous network is needed for this type of separation. The most suitable
condition is present, when this dense surface produces a convenient porous framework

that has pores similar to the required molecules. But it is a very difficult task and, for



years, many synthesis and modifications have been studied to achieve the best suitable

surface characteristics.

Keeping in view of the above conditions, MOF/GO composites have been synthesized in
the laboratory. As, the ratios of MOF and GO is known in the composites, it is
contemplated that deformed graphene layers will improve the dispersive interactions;
while MOF will help in the expansion of pore space, in which gas can be stored.
Furthermore, many transition and noble metals can be used in MOF synthesis; these

materials have the tendency to create active sites for heterogeneous catalysis.

1.6 Scope and outline of the thesis.

The main aim of my work was to synthesize the MOF/GO composite for hydrogen
storage. For this purpose GO and MOF were synthesized by two different methods.
Afterwards, keeping in view of MOF and GO ratios MOF/GO composites are prepared.
These composites as well as the parental materials are characterized by different

techniques and are studied for hydrogen adsorption.

1% chapter includes the overview of metal organic frameworks and graphite oxide.
Correlations between MOF structure and hydrogen storage capacity are discussed.
Synthetic considerations of MOF are highlighted. The challenges in MOF/GO

composites synthesis are discussed.

2" chapter comprises of summery of the research work already carried out on MOFs
and GO for hydrogen adsorption applications. Synthesis techniques of MOFs have also
been discussed. Moreover, different applications and properties of MOF materials are

also highlighted in this chapter.

3" chapter includes the materials and methodology endorsed for preparation of MOF,

GO and their composites. Characterization techniques are also included in this chapter.

4™ chapter encompasses the discussion of the results obtained from the characterization

techniques. It also involves the study of the hydrogen uptake capacity.

5™ chapter concludes the whole research and future recommendations.



Chapter-2

Literature review

2.1  Background

Metal organic frameworks (MOFs) are porous solids that have high crystallinity which
are made up of metal ions and organic linkers giving high porosity to MOF structure.
The option of metal ions and organic linkers depend on the way, how they are connected
in a framework and their pore properties. Over the past few decades, MOF materials
have been under great observation because of their easy tune up pore properties. Since
their development in 1998 by Yaghi et al [25]. Many MOFs have been synthesized and
developed through different combinations of metal clusters and ligands for various

applications.

Usually, MOFs can be differentiated as rigid or flexible depending on their framework
structure. It also depends on, how it behaves by adjusting different temperature and
pressure and the inclusion/removal of guest molecules. MOF-5 is a rigid MOF that has
permanent porosity having stable and strong framework which means MOF structure
will remain intact even after the removal of guest molecules from the pores. Cu (bpy)
2(BF4)2 is a flexible MOF which shows structural flexibility even on the addition or

removal of guest molecules.

HKUST-1 which is also called Cu-BTC is a copper based MOF which is under
extensive study from last few years. Its structure is composed of Cu®* paddlewheel
clusters embedded to 1, 3, 5 benzene tricarboxylate in a twisted boracite (TBO)
topology. The framework structure synthesis involve two Cu®* from metal precursor and
eight oxygen atoms from BTC react together and water molecule bounded to copper

atom.

HKUST-1 can be characterized by 3D system showing void spaces of 9 A° diameters
which nearby smaller ones of 5 A° diameter [26]. Water molecules attached on the Cu®*

sites can be removed by vacuum heating without disturbing the cystallinity and porosity

8



of the structure. Hence, producing the Cu Lewis acid centers convenient to guest

molecules thus providing applications in gas adsorption and storage.

® + ‘:}) sl s
Cuz* H3BTC SBU HKUST-1

Figure 4: Combination of Cu?* ions and BTC ligand to form HKUST-1(Orange-Cu, red-
O, grey-C and white-H)

2.2 MOF/GO composites

Although MOFs have high porosities yet their open framework is not able to provide
enough adsorption forces to retain small molecules at ambient conditions [27]. Keeping
in view of this issue and to widen the MOF applications, MOF based composites idea
has been revealed. Zhang et al suggested that by combining the inert and active
components in composites a novel material with improved gas adsorption efficiency can
be produced [28]. MOFs based composites can be prepared by the combination of
MOFs with graphene oxide (GO). GO having 2D layered structure can carry a number
of hydroxyl and epoxy functional groups. These functional groups help in the
preparation of MOF/GO composites with encouraging adsorption properties [27] [29].
These MOF/GO composites exhibits enhanced adsorptive properties then that of the
parental elements [30] [31]. The graphene layers in GO potentially enhance the
nonspecific adsorption and the GOs acidic character enhances a strong specific
adsorption, whereas the presence of MOF can lead to better adsorption kinetics owing to

its framework structure while it can also enhance specific interactions and reactivity

9



owing to its chemical composition. The oxygen groups from GO coordinate with the
metallic centers of the MOF resulting in materials with enhanced porosity resulting from
the origin of new pores at the MOF/GO interface leading to increased dispersive
interactions [32].

Petit and Bandosz contrived ammonia adsorption in MOF/GO composite, which
manifest enhanced ammonia adsorption [30] [33]. It was revealed that addition of GO in
MOF did not muddle the crystallization of MOF. Rao and co-workers synthesized ZIF-
8/GO showing better CO, uptake capacity [34]. Chen et al also prepared ZIF-8/GO
composites with adjustable morphology and porosity showing excellent uptake capacity
of methylene chloride [35]. Li and workers used facile coordination- induced growth
approach to synthesize a composite of SOzH and functionalized GO and ZIF-8 particles

which showed enhanced catalytic activity [36].

2.3  Synthesis of MOFs

MOFs are usually prepared by self-assembly reaction of metal precursor and organic
linker to produce crystalline product. The structure of framework depends on metal ions
and organic linkers, temperature, solvent used, ratio of metal ions to organic linkers thus
by changing these conditions we can synthesize a framework with desirable properties
[37]. The different methods used for MOFs synthesis are solvent evaporation, mechano-
chemical, diffusion, microwave assisted method and solvothermal method [37]. The
solvothermal method is most suitable method for MOFs synthesis in which metal ions
and organic linkers are dissolved in polar solvents and heated to about 100 °C. The
nature of this method can be reckoned as Lewis acid-base reaction where Lewis bases
are the deprotonated ligands whereas the metal ions behave as the Lewis acids. The
organic linkers are usually multidendate in carboxylates such as benzene tricarboxylate
(BTC), benzene dicarboxylate (BDC) with two or more donor atoms. Mostly divalent
transition metal ions such as Cu®" Zn** Zr*" Ni?* are used as the metal precursors in
polar solvents like water, methanol, ethanol, dimethylformamide (DMF),
diethylformamide (DEF) and others [37].

10



2.4  Organic ligands

The primary need of organic ligands is that it can form coordinate bonds with central
atoms. The pore volume and surface area can be adjusted by applying different organic
linkers for a particular application [38]. Due to their rigidity and ability to form rigid

metal carboxylate cluster benzene carboxylate group is the main source until now.

O

OH
HO

O

Figure 5: Benzene-1, 4-dicarboxylic acid

OaOH

O O
OH OH

Figure 6: Benzene-1, 3, 5 tricarboxylic acid
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2.5  Synthesis method

Solvothermal method is most commonly used for MOFs synthesis because the process is
simple and easily controlled. But there are few drawbacks as well such as; it is time
taking process and large size particles are commonly produced by this method.

2.5.1 Conventional synthesis

Solvothermal method is most popular for MOFs synthesis. In this process reactants and
solvents are mixed together, and then close them in a Teflon reactor, and 100 — 200 C is
provided to the reactor. Above the boiling point of the solvent, mixture will react under
autogenously pressure. Reactants are slowly dissolved with the increasing temperature
and react to produce crystalline product. Less time is required for this technique and
very simple equipment is used which can utilize various reactants that are insolvable at
or below the room temperature. Furthermore, products produced are perfectly crystals

which can be characterized by XRD technique [39].

Product formation is usually determined by reaction temperature. At higher temperatures
more condensed structures are examined [40]. Most of the MOFs require an increasing
reaction temperature in order to get perfect crystals, mainly if more inert ions are used.
This technique is used for the preparation of many MOFs especially MOF-5, MOF-74,
MOF-177, Cu-BTC (HKUST-1) [41].

2.5.2 Microwave assisted method

Zeolites have already been synthesized by microwave assisted method [42]. Yeonshick
developed microwave induced thermal method for the preparation of MOF-5 [43]. In
this process first of all precursor solution was prepared, then put the substrates which are
nanoporous anodized alumina discs coated with various conductive thin films into the
container containing the precursor solution. 500W power microwave is provided for 5 to
30 seconds to produce MOF-5 in the container. The main advantage of this technique is
that, it is a rapid process and nanoporous films with high kinetics are produced.
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2.5.3 Centrifugal separation

ZIF-8 production has been reported by this method [44]. The mixture was stirred for two
hours after adding a methanolic solution of Zn (NO3),*6H,0 into a methanolic solution
of 2-methylimidazole. The product was then centrifuged many times and washed with

ethanol. ZIF-8 nanocrystals were produced after drying the product in an oven.

2.5.4 Slow evaporation method

It is a commonly used method for the synthesis of MOF and this method does not
require any external energy source. Although this method is more preferable because it
is performed at room temperature, yet its major problem is that it takes much more time
than the other known conventional methods. In this method at room temperature starting
material is concentrated by slow evaporation of the solvent. This process involves
mixture of solvents many times, which increases the solubility of reagents and can make

the process time saving by rapid evaporation of low-boiling solvents [45].

2.6 Applications of MOF

MOF has been widely studied as heterogeneous catalyst due to their thermal stability
and ease of reuse. MOF allows the faster transport through the large pores and it
prevents the self-degradation of active sites. MOF has also been studied for biomedical
applications, drug delivery, chemical sensors and bio-image applications. Although the
main application is in gas storage, separation and adsorption. MOFs have been studied
for the uptake capacity of hydrogen and methane and capturing of carbon dioxide.
MOFs are also being studied for gas separation as filler in polymer membranes.
Different composites formation for MOFs are also being attempted to generate desired

properties for various applications [46].

2.6.1 Gas storage

MOFs are porous materials therefore the applications of MOF on gas are of highly
important. Various MOFs have been prepared for CO, capturing from flue gases [47].
The main problem for technology these days for gas absorption is that equipment sizes

are too big due to which high energy is consumed [48]. On the other hand, MOFs are

13



cheap and easily produceable with other benefits as well [49]. MOFs are also a
promising storage material for H, and CH,. MOFs have already shown promising results
for gas storage. For example, MOF-519 exhibits high methane volumetric storage

capacity of 279cm®cm™ at 298K and 80bar has been reported [50].

ZTF-1

for high CO, PCN-12

MOF-200 %

for high H, i MIL-101(Cr)

% for high Hy, CO,

& HKUST-1
for high CO,, CO CH,
MOF-74 (Mg, Ni, Co)
for high CO,, NO CH,

MOF-5 : Bio-MOF-11
for high H, for high CO,

Figure 7: Schematic illustration of important testified MOFs known for high gas storage
capacity

2.6.2 Adsorptive separation

Gas separation by MOF depends on the difference in the adsorption/desorption behavior
of components of a mixture [51]. Pore size and other properties of MOF results in
unique interaction with guest molecules than others and thus obtained excellent
chemicophysical adsorption. For example, homochiral MOFs have the potential on

enantio-separation which is still a challenge [51].
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2.6.3 Biomedical/drug deliver

Due to high surface area and excellent bio-compatibility, some MOFs have remarkable
ability of drug loading. Some MOFs on nanometer scale provides a path to design novel
theranostic Nano medical devices. On the mesoporous scale some MOFs have the
tendency to load biological molecules such as anticancer drug into their pores [52].
Patricia et al. for the first time revealed the excellent capacity of Ibuprofen hosting and
delivery by MIL-100 and MIL-101. They also explained that there are many possibilities
for the design of new MOFs including their benefits to adapt to the structure of the drugs

and their dosage requirements [53].

2.7 Adsorption in MOFs

MOFs are strong crystalline materials with robust coordination bonds having well-
defined framework structure. When the guest species are removed only solvent
molecules coordinated to the metal ions creating the open metal sites which can be used
for the adsorption of desired gas molecules [54]. This process of removing solvent from
the MOF under vacuum heating is called activation. In HKUST-1 bimetallic
tricarboxylate are exposed after activation which provides the inclusion of gas
molecules. The MOF framework is electrically neutral with copper atoms and the
polymeric crystal lattice having partial positive charges and carboxylate units present
with partial negative charges. A type of ion pair is produced by the coordinately
unsaturated Cu®**cations and negatively charged carboxylate units which help in the
adsorption of molecules. This recommends that along with VVan der Waals interactions,
Cu®" species related specific interactions also govern the adsorption properties of
HKUST-1. The combined effect of the presence of these sites and the framework

topology are key points towards the promising adsorption properties.

2.8  COjadsorption on MOFs

The presence of open metal sites and the large surface area of MOFs are the key factors
for huge amount of CO, adsorption. These open metal sites play very important role in
binding CO, molecules onto the pore surface. The binding energy between the MOF

surface and adsorbed CO;, molecules are provide by the result of dipole-quadrupole

15



interactions between them. Materials having large surface areas show huge amount of
CO; adsorption at high pressures. However, at low pressure and room temperature the
adsorption of gas depend on the nature of the pore surfaces with highly functionalized
surfaces showing high adsorption capacities. The adsorption equilibrium can be
calculated by using volumetric or gravimetric methods. The gravimetric method
provides the data on the amount of CO, adsorbed per unit mass of the MOF thus
providing the mass of MOF required for assembling the adsorbent bed however the
volumetric method provides information on how densely the CO, can be captured within

the adsorbent thus providing idea on the volume of the adsorbent bed [55].

A large amount of work has been done on MOFs for storing of H,, CO,, methane gas
and toxic gas adsorption. Liu et al analyze the adsorption of CO; in various MOFs at
different pressures [56]. Various MOFs can selectively adsorb CO, over CH4 owing to a
substantial quadrupole moment of CO,. Keeping in view of the experimental results and
molecular simulations, Snurr and coworkers carbon dioxide adsorption over methane in
a carborane based MOF [57]. The adsorption of CO, was also tested in Cusz (BTC) »,
which revealed CO, uptake capacity of 6.6kmol/kg at 2.5 bar and 303 K and selectivity
of 4-6 for CO,/CH, at 00.1-3 bar pressure. ZIF-68, 69, and 70 have also manifested high
affinity for CO, at 273 K in CO,/CO mixtures[58]. The CO, uptake capacities of various

MOFs measured at different temperatures and pressures are shown in the table 2-1.

Table 1: CO, Adsorption capacities at different pressures

Name BET Capacity | Pressure | Temp Qst
i\l:f ‘ra'];ace (wt. %) | (bar) (K) (kj/mol)
(m°/g)
UiO(bpdc) 2646 72.5 20 303 -
8 1
Cus(HzL,)(bipy)2.11H,0 | - 6.5 8.5 298 -
2.3 1
ZIF-7 312 20.9 10 298 33
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9.1 1
IRMOF-8 1599 7.8 1 298 211
51.2 30
HKUST-1 1326 13.2 1 303 -
26.3 30
CuBTTri 1700 10.8 1 293
Mg/DOBDC 1415 25 1 298 47
Ni/DOBDC 1017 20.5 1 298 42

2.9  Graphite oxide

Graphene is a single layer of pure carbon, tightly packed carbon atoms which are held
to gather in a hexagonal honeycomb lattice. In another way you can say that graphene is
a form of carbon which is in a shape of sp? bounded atoms having a bond length of
0.142 nanometers. Graphene layers stacked on top of each other to form graphite having
inter planar spacing of 0.335 nanometers. The term graphene was first introduced in
1987 to describe monolayer of graphite. Graphene is a two dimensional building
material for all other carbon materials. Graphene can be halt to buckyballs, turn up to
nanotubes and deformed into graphite. Andre Geim and Konstantin Novoselov were
awarded with noble prize in 2010 for their work on graphene. The worldwide sales of

graphene have become $9 million in 2014 with major sales in electronics.

Usually, graphene sheets can be obtained in different ways. The first method which is
known as micromechanical cleavage was revealed by Geim in 2004 [59]. This method
involves continuously splitting graphite crystals by scotch tape and dissolving the
resulting product in acetone. After this the dispersion is deposited on silicon wafer and

sheets having graphene layers were found under SEM.

17



Figure 8: Micromechanical cleavage of graphite to obtain graphene using Scotch tape

Graphite oxide or graphitic acid is usually prepared by two different processes: one in
which sulphuric acid acts as an oxidizing agent known as Hummers—Offeman method
and other one without using sulphur containing compound in oxidation process is known
as Brodie method. In the past few decades GO has gained the attraction of many
researchers because of its remarkable applications as adsorbents, conductive, electric
properties and a part in composite materials. GO has many beneficial properties. It
disperses very easily in different mediums such as aqueous solvents, organic solvents
and various matrices. Due to the presence of both electron rich oxygen species and an
electron rich graphene backbone provides further surface functionalization, which as a
result gives adaptable material for multiple applications. Graphene oxide anyhow suffers
from a low electrical conductivity and is an electrical insulator. Graphene oxide is also

soluble in various solvents, both aqueous and organic.
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Chapter-3

Experimental and Characterization
Techniques

In the preparation of MOF and GO different methods are used which are discussed in
this section. The characterization techniques and gas adsorption measurements are also

highlighted in this chapter

3.1 Materials.

Graphite flakes, 97% sulphuric acid H,SO,4, 35% hydrogen peroxide (H,O;), 99%
potassium permanganate (KMnO,) and distilled water are used in the preparation of
graphite oxide (GO). Copper nitrate hemipentahydrate 98% Sigma Aldrich, 1,3,5
benzene tricarboxylic acid 95% (trimesic acid) Merck, N, N dimethylformamide (DMF),
99.8% ethanol, 99.9% dichloromethane and deionized water are used in the preparation
of HKUST-1 (MOF-199).

Table 2: List of chemicals used in this research project.

Chemical name Formula | Company | Grade | Molecular | Boiling | Melting
name weight point | point°C
g/mole °c
Sulphuric acid H,SO, Merck 97% 98 337 10
Hydrogen H,0, Merck 35% 34 150.2 | -0.43
peroxide
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Potassium KMNO, 99% 158 240

permegnate

Copper nitrate Cu(NOs3), | Sigma 98% | 232.59 170 115
hemipentahydrate | - 2.5H,0O | Aldrich

Trimesic acid CoHsOs | Merck purum | 210.14 561 374
N,N CsH;NO | Sigma 99% | 73.09 153 -61
dimethyformamide Aldrich

Ethanol C,HsO 99% | 46.06 78.37 | -114.1
Dichloromethane | CH,CI, 99% 84.93 39.6 -96.7

3.2  Synthesis of GO

First of all, 2g of graphite powder was oxidized in 46ml of cold concentrated sulphuric
acid at 0 'C. After that 6g of KMO, was added slowly and temperature was kept less
than 20 'C. Than it was cooled to 2 "C. Ice bath was removed and mixture was stirred for
15 minutes at room temperature. 280ml of distilled water was then added to dilute it and
stirred for 15 more minutes. After this 40ml of H,O, was added to end the oxidation
process. Mixture was then left for overnight. The solution was then centrifuged and
decanted several times to attain the pH of 6-7. After that the centrifuged slurry was dried
at 60 "C in vacuum over for about 24 hours to obtain the graphite oxide.

3.3 Synthesis of MOF-199

HKUST-1 was prepared by mixing 2g of copper nitrate hemipentahydrate and 1g of

trimesic acid in 17ml of N, N dimethylformamide. The solution was then stirred and
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sonicated for 5 minutes. After this 17ml of ethanol was added to the mixture followed
by 5 minutes of sonication and stirring. Deionized water 17ml was then added followed
by the 30 minutes of stirring and sonication. All the crystals were dissolved at this point.
The mixture was then poured to the 500ml round bottom flask kept in an oil bath and
heated at 85 'C. The mixture was kept in the oil bath at a temperature of 85 °C for 21
hours. The mixture was then cooled and filtered and the product was washed with
dichloromethane and immersed in it for two to three days. The crystals were then dried
in vacuum oven at 170 °C to attain the final product.

Figure 9: Synthesis of HKUST-1
3.4  MOF/GO composite synthesis.

The composite was prepared by mixing GO powder to well dissolved MOF precursors
to obtain the solvent mixture in the same process as in the synthesis of MOF-199. After
that the resulting mixture was stirred and sonicated for 30 minutes followed by the same
synthesis process as that for MOF-199 was carried out. The added GO contains 10, 20
and 30 weight% of the final product. This proportionate to concentration of 0.961, 1.922
and 2.883mggo/mlpme respectively. The copper (from MOF) to oxygen (from GO) ratios
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in the composites are 2.7, 1.6 and 0.71 respectively[60]. The composite were named as

MG-n where n=1, 2 and 3for various GO contents 10, 20 and 30 weight% respectively.

3.5  Characterization Techniques

The characterization of GO, MOF and their composites have been done by various
techniques such as XRD, SEM, FTIR, TGA and BET. These techniques are discussed

below;

3.5.1 X-ray diffraction (XRD)

XRD is emphasized on crystalline structures of solid samples. Valuable information
regarding size of crystallites, lattice parameters etc. can be gained by interpreting the
results. X-rays have a wavelength of ~1 A’, shorter than ultraviolet but longer than

gamma rays.

Figure 10: X-Ray Diffractometer
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Working principle shows that X-rays are formed when high-energy charged electrons
beam on a solid surface target copper or molybdenum. Due to interaction of electrons,
the inner shell electrons can be evicted by ionization process. Outer orbital will fill the
empty site immediately and due to release of energy in conversion an X-ray photon is
discharged. The relationship between energy of radiation and wavelength is given in the

following equation:
E = hc/A
Where h represents the planks constant and c is for speed of light in vacuum.

Bragg's law is a common formula for understanding the process of diffraction and is
widely used in crystal diffraction as well. We can calculate crystallite size of crystals by
using Debye-Scherrer equation. Each crystalline material has its own unique X-ray

pattern which is used as finger print for its identification.

A e .\:.. - /

Figure 11: Description of Bragg's Law

3.5.2 Scanning electron microscopy (SEM)

SEM is routinely used electron microscope. High energy electrons ray is focused on the
surface of materials and examines morphology of materials. Electron ray produces
different signals at materials surface and delivers information about microscopic
structure and chemical composition of sample. Information is obtained mainly over the
selective area of the sample surface. Selected points on the sample surface can be
analyzed by SEM. Function of SEM is similar to electron probe microscope.
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Kinetic energy of electrons is scattered, when electrons with high-energy beam strikes
on the solid surface. Mainly secondary electrons and backscattered electrons form the
sample image. Back scattered electrons have more value in phase discrimination and
secondary electrons are important for visualizing morphology and topography of the
sample. When incident electrons and electrons present in shells of the sample atoms
collide together X-rays are produced [61]. The working principle of SEM is shown in
figure 12. SEM analysis gives information about the sample’s morphology (size and

appearance) and topography (surface and its characteristics related).

«— electron gun
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X-ray detector \

secondary electron detector
sample

Figure 12: Working principle of SEM

3.5.3 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform is mathematical process required to obtain actual spectrum from raw
data that is the reason Fourier transform is used for this type of spectroscopy. FTIR is
used for quantitative and qualitative analysis of organic and inorganic samples. It is an
efficient method for the detection of functional groups and for identification of type of

chemical bonds present in the sample under test.
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Infrared radiations interact with the sample in FTIR analysis. Sample absorbs some
radiations while other radiations are transmitted through sample. FTIR spectrum is
obtained on the bases of absorbed and transmitted radiations. The resulting spectrum
generates finger print of the sample, used to identify the sample. The range of frequency

is calculated in terms of wave number and varies from 4000 - 400 cm™ [62]

Figure 13: FTIR spectrometer

The covalent bonds are flexible and always in a state of vibration unlike rigid bonds.
Vibration could be bending or stretching. The vibrational motion of these molecules is
characteristic of their respective atoms. All organic compounds have capability to
absorb IR that matches to their vibration. IR spectrum is the graph presenting the
variation of percentage transmittance with the frequency of the infrared variation drawn

between percentage transmittance and wavenumber.
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Figure 14: Working principle of FTIR

3.5.4 Thermogravimetric Analysis (TGA)

TGA is a thermal analysis technique which is used to observe weight gain or weight loss

of the sample powder with time or increasing temperature. The alterations in chemicals

like dehydration, solid gas reactions, chemisorption, decomposition etc. and physical

properties like desorption, absorption, adsorption, vaporization, sublimation etc. are

determined. Physical and chemical changes take place when materials are subjected to

heat. Material weight is either increased or decreased. Thermogravimetric analyzer has

pan placed in a programmable furnace.
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Figure 15: Hi-Res TGA 2950 thermal gravimetric analyzer

This pan is supported by a sensitive precision balance. The specimen is placed onto pan
and a heating rate and temperature range is given to the furnace. The furnace is first
heated from lower limit of temperature range reaches the maximum point and then
cooled. During heating and cooling process mass change is monitored. Inert or reactive

gas controls the environment of furnace.

Interpretation of loss of volatile components of sample, its thermal stability and
decomposition is enabled by the data obtained from TG analysis. The graph between
increasing temperature (x-axis) and percentage in weight (y-axis) is plotted and indicates
data obtained. If a graph shows a straight line (no temperature change) in a given
temperature range, this means species is thermally stable. Sometimes an initial weight
loss is shown in the graph and then line becomes straight, denotes species is thermally
unstable at low temperature and then becomes stable. Information about maximum used
temperature of the material beyond which material will degrade is provided by data from
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TG analysis. It also gives information about reaction kinetics, degradation mechanism,

the presence of inorganic content in material and decomposition patterns[63].
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Figure 16: Schematic Diagram of TGA

3.5.5 Brunauer-Emmett-Teller (BET) Surface Area Analysis

Surface area and porosity are two key factors that affect the quality and utility of solid
materials. The differences in surface area and porosity of materials have great impact on

the performance characteristics of materials.

The Brunauer, Emmett and Teller (BET) characterization technique is most commonly
used technique for analyzing the surface area of powders and porous materials. In BET
analysis nitrogen multilayer adsorption is determined as a function of relative pressure
with the help of a fully automated analyzer, which gives exact specific surface area
evaluation of materials. Nitrogen gas is supplied as an investigating molecule exposed to
material surface at liquid nitrogen condition i-e 77K. The surface area is measured in
m?/g which provides important information while investigating the effects of particle
size and surface porosity. For spherical, non-porous particles, BET surface area is

related to particle diameter or radius and skeletal density. Skeletal density (pS) is the
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mass of the solid divided by the volume of the solid excluding open and closed pores. In
case of non-porous solids, skeletal and geometric or envelope densities are similar.
Using particle density and diameter BET surface area can be determined. Same way for
a known BET surface area and material density, particle diameter can be measured. In
case of porous materials or for those which have unsmooth surface, BET surface area is

generally quite large.

It is primarily needed to prepare sample before the BET analysis. Adsorbed gases or
vapors present on the material surface must be removed. This is done to keep the
material surface unaffected. Pretreatment can be done under vacuum heating or by
degasing with an inert gas to remove the adsorbed materials from the surface. Sample
preparation can highly affect the BET analysis and pore size distribution results. Too

severe activation or less cleaning can cause the collapse of pore structure.

Typical Application includes determination of specific area, calculating the open pores
and external surface area of mesoporous and micro porous materials. It is also used for
analysis of catalysts, metal organic frameworks, zeolites and reactivity studies of

materials and various other applications.

Figure 17: BET surface area analyzer
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Chapter-4

Results and Discussion

The results obtained from the above mentioned characterization techniques are

elaborated in this chapter.

4.1  X-ray diffraction analysis (XRD)

X-ray diffraction calculations were performed by using standard diffraction procedures.
Crystal structure and phase analysis of the lab prepared samples were characterized by
XRD patterns using CuKa (A =1.54060A) at room temperature and operated at 20KV
and 5 mA over 26 range of 5 to 50,

The X-ray diffraction patterns of the composites and the parental materials are disused
in the following figures 18,19,20,21. It has be clarified here that peak at 20 less than 7°
are experimental antiquity which relates to the slide used to run the test and that is why
they are not considered in the analysis of the material pattern. For GO, a single peak
around 20=10° is observed which indicates the distance between carbon layers of 9.7 A°
and it is calculated with the help of Braggs law. In case of HKUST-1, the patterns show
a good crystalline behavior showing all the representing peaks in accordance with the
reported literature [64] [65]. The MOF/GO composites also exhibit the same diffraction
pattern similar to MOF-199 which shows that there is well defined MOF present in the
prepared composites. Hence, it can be presumed that GO did not obstruct the formation
of linkage among Cu dimers and organic linkers. Another interesting fact is that the
broad GO peak is not appeared in the composites pattern. This can be due to the
dispersion of GO during the synthesis of MOF/GO composites. As the synthesis process
of composites involves polar solvents like DMF which is famous for GO dispersion
[66].
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Figure 19: XRD pattern of MOF/GO 10% composite
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Figure 20: XRD pattern of MOF/GO 20% composite
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4.2  Scanning Electron Microscopy Analysis

The shape and morphology of the composites as well as the parental materials are
verified by SEM. As the materials and their composites are non-conductors, so before
SEM analysis these materials are thin coated with gold with the help of ion sputtering

device.

The parental elements as well as the composites synthesized in the laboratory are
characterized by SEM to get information about the materials at low and high
magnification. The SEM images of GO at different magnifications are shown below

which shows the dense flakes graphene layers assembled together by dispersive forces.

20kv  X10,000 1pm 2016 SCME NUST 20kV  X35,000 0.5um 2016 SCME NUST

20kV  X35,000 0.5um 2016 SCME NUST 20kV  X8,000 2uym 2016 SCME NUST

Figure 21: SEM images of GO at different magnifications

In case of HKUST-1, octahedral structure can be seen with average diameter of
approximately 15-20 um. Synthesis of MOF-199 at low temperature usually provides
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crystals of cubic shape with sharp edges; though at high temperature produces spherical-
shaped particles [67]. The rough structure of MOF confirms the synthesized MOF is
favorable for hydrogen uptake. SEM images of HKUST-1 at different magnifications

are given below.

20kv  X2,500 10pm 2016 SCME NUST 20kV  X5,000 5um 2016 SCME NUST

20kV  X30,000 0.5pm 2016 SCME NUST 20kV  X50,000 0.5pm 2016 SCME NUST

Figure 22: SEM images of HKUST-1

SEM images of composites are shown below. The composite with 10% of GO/MOF
showed the presence of graphene layers with submerged MOF. In case of 20% of
GO/MOF composite more graphene layers are observed showing a legible lattice image
within GO layers. It is a known fact that electron beams can be a reason of the collapse
of HKUST-1 and can hence it prevents any visualization of its lattice structure[68].
Although, the patterns investigated showed the lattice image of MOF-199. GO deformed
graphene layers in MOF/GO composite assisted MOF in retaining its crystallinity by
dissipation of electrostatic charges. Yang et al. also observed this phenomenon with
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their MOF 5/CNTs composites [69]. It is clear that as percentage of GO increases in the
composite GO dominate the composite. These results showed that the GO and MOF are
well mixed within our composite. This assists the result of thermal analysis and the
concept that chemical reactions are carried out for the synthesis of the composites. It can
also be seen that GO deformed graphene layers are well scattered and do not form lumps

which is assisted by XRD results.

208V X30,000 O.Spmn 2017 SEI NUST 220k HI0, 000 O.Sprm 2017 SEI NUST

Figure 23: SEM images of MOF/GO composites

4.3  Thermogravimetric Analysis

Weight loss of new composites as well as parental materials is observed by
thermogravimetric analysis. 3 to 5 mg of each sample was used for the analysis. TGA is
used to investigate the thermal stability of the materials. The DTG curves of synthesized
samples are given below between the temperature ranges of 30 'C to 450 C because
there was no significance weight loss measured above 450 "C. Three important curves
are observed in case of GO. The first curve which is atl00 ‘C shows the removal of
adsorbed water. The second one which is near about at 200 'C correspond the
breakdown of epoxy groups. There is a hump between 250 "C and 400 "C which indicate
the decomposition of carboxylic and sulphonic groups. For HKUST-1, there is a small
peak at 100 'C that indicates the removal of adsorbed water. The extra molecules of
water are emancipated at about 300 'C. The complete breakdown of MOF-199 is
revealed at about 350 'C. As a result of this CO, is produced which in result helps in the
formation of copper oxide. The decomposition of HKUST-1 at this temperature is

35



related with the literature. The curves for MOF/GO composites look similar to the
parental HKUST-1 element. The absence of the additional dehydration step from MOF-
199 reveals that few copper centers in MOF/GO composites are involved into a more
hydrophobic environment. They are perhaps present in the region of GO deformed
graphene layers. The important thing is the absence of the curve showing the breakdown
of GO epoxy groups from the composites. This is due to the participation of groups in
the synthesis of composites and more accurately one can say that, this is due to the
binding of copper ions to the oxygen of epoxy groups. The following curves show the

exact weight loss in composites as well as parental materials.
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Figure 24: TGA OF GO
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Figure 25: TGA of MOF-199
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Figure 27: TGA OF MOF/20%

4.4  Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy (FTIR) is used to analyze quantitative and
qualitative analysis of organic and inorganic samples. It is an excellent method for the
detection of functional groups and to identify the type of chemical bonds present in the
samples.

The IR spectrum of composites as well as parent materials is given below. The IR
spectrum of GO was reported in the literature. The vibrations of C-O appear at 1031 cm’
! and the vibrations of O—H bond in water and/or oxygen surface groups are investigated
at 1613 cm™. C=0 vibrations from carboxyl and/or carbonyl groups are observed at
1713 cm™. Two other spectra are revealed at 990 and 1228 cm™. The first spectrum can
be related to epoxy/peroxide groups and the second to S=0O asymmetric stretching
vibration in sulfonic groups and/or vibration of C-O in epoxides [70]. The spectrum of
MOF-199 is very quiet near to those present in literature for the same network [71]. Two
zones can be made from this spectrum. The first zone, which is below 1400 cm™,

showed various bands assign to the vibrations of the BTC linker. The zone between
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1400 and 1700 cm™ corresponds to the carboxylate linkers and hence shows binding of
BTC ligand to the copper sites. More accurately, the bands at 1643 and 1589 cm™ and at
1447 and 1370 cm™ represent the asymmetric and symmetric stretching vibration of the
carboxylate groups in BTC linkers, duly [72]. In agreement with the data of X-ray
diffraction and thermal analyses, the FT-IR spectra of the composites show
characteristics near to the MOF-199 spectrum. The changes in the ratios of the
spectrums at 1643/1580 cm™ and 1447/1370 cm™ must be assigned to variations in the
atmosphere of the carboxylate linkers. This is due to the interactions between the
organic linkers with functional group from graphene oxide as well as the disturbance in
the structure of MOF-199 due to the inclusion of GO. The gradual reduction in the
intensity of the spectra can be seen as the amount of GO increases. This reduction can be
corresponded to the less amount of MOF in the composites.
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45  Brunauer-Emmett-Teller (BET) Surface Area Analysis

BET is used for the investigation of surface area of the samples. BET surface area of the
MOF as well as the composites are given in the below table. The results suggest that
surface area of MOF/GO composites with lowest GO contents is higher than the parental
MOF, however as the GO content increases the surface area decreases. This is due to the
increasing amount of GO which causes deformation in the structures of the material.
Another clarification is that as the GO content increases, number of functional group on
GO surpasses the number of approachable sites on MOF which interact with each other.
At this point some amount of the GO acts as if there was no other component present in
composites except solvent. Hence, when the sample was dried the GO layers
reassembled together in irregular way as they usually do causing agglomeration which
in result decreases the porosity as well as the surface area. BET surface areas of the

samples are given in the following table.
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Table 3: Surface areas of sample

Sample Seer [M?/g]
HKUST-1 310
MOF/GO 10% 340
MOF/GO 20% 380
MOF/GO 30% 290

46  Adsorption Experiments

Adsorption experiments are performed to investigate the uptake capacity of hydrogen.
Samples were dried at 150 "C under vacuum for 4 hours. The sample after drying was
sealed in polythene bag and stored in desiccator. Samples were conditioned at -40 "C for

8hours in constant cooling chamber.

4.6.1 Equipment/Apparatus

Quartz tube (Model: PY1-2018) Frontier labs japan.

Analytical balance (Model: AT-400) Mettler Toledo Switzerland.
Pyrolyzer (Model: PY20201d) Frontier labs japan

Hydrogen gas generator (Model: PH-200) peak scientific USA.

4.6.2 Procedure

An accurately weighed quantity of sample (5-6 + 0.02mg) was packed in a pre-weighed
quartz tube used as sample holding device. The sample was inserted in pyrolyzer and
connected to hydrogen gas source. The hydrogen gas was passed continuously for ~20
minutes at the flow rate of 5ml/min. After that the samples tube was reweighed precisely
and quantity of hydrogen gas adsorbed was calculated by difference in weight method.

The results of our samples are discussed below.
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4.7 MOF-199

The sample was treated in the same procedure as described above. We took 5.6435 mg
of HKUST-1 and packed it in quartz tube. The hydrogen gas was passed for 20 minutes
at a flow rate of 5Sml/min. Then we reweighed the sample and the hydrogen gas adsorbed
was calculated by weight difference method.

final weight — initial weight

% adsorbed = —— _ x 100
initial weight

Initial weight = 5.6435mg

Final weight = 5.9539mg

By using difference method % of hydrogen adsorbed

(final-initial/initial) 100 = (5.9539-5.6435/5.6435)100
=5.50%

48  MOF/GO 10%

MOF/GO 10% composite was dried at150 ‘C under vacuum for 4 hours. The sample
after drying was sealed in polythene bag and stored in desiccator. Sample was
conditioned at -40 "C for 8hours in constant cooling chamber. Then it is packed in the
quartz tube and hydrogen gas was passed for 20 minutes at a flow rate of 5ml/min. The

results obtained are given below.

Initial weight = 5.5436mg

Final weight = 5.8682mg

By using difference method % of hydrogen adsorbed
(final-initial/initial) 100 = (5.8682-5.5436/5.5436)100

=5.86%
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4.9 MOF/GO 20%

The sample was treated in a similar way as explained above. All the conditions are same

and the following results were obtained.

Initial weight = 5.0198mg

Final weight = 5.3270mg

By using difference method % of hydrogen adsorbed

(final-initial/initial) 100 = (5.3270-5.0198/5.0198)100
=6.12%

410 MOF/GO 30%

Sample was treated in same way as explained above and the following results are

produced.

Initial weight =5.1069mg

Final weight = 5.3779mg

By using difference method % of hydrogen adsorbed

(final-initial/initial) 100 = (5.3779-5.1069/5.1069)100
=5.31%

Table 4: % of hydrogen adsorbed

Sample Initial weight (mg) | Final weight (mg) | % hydrogen
adsorbed
HKUST-1 5.6435 5.9539 5.50
MOF/GO 10% 5.5436 5.8682 5.86
MOF/GO 20% 5.0198 5.3270 6.12
MOF/GO 30% 5.1069 5.3779 5.31
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These results depict that the hydrogen uptake first increases when the amount of GO
content increases up to 20% and then decreases. This is because of the increase in GO
content that causes disturbance in the structures of the material. Another elucidation is
that as the GO amount increases in the sample, number of functional group on GO
transcends the number of available sites on MOF which react with each other. At this
point some amount of the GO behaves like as if there was no other compound present in
composites except solvents. Therefore, when the sample was dried the GO layers
reassembled together in irregular way as they usually do causing agglomeration which

in result decreases the porosity as well as the surface area.

45



Chapter-5

Conclusion

To conclude, MOF/GO composites are synthesized with different ratios. New
composites as well as the parental elements are characterized by SEM, XRD, FTIR,
TGA and BET. The properties of MOF-199 in MOF/GO composites are assertive while
the porosity is higher as compared to the parental elements. It is considered that the
interaction MOF-199 with functional groups of GO (epoxy, hydroxylic, carboxylic and
sulfonic groups) assists the formation of new pores. The increment in the porosity of the
composites is well observed up to 20% of GO and then declines. This is due to the fact
that when the higher contents of GO are present, functional groups on the deformed
graphene layer surpasses the number of available sites on MOF which react with each
other. Hence, GO deformed graphene layers form agglomerates which decreases the
porosity. The enhanced porosity of the composites is responsible for better uptake of

hydrogen as compared to the parental elements.

5.1 Future Recommendations

e The prepared MOF/GO composites can be assimilated in polymeric membranes

to manufacture mix-MOF-membrane to increase gas separation capacity.

e The manufactured composites can be investigated for their adsorption capacity

for heavy metal removal from waste water.
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