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Abstract

Fossil fuels the predominant source of energy today, are a significant to the release of
carbon dioxide into the atmosphere causing greenhouse effect and global warming.
Alternative and renewable energy sources must be identified immediately in order to
address these issues. Water, a readily available renewable energy resource, is an appealing
option in this regard owing to its ability to produce H, (HER) and O> (OER) through water
splitting mechanism. Utilizing distinct catalysts for the anodic and cathodic reactions in
electrochemical water splitting reaction will escalate the cost of the electrolytic cell.
Therefore, research and development efforts to develop novel electrocatalysts with dual
functions for OER and HER is imperative and highly desirable. Metal Organic Framework
(MOFs) and their derivatives are the well-known candidates having porous 3D -framework
structures with high surface areas that have been rapidly developed in the last decade as an
efficient electrocatalyst for water splitting. Among others, Zeolitic Imidazolate framework
(ZIFs) are sub class of MOFs which have robust electrocatalytic properties are less
explored for water splitting application. In this study we have prepared three different
polymorphs of ZIF-7 porous framework material and their composite with zeolite both
having sodalite topology. The three phases of ZIF-7 are described as ZIF-7-1, ZIF-7(1+11I)
and ZIF-7-1II1 with a space group of rhombohedral(R-3), triclinic(P-1) and
monoclinic(C2/c) respectively. ZIF-7 (I) is prepared from Zinc nitrate as metal nodes and
benzimidazole as a linker, that crystallizes in the rhombohedral conformation with a lattice
parameter of a=22.989[A] b=22.989[A] ¢=15.763[A]. We further found that on addition of
1.25wt% of zeolite to pure ZIF-7(I) phase there triggers a phase transformation to ZIF(III)
polymorph and we ended up into a combination of ZIF-7 (I+III) mixture. When the
concentration of Zeolite increases to Swt% into pure ZIF-7-1 it is completely transformed
into ZIF-7-1II phase that crystallizes in the space group monoclinic (C2/c) with a lattice
parameter of a= 16.106A b=19.511A c=16.126A". ZIF-7-1 is further irradiated with 500 keV
(Cut+) ions at dosages of 1 x 10'*ions cm™that causes yet another stimulating phase
transformation from ZIF-7-1 to a less symmetric ZIF-7-11 polymorph that crystallizes in the
space group triclinic (P-1) with a lattice parameter of a=23.984[A] b=21.354[A]
c=16.349A. All the synthesized materials were characterized utilizing XRD, FTIR, SEM,



xiii

EDX, Raman spectroscopy, XPS, and TGA analysis. The crystallinity, phase purity and
phase transformation from ZIF-7-I(thombohedral) with a space group of R-3 to ZIF-7-I1I
(monoclinic) with a space group of C2/c are confirmed by XRD. The average crystallite
size of ZIF-7-1 was found to be 15.687nm. The FTIR spectra of different polymorphs of
ZIF-7 samples display the characteristics vibrational and stretching modes along with the
formation of major bond at 426cm-1 attributed to Zn-N stretching modes that affirm the
connectivity of metal nodes of Zn with benzimidazole linkers a vital part for the formation
of porous framework. SEM images coupled with EDX revealed surface composition,
morphology, and topography information of samples, confirming its crystallinity and phase
purity and also tells the average particle size that was 61.5nm for pure ZIF-7-1. XPS for
evaluation of elemental composition. The major elements that were present are C, N, O,
Zn2p1» and Zn2ps;» at binding energies of 285eV,399¢V, 532¢V, 1044eVand 1021eV
respectively. Raman spectroscopy identify the major mode at 154cm™ of Zn-
Thermogravimetric Analysis for thermal stability evaluation reveals that ZIF-7-1 was

thermally stable up to 540 C.

A suite of electrochemical techniques, including EIS to probe charge transfer resistance,
LSV to determine the value of overpotential at 10 mAcm™, Tafel slope to determine the
kinetics, and chronoamperometry to determine the material's stability. For ZIF-7(I+III) an
overpotential of 290mV at 10mA cm? for the OER was reached. ZIF-7(I+III)
electrocatalyst required only a cell voltage of 1.52V for water splitting and it performed
very well among all catalysts. The high activity of ZIF-7(I+III) was further evidenced by a
narrower semi-circle in Nyquist plot. Furthermore, higher stability was offered when tested
with continual production of oxygen for 15 hours. The overpotential required for OER of
pure ZIF-7-1 was 414mV at 10 mAcm™ with a Tafel slope of 66.98mV/dec and a wide
semi-circle for EIS revealing good catalytic activity. The overpotential of combination of
ZIF-7 (I+1I) was 290mV with a Tafel slope of 59.21mV/dec and a small semi-circle for
EIS showing the best catalytic activity. The overpotential for ZIF-7-111 was 387mV with a
Tafel slope of 48.49mV/dec and a wide semi-circle for EIS showing better catalytic
activity. The comparative study of different polymorph both structurally and
electrochemically shows that the best electrocatalyst for OER was the combination of two

ZIF-7(1-+111).



CHAPTER 1
1. INTRODUCTION

1.1 Sustainable Development & Energy Transitions a Path Towards
Green Future

The rapid speed of industrialization and urbanization has fueled enormous economic
growth, boosting the standard of living of trillions of people throughout the world. The
biggest problem people face today is finding enough energy to maintain their standard of
living. The population of the world currently uses 15 TW of electricity, and by 2050, that
number is anticipated to increase to 30 TW. 85% of the energy used by humans today comes
from fossil fuels, and their demand is anticipated to increase in the future [1].This
development, however, has come at a high price, with rising emissions of greenhouse gases
and ecological imbalances harming the environment and climatic stability. Although these
resources are beneficial to mankind, but at the same time they are also harmful to humanity.
Fossil fuels, are non-renewable and contribute to the net release of carbon dioxide (CO2)
into the environment, which is changing the global climate but, at the same time carbon
dioxide can be used as a chance for extensive industrial-scale energy generation[2].
Recognizing the pressing need for a more comprehensive approach to development, the
notion of sustainable development has emerged as a basic framework for addressing the
intricate interplay of environmental, social, and economic concerns[3]. Developing
countries are likely to play a critical role in the transformation of energy since they possess
the majority of the leftover renewable energy and power consumption in these regions is
expected to increase in the near future[4]. Because of the scale of these economies as well
as their power systems, major adjustments may be implemented more quickly and easily
than in developed countries[5]. The developed nations, like China, have progressed
significantly in displacing the present fossil fuel-based power plants. The biggest solar
plant on the sea was utilized for energy generation, along with other facilities for energy
storage. It has a production capacity of 40 MJ. Japan also built the world's largest H»
manufacturing facility that spans several kilometers, aiming to promote fuel cell
technology and eliminate fossil fuel use. The chemical bond is crucial for energy and

materials in the chemical industries worldwide. Storing renewable energy in chemical



bonds and controlling it with storage and transmission methods is necessary. The sun, wind,
water, and biomass can produce chemicals and electrical energy with ever-green solar
energy [6]. The world needs 30 TW of energy by 2050, so sustainable energy and efficient
storage are the only options to keep CO2 levels steady [7]. To achieve a sustainable future,
we need to reduce costs and separate technology/infrastructure from energy/fuel

production deadlines [8].

1.2 Water Splitting and Energy storage technology
By directly dissolving water into its component parts, the splitting of water is a technique
for producing hydrogen and oxygen. Electrical (current), thermal (heat), and light
(electromagnetic radiation) sources can all contribute to the energy needed to break a single

H-O-H bond [9].
H20(1) > H2(g) +1/2 02 (@) eevvenvennnnnnn (1.1)

The volumetric co-production of oxygen equals half the volumetric co-production of
hydrogen. The heat of reaction yields the entire energy demand of the reaction H, which
can be partially met by heat (Q), while the remaining portion (change in Gibbs energy Q)
must be met electrically[10]:
AH=AG +AQ cceeiriiriiuiniiniiniieiiininennes (1.2)

In general, the difference in water splitting methods is formed anytime one or more types
of energy source, such as electrolysis, thermolysis, or photolysis, is used to conduct the
reaction. Electrolytic water splitting is fueled by flowing an electrical current through
water, where electrical energy is converted to chemical energy takes place at the electrode-
solution interface through charge transfer reactions in a unit called an electrolyzer [11].
The hydrogen and oxygen produced gas produced by water splitting can be stored for later

use, making it an essential element of energy storage technologies.



Figure 1.1: A sustainable power package with catalysis is highlighted in diagrams of a
dual cell[12].

Electrolysis is more efficient and reliable for production of hydrogen and oxygen. In order
to fulfill energy needs, different storage methods such as mechanical, thermal, and electric

or chemical bonding are available[13].

Mechanical energy storage systems (MESSs) are very appealing because they have various
benefits over conventional ESSs, particularly in terms of environmental effect,
affordability, and sustainability. Mechanical energy storage systems (MESSs) are very
appealing because they have various benefits over conventional ESSs, particularly in terms
of environmental effect, affordability, and sustainability[14]. However, it can be used to
make up for any power supply system failures when a significant amount of power is
needed for a long-term objective. Solar thermal energy harnesses the sun's heat to convert
water or small molecules to thermal energy [15]. Water that has been heated can be
delivered to homes, building sites, and factories to enhance industrial processes using
steam or vapor. If properly implemented, it is a simple solution that could take the place of
natural gas. Using "batteries," or electrical storage devices, is another approach. Charging
and discharging batteries creates electric potential through charged species building up on
electrodes [16]. The electrodes' potential difference can be discharged with an external
load. Li-ion batteries dominate the commercial energy storage market in portable
electronics. More encouragingly, power can be stored using these energy storage

technologies in conjunction with solar and wind energy.



Energy can also be kept in a similar way to how chemical bonds are kept together.
According to this method, energy is stored in the form of organic interactions and can be
released when needed by carefully breaking down chemical bonds. In this quest for the
energy that permeates the entire planet, water is a particularly promising sources [17]. The
building blocks of green protons, electrons, and oxygen molecules can be utilized for redox
reactions and industrial compounds. Excitingly, H> molecules can be created from the
generated protons, presenting a promising chemical solution for future energy demands.
Various techniques for splitting water include thermal, thermochemical, and photo-
biological methods. These methods have limitations such as high temperatures and low
conversion efficiency. As a result, they are not as commercially viable. The key approach
to solar-powered H> economy is now electrochemical and photo-electrochemical water
splitting. To match current energy options, efficient electrolyzers must reduce costs

considerably [18].

1.3. Role of electrocatalyst in water splitting

Water electrolysis involves two reactions: HER and OER, where Hz and O: are formed at
the cathode and anode respectively. The slow reaction dynamics caused by large
overpotentials pose a challenge to practical water splitting. Highly efficient catalysts are
needed to overcome this hurdle [19]. Electrocatalysts improve the productivity and kinetics
of the water-splitting reaction, rendering it more practical and promotes the reactions while

reducing overpotential[20].
Water splitting can be seen as
2H20(1) —» 2H2(g) + O2(8)evvrevnrrenrennnnnnrcnnrennnens (1.3
arises from a cathodic hydrogen evolution

2H20+2e— ——» —20H + H2eevnvvnvviniinnnnnnnnnes 14)

and anodic oxygen evolution reactions
40H —4e —» 2H20 + O2.uevvnnnnnnnnnnnnn. (1.6)
H20 —2¢e —> —1/202+2H" ....cccvvvrvrnnnnnnnns 1.7)

Here is the detailed explanation of the role of electrocatalyst in water splitting.



1.3.1 Reducing the energy barrier

Water electrolysis includes the anode oxidizing water molecules and the cathode reducing
water molecules. However, in order for the reactions to occur, a significant amount of
energy is often required to surpass the activation energy barrier. Electrocatalysts serve as
catalysts, lowering the amount of triggering energy required for processes. They greatly
increase the process’s kinetics, rendering the water splitting procedure more efficient, by

giving an alternate reaction route with lower energy barriers[21].
1.3.2 Enhancement of electron and proton transfer

Protons (H+) are discharged at the anode during water splitting, whereas electrons (e-) are
created at the cathode. Electrocatalysts facilitate the effective transport of both electrons
and protons to and from reaction sites, guaranteeing a constant flow of charges while
minimizing energy losses. They serve as mediators, transporting protons as well as
electrons between reactants and reaction sites, increasing the electrolysis process’s overall

efficiency[22].
1.3.3 Ensuring precision and Durability

During water splitting, electrocatalysts are intended to be selective for certain reactions,
such as the oxygen evolution reaction (OER) on the anode and the hydrogen evolution
reaction (HER) on the cathode. They reduce undesirable side reactions that might cost
energy or cause the catalyst to degrade. Furthermore, electrocatalysts must be robust under
difficult water splitting circumstances like high temperatures along with acidic or alkaline
environment. Stable electrocatalysts enhance the water splitting process’s endurance and

dependability[23].
1.3.4 Dual-Function or Tandem Electrocatalysts:

Dual or dual-functional electrocatalysts have been created to speed up both the anodic and
cathodic processes at the same time, enhancing water splitting efficiency even more. These
catalysts are intended to feature both OER and HER active sites, enabling improved charge

transfer and quicker reaction rates[24].

1.4 Catalysts for HER and OER



Bifunctional catalysts for the Hydrogen Evolution Reaction (HER) plus Oxygen Evolution
Reaction (OER) are electrocatalytic materials which can promote both hydrogen gas
synthesis and oxygen gas creation at the same time. These catalysts are essential in a variety
of renewable energy technologies, including water electrolysis, which includes the

separation of water into its basic elements, hydrogen and oxygen[25].

Ir, Ru and their oxides are preferred in the OER process due to slow kinetics and multistep
proton-electron transfer. Noble metals are great catalysts in HER and ORR. Their capacity
to reduce overpotential and improve reaction kinetics adds to excellent energy conversion
efficiency. Noble metals are well-known for their durability and resilience under extreme
electrochemical conditions, which makes them ideal for long-term use in devices such as
fuel cells as well as water electrolyzers. The fundamental disadvantage of noble metal-
based electrocatalysts includes their high cost and scarcity, particularly for metals such as
platinum and iridium. This pricing barrier may stymie large-scale commercial uses of noble
metal-only technology[26]. There is an urgent need to create non-noble-metal-based
electrodes in order to cut catalyst prices and cope with the problem of declining valuable
metal reserves in the future. Non-noble transition metal-based catalysts are a more cost-
effective alternative with encouraging performance, making them key prospects for
furthering sustainable energy systems. Continuous research is being conducted to improve
the effectiveness and long-term reliability of non-noble metal-based catalysts in order to

speed their incorporation into diverse energy conversion and storage system[27].

Non-precious metal catalysts are usually made of LDHs and transition metals like
phosphides, sulphides, and selenides. Meanwhile, Pt and its alloys with Pd, Cu, and Co are
still the best catalysts for the HER process [28]. Using a variety of catalysts during
electrochemical water division can be costly and may lead to contamination of the counter
electrode, reducing its effectiveness; therefore, non-precious-metal-based materials like
transition metal phosphides, sulphides, and selenides are a better option due to their high
HER performance [29].16,17 As a result, research and development of dual-function
electrocatalysts to support OER and HER is both important and desired. The related design
would be designed based on numerous factors, such as appropriate dimensions and shape,
advantageous conductivity, the presence of a hierarchical porous framework and a large

number of accessible active sites, and so on[30][31].



1.5 MOF based materials for potential electrocatalyst

Porous/Permeable materials are of incredible logical and mechanical interest because of
their important applications in particle trade, sorption, division, sand catalysis. Depending
on the size of the pores they contain, these solids are categorized as microporous,
mesoporous, and macroporous. Microporous solids are those with pores that are 2 nm or
smaller in size. Mesoporous solids have pores with a size range of 2 nm to 50 nm, whereas
macroporous materials are those with pores larger than 50 nm [32]. Enacted carbons (ACs),
zeolites, Zeotypes, Metal Organic Framework (MOFs) covalent natural systems (COFs),

and certain polymers are instances of microporous solids.

Figure 1.2: Depicts classification of porous materials[33]

MOFs are a kind of coordination polymer that has cavities or channels formed by the
repeating of coordination units in one, two, and three dimensions. They are architecturally
varied materials with organic (organic ligands) and inorganic (metal ions, metal nodes,
metal groups) components connected by covalent connections to create a crystalline
repetitive cage like framework[34].Metal nodes and metal clusters are typically made up
of transition metals with vacant d-orbitals. As a result, they function as Lewis’s acids,

receiving electrons from organic linkers to create coordination[35].



Metal ions/clusters Organic ligands
(nodes) (linkers)

Figure 1.3: 3D MOF structure[115]

MOFs are crystal materials with high porosity and surface areas exceeding 6000 m2/g.
They have potential uses in clean energy, as storage media for gases and high-capacity
adsorbents. MOFs add to the diversity of their structures and have various applications,
including thin-film tech and catalysis. They blend organic and inorganic chemistry
beautifully [36]. Metal-organic frameworks have vast internal surface areas and adjustable
properties. The article "Metal-organic framework functionalization and design strategies
for advanced electrochemical energy storage devices" discusses strategies for energy
storage using MOFs. MOF-based materials have proven to be highly preferable to other
porous substances as electrocatalysts for OER due to their outstanding characteristics. The
coupling of porous passages in MOFs having accessible locations with redox ability may
allow for greater active site utilization efficiency than standard heterogeneous catalysts.
However, their electrocatalytic uses are severely limited because to poor electrical
conductivity as well as poor chemical stability[37]. When additional porous materials are
incorporated into MOFs or Integrating MOFs with sophisticated functional materials such
as nanocarbons and inorganic nanoparticles (NPs) is an effective way their pore size surface
area and active site increases to achieve the exceptional electrocatalytic performance. This
makes MOFs attractive options for applications requiring enhanced performance, such as

fuel cells, water splitting, and the removal of contaminants [38].

1.6 A brief history of MOF's

MOFs may be traced back to 1706, when the Prussian blue pigment was synthesized. In
this pigment, Fe2+ and Fe 3+ are linked by cyanide (CN)ligands to create a three-



dimensional polymeric network with a cubic structure, which is characteristic of
coordination polymers (Figure 1.14)[39].The perfect alignment of materials inspired

scientists to create comparable materials with better characteristics.

Until the year 1990, numerous materials exhibiting tetrahedral and octahedrally connected
structures were suggested by Robons [40]. These materials possessed potential features
including elevated crystallinity, thermal and mechanical stability, as well as functional
pores conducive to guest molecule diffusion and catalytic sites amenable to heterogeneous

catalysis and cooperative functionalities.

In the year 1999, Omar Yaghi, who is credited with coining the term ‘“metal-organic
framework,” synthesized MOF5 by reacting zinc nitrate with terephthalic acid benzene
dicarboxylic acid (BDC) (as shown in Figure 1.4)[41]. MOF-5, which has a cubic network
structure similar to that of Prussian blue, aroused great excitement due to its permanent
porosity after guest molecule removal. Additionally, it demonstrated the highest BET
surface area ever recorded (2900m2 /g with pore volume 1.04cm3 /g) and remained stable
up to 300°C. The high thermal stability was attributed to the presence of metal-carboxylate
clusters in the MOF-5 structure, rather than simple metal ions. This is due to the fact that
the metal oxo-cluster forms a stronger bond with the organic ligand than a single metal

bonded to a neutral ligand. The synthesis of MOF-5 is illustrated in Figure 1.4.

Figure 1.4: Metal-organic framework 5 (MOF-5) is created by combining terephthalic acid
and a Zn metal cluster[42].

1.7 Why are MOFs impressive porous materials?

An astonishing 20,000 MOF types have already been documented, and a majority of these

have found their way into heterogeneous catalysis, gas storage, gas separation,
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electrocatalysis, photocatalysis, and biomedicine applications[43].The most alluring
characteristic of MOFs lies in their remarkable surface area, reaching an impressive 10,000
m?2 /g, equivalent to the vastness of a soccer field. Learned scientists have envisaged a
prospective cap of 14,600 m2 /g for MOFs’ surface area, indicating that a mere gram of
material would engulf 2.7 American football fields. Hitherto, only two MOFs, namely NU-
109 and NU-110, have demonstrated a maximum surface area of 7000 m2 /g. Table 1.1

enumerates the BET surface area and pore volume of some renowned MOFs.

Table 1.1: Surface area of selected MOF's

The second notable characteristic of MOFs pertains to their structural malleability. They
possess the ability to conform their arrangement to suit the ingress of extraneous entities,
be it liquids or gases, without any disruption to their atomic bonds or alteration to their
topological configuration. This phenomenon is referred to as the “breathing effect” and is
made possible by the reversible expansion and contraction of the MOF channels/pores. A
salient example of this effect is demonstrated by the chromium phthalate (MIL-101), whose

cell volume undergoes a significant 30% change during hydration and dehydration[44].
1.8 Applications of MOF's

By means of efficient coordination between metal nodes/clusters and linker molecules, one
can fabricate polymeric MOFs. When selecting the appropriate MOF components, it is
possible to obtain ultrahigh porous crystals with exceptional thermal and chemical stability.

These characteristics render MOFs amenable to chemical modification for a variety of
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purposes such as CO2 capture, gas storage, drug delivery, catalysis, and a multitude of

other applications[45].
1.8.1 MOFs for gas storage and gas separation

Microporous MOFs exhibit immense potential as storage materials for gases, thanks to
their remarkably high specific surface area and superior surface-to-volume ratio. A cylinder
filled with MOF can store a significantly larger amount of gas than an empty one, owing
to the adsorption on the material’s surface. The two most prominent MOFs for gas storage,
HKUST-1 and MOF-5, are known for their porous structure and extensive BET surface
area. In the case of hydrogen, the most effective approach to augment MOF’s gas storage
capacity is to initiate free metal active sites on the surface for coordination. MOF177,
consisting of [Zn40]6+ metal-oxo-clusters linked by BTC, boasts a remarkable BET
surface area of 4630m2/g and is a benchmark material that stores 7.5 wt. % of H2 with a
volumetric capacity of 32 g/L at 77 K temperature and 70 bar pressure[21]. The act of
separating mixtures stands as a crucial measure in the chemical industry, accounting for
approximately 15% of the global energy demand. As such, the separation of gases holds
immense significance in the industry, with particular emphasis on the separation of CO2 to
mitigate the adverse effects of the greenhouse effect. Chen et al. have ingeniously
developed a mix-matrix membrane by combining flexible MIL-53(Al) nanoparticles and
polyimide, demonstrating exceptional selectivity (77) as well as a substantial separation

factor (53) for the separation of CH4/CO2 mixture.

1.8.2 MOFs as catalysts

Metal-Organic Frameworks, commonly known as MOFs, exhibit a plethora of fundamental
properties that render them highly promising materials for heterogeneous catalysis. These
materials are endowed with a high density of active sites, accompanied by an extensive
surface area and micropores, which serve to bolster their catalytic properties. The presence
of single metal atoms, metal clusters, and functionalized linkers in MOFs confers upon
them enhanced kinetics, mass transport, and stability, thereby rendering them well-suited
for catalytic applications. It is noteworthy that the catalytic properties of MOFs are
intrinsically linked to the inorganic metal ions/nodes and ligand functional groups that are

present in the pores, channels, or at the outer surface. MOFs have been found to be
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efficacious in various types of heterogeneous catalytic reactions, including CO oxidation,
CO2 reduction, catalytic hydrogen production from water and chemical hydrides, oxidation
of alcohols, hydrogenation reaction, catalytic remediation of pollutants, and degradation of

organic pollutants[46].

1.8.3 MOFs as drug carriers

MOFs are an exceptional category of nanomaterials that serve as a valuable drug carrier
owing to their well-defined structure, adjustable composition and shape, high specific
surface area, customizable pore size, and easy chemical functionalization, as expounded in
Chapter 1 16. Furthermore, MOFs have shown promising results in the medical field due
to their uncomplicated nano-scale synthesis and surface chemistry functionalization. MIL-
100/101, MIL-53 (Fe), and MIL-100 (Fe) have been utilized in numerous drug delivery
applications with great success[47] With the aid of cutting-edge robotic technology,
researchers have innovated MOFBOTs, based on ZIF-8, that proficiently transport and
release drugs at a specific location. These miniature machines traverse intricate pathways

via artificial flagella under the influence of a magnetic field [48].

1.8.4 MOFs as sensors

Developing highly effective sensing materials that exhibit exceptional performance in the
accurate, swift, and delicate identification of organic compounds, gases, and explosives is
an absolute necessity for ensuring the well-being of the people and the environment. The
gas sensor industry is worth billions of dollars, and semiconductor metal oxides (SMOs)
play a significant role in it; however, their intrinsic lack of selectivity has hindered their
progress. To enhance their sensitivity, scientists have resorted to designing porous
nanostructures with remarkably high surface areas and advanced catalytic functionalities
that can optimize the number of gas adsorption sites. In this regard, metal-organic
frameworks (MOFs) have emerged as a promising alternative for various sensing
applications, especially for gases and small aromatic compounds, thanks to their high
surface area, adjustable pore sizes, controllable functional sites, and fascinating
physiochemical properties. The hybrid sensors comprising of ZIF-8 (MOF) coated ZnO

(SMO) nanowires have exhibited tremendous potential in the detection of hydrogen in the
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mixture of C6H6 and C7H8. The MOF porous structures have been found to amplify the
absorption of species, while the well-defined pores aid in molecular sieving. These
characteristics are expected to substantially enhance the sensitivity and selectivity of the
sensor. Another noteworthy example is the MFM-300 (In), which can selectively detect the
harmful SO2 as compared to CH4, CO2, NO2, and H2, with an impressively low detection
limit of 5 ppb [49].

1.9 Zeolitic-Imidazolate Frameworks (ZIFs)

Zeolitic imidazolate frameworks (ZIFs) are a kind of metal-organic framework (MOF)with
porous crystal structure that is topologically similar to zeolites[50]. ZIFs are made up of
tetrahedrally-coordinated ions made up of transition metals (such as Fe, Co, Cu, and Zn)
linked together by imidazolate linkers and these linkers are comparable to the ligands of
aluminosilicate zeolite which serves as the organic linker. The fundamental constituent of
ZIFs is made up of metal ions, imidazolate, and derivatives. They are bound at a 145° angle,

similar to the Si-O-Si angle in zeolites [51] as shown in figure 1.5
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Figure 1.5: The metal-imidazolates in ZIFs and the Si-O bond angle in zeolites are being
compared. [52]

The formation of ZIF depends on imidazolate and solvent used. By using modified
imidazolate ligands, ZIFs can have more diverse structures [53]. ZIF materials mimic
standard zeolites with various topologies using special ligands. ZIFs have the porous
structure and stability of zeolites and the adjustability of MOFs. The diversity of ZIFs is
impressive [20]. Through advanced synthesis methods, a plethora of new ZIF structures
were found. By 2010, over 105 ZIF materials with various compositions and structures
were reported. The inherent porosity, abundance of functions, and remarkable stability of

ZIF materials offer vast applications. Scientists can modify ZIFs to fit various uses like gas
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storage, catalysis, drug delivery, sensing, etc. This can be done by using different metal

ions and imidazolate ligands [54].
1.10 Role of ZIF-7 mixed with composite Zeolite

Among the several ZIF, ZIF 7 is the one I’'m working on. It features a hexagonal SOD
structure produced by connecting Benz imidazolate (Bim) anions and zinc cations. The
zinc cations serve as metal nodes, with benzimidazole linkers connecting them to form a

coordination network.

Figure 1.6: Constituent elements of ZIF-7

ZIF-7 has a zeolitic structure, which is comparable to zeolites, and this is where the term
“Zeolitic Imidazolate Framework” comes from. The zeolitic structure produces an
incredibly porous material with interconnecting channels and cavities. Both ZIF-7 and
Zeolite have SOD topology and porous structure. The Benz-imidazolate linkers in the ZIF-
7 structure play an essential role in determining the size and geometry of the pores. The
particular coordination between organic linkers and metal cations impacts the material’s
overall stability and porosity. Due to its porous ang highly flexible structure, it allows the

guest molecules in its structure[55].

Zeolites are crystalline aluminosilicate minerals that can be natural or manufactured. They
are made up of a three-dimensional framework of SiO4 and AlO4 tetrahedra linked together
by oxygen atoms. Zeolites feature a systematic array of uniformly sized channels and cages
known as micropores. These micropores are essential for the adsorption and ion-exchange

characteristics of the material.
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Figure 1.7: Comparison in the structures of (a) Zeolite (b) ZIF-7

Depending upon certain conditions there is phase shift in ZIF -7 structure. The first phase
is designated as ZIF-7-I more often called ZIF-7 and it has rhombohedral unit cell (R3space
group). The second phase is known as ZIF-7-I1 with a triclinic unit cell (PIspace group).
Both these phases are reversible into each other. The third phase is known as ZIF-7-1II has
a monoclinic unit cell (C2/c space group). ZIF-7-1II has a two-dimensional (2D) layered
architecture that is made up of four-membered rings of corner-shared networks of Zn (II)

benzimidazole[56]

Figure 1.8: Phase Transitions of ZIF-7 Phase

From the literature I have found that there are several ways to synthesize ZIF-7-I and
certain conditions upon which there is phase transformation in ZIF-7-I structure[57].



Table 1.2: Phase transformation in ZIF-7 structure

16

ARTICLES ZIF-7-1 ZIF-7-11 Conclusion
[57] With DMF Without DMF On heating ZIF-7-1 was

converted to ZIF-7-1I.

Rhombohedral Triclinic Removing guest molecules

structure structure from ZIF-7-1 it turns into
ZIF -7-11.

Doublet peaks Multiple peaks ZIF-7-11 is converted to ZIF-
7-11I by leaving ZIF-7-1I in
water for a week.

[20] Without CO, With CO, ZIF-7-11 is converted to ZIF-
T<308K T>308K 7-1 on giving CO; pressure

and vice versa.

[56] With DMF With out DMF ZIF-7-11s converted to ZIF -
rhombohedral unit | triclinic unit 7-1I on applying different
cell cell (PIspace heating conditions.

(R3space group) group)
ZIF-7-11 is converted to ZIF-
7-1I1 upon liquid intrusion.

[41] With guest Without guest ZIF-7-1 was converted to
molecules like molecules ZIF-7-11 at 154 C in the
DMF Prescence of No.

At 25C with CO,, ZIF-7-11
was transformed into ZIF-7-
I.

[58] With guest Without guest ZIF-7-1 was converted to
molecules like molecules ZIF-7-11 when guest
DMF molecules were removed

from ZIF-7-1.

ZIF-7’s structure provides it with a large surface area and a pore size of 0.3nm. Pores are

microporous, which means they have diameters in the nanoscale range, making them

excellent for gas adsorption as well as storage applications. ZIF-7 has been investigated for

a variety of applications due to its peculiar structure and features, such as gas separation,

storage of gases such as hydrogen and carbon dioxide, and catalysis[59]. Its promise for

gas storage as well as separation stems from the microporous framework’s capacity to

selectively adsorb and store certain gases. Some ZIFs, such as ZIF-7, have structural

flexibility, which allows them to go through reversible structural changes in reaction to
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external stimuli such as changes in temperature and pressure or incorporation of guest
molecules. By tolerating guest molecules inside the framework, they can improve the gas’s
adsorption capacity along with selectivity. Due to its small pore size, it is widely used for

carbon capture as the pore size of carbon dioxide is 0.32nm [60].

To enhance the properties of ZIF-7, I added the zeolite as a composite and zeolite also have
remarkable properties and when they both combine together to make a composite material,
a hybrid material with synergistically favorable qualities is formed. When these two unique
kinds of porous materials are combined, their distinctive properties may be integrated,
resulting in new capabilities and possible applications and also there is phase
transformation in ZIF-7 structure. Here are some of the potential results and benefits of

mixing zeolites with ZIFs [61]:

Zeolites have well-defined microporous structures, whereas ZIFs have an adjustable
porous network. By mixing the two distinct materials, the composite may have a larger
range of porosity and shapes, resulting in higher porosity and surface area. This increased
porosity may lead to increased gas adsorption capacity and selectivity. Zeolites are noted
for their high thermal as well as chemical stability, but ZIFs might be sensitive to
environmental factors. Mixing zeolites alongside ZIFs may improve the composite’s
overall stability, making it more resistant under a variety of operating situations. Because
of their distinct active sites, zeolites and ZIFs may both operate as catalysts for various
processes. When these materials are combined, they can form a composite with unique
catalytic activity, possibly enhancing the reaction’s effectiveness and selectivity. The
capacity of ZIFs to trap guest molecules inside their porous structure is well established.
When integrated with zeolites, the composite material may have unique guest molecule
encapsulation capabilities, which might lead to applications in controlled medication

administration and molecular sensing[62].

The zeolite-ZIF composite’s specific characteristics and functions are determined by
factors such as the zeolite plus ZIF components employed, the corresponding structures,

and the manufacturing technique used to generate the composite.
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1.11 Electrochemical Water Splitting Mechanism

The water electrolysis process consists of two half-reactions: oxygen evolution and
hydrogen evolution. The pH at which the electrolysis process takes place affects these half-
equations slightly. At low pH, the HER and OER proceed as follows.

AH* + 46" — > 2H2eeeeeeoueeeeeennnnn (1.8)

2H:0 —> Ozt 4H'+de- (1.9)

To electrolyze water, a lot of electrical energy is needed. The minimum voltage required
for this is 1.23 V. However, additional voltage is required to overcome various barriers,
which is called overpotential. This includes concentration, ohmic resistance, and kinetic
overpotential [13]. A relevant benchmark for solar-powered electrolyzers is 10 mA cm™.
OER's excessive potential is a challenge due to the four-electron, four-proton process for

02 formation [63].

A chemical reaction’s mechanism is a possible or projected path that is pursued during the
whole process under certain conditions. The potential of the cells and mechanism that
regulate the complex and multi-step electrochemical splitting of water reaction is identified
through the half-cell reaction, such as OER or HER, and are strongly dependent on the pH
of the reaction medium (as indicated in Figure 1.9). In basic terms, the presence of different
ions (such as H+ or OH-) inside the reaction medium has the ability to change the energy
level and chemistry of the electrolyte, hence altering the pathways of reaction that underpin

the entire chain conversion process of water splitting.

1.11.1 Oxygen Evolution Reaction (OER)

The Oxygen evolution reaction (OER) is the inverse of the ORR and is commonly used to
couple with other processes in a variety of critical sustainable power frameworks, including
solar cells, metal-air batteries, and electrochemical splitting. The Oxygen evolution
reaction (OER) is a restrictive reaction that happens throughout the chemical processes that
produce molecular oxygen. For example, O2 is produced during photosynthesis as the

outcome of water oxidation, while water electrolysis creates O2 and H2. Furthermore, O2
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is formed from oxides and oxoacids. Better OER catalysts are critical for the growth of
numerous sustainable power technologies, including solar power production and metal-air

batteries[64].

Despite the fact that precious metal oxides, like ruthenium and iridium oxides, have the
highest OER performance, their rarity and high cost have limited their diverse uses. The
key difficulty at the moment is to investigate alternate non-precious metal catalysts for the
production of the kinetically slow OER. The process that governs of OER amid acidic and

alkaline conditions is depicted in the figurel.9.

Figure 1.9: OER mechanism in acidic and alkaline medium[65]
1.11.2 Aeration Evaluation Mechanism
The formation of O2, electrons, and protons occurs as a result of the OER method, one of
the two half-cell reactions. Each step has a positive Gibb’s free energy and is
thermodynamically uphill. Numerous methods for OER for duo acidic and basic
environments have been proposed. The process depicted in the figure is the most well-
known and thoroughly studied one, and it involves the formation of numerous

intermediates (M-OH*, M-O*, and M-OOH¥*) [66].

OH+M —> M-OH+euuuunn...... (1.10)
M-OH + OH" —> M-O + ¢ +H20.............. (1.11)
M-O+OH" —> M-O-O-H+ € .uuuveeennnn. (1.12)

M-O-O-H+ OH" ———» M+ 02+ H20 +e................ (1.13)
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Figure 1.12's blue and red lines, representing an acidic and basic medium, respectively,
depict the progressive formation and combination of intermediates required for electron
and proton transport. The diagram also shows that the blue and black lines represent the
direct (M-O combination) and indirect (M-OOH production) routes to completing the water
oxidation process cycle, respectively [67].

As seen in the picture, all of these fundamental stages are tightly related to the pH level of
the reaction media. Every step in an acidic medium demands the conveyance of electrons
and protons, ultimately which leads to the oxidation of a couple of molecules of water
during the whole process. Following that, the release of O2 molecules occurs via a process
involving the connection of four electrons and protons. The OH-ion takes front stage in the
basic medium with a four-electron exchange that results in the formation of O2 and
molecules of water. Regardless of the mechanical methodologies used, forecasting the rate
determination step stays difficult, while the Tafel slope value acting as a guidepost[68].
Because of the great complexity of OER, the creation of M-OOH (the third phase) is
regarded as the most energy-intensive and slower stage, with a high Gibb’s free energy. be
a result, a reduced Tafel slope (60 mV/dec) is usually referred to be a rate-determining step
throughout following phases. The number of electrons/protons exchanged throughout the
reaction may also be used to describe the OER process. A Tafel slope value of 60 mV/des
indicates a one-electron and one-proton process, while a value of 40 mV/dec implies a two-
electron and one-proton linked activity. A two-proton, one-electron process is one in which

the Tafel slope is greater than 100 mV/dec [69].
1.12 Benchmarking factors for water electrolysis

The electrolytic dissociation of water molecules may be carried out successfully within a
suitable cell with a typical electrode setup consisting of a reference electrode, a counter
electrode, as well as a working electrode. A potential controller and a conductive electrolyte
must both be used during this procedure. For the redox process in a three-electrode system,
the voltage across the working electrode is changed. The specific reaction's thermodynamic
laws govern how large the potential range can be. Two electrodes, the anode and cathode,
are employed for redox reaction during the separation of water molecules process. In a

half-cell reaction, just the working electrode contains catalytic materials and is evaluated
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using tests. Overpotential, Electrochemical Impedance Tafel slope, and

chronoamperometry characteristics are clearly explained.

Figure 1.10: Three-electrode electrochemical set-up

1.12.1 Linear Sweep Voltammetry

Linear sweep voltammetry, a well-known electrochemical method, is frequently used to
investigate the properties of redox-active components in a solution. This entails exposing
an electrode to a linearly increasing voltage while simultaneously measuring the current
generated. The collected current-potential data may be represented as a beautiful
voltammogram, with the longitudinal axis representing current and the horizontal axis
representing potential. This engrossing narrative provides great insights into the intricate

redox reactions occurring within the solution[70].
LSV presents a plethora of significant electrochemical characteristics, encompassing:

e Peak Potential (Ep): The point at which the highest current is witnessed.
e Peak Current (Ip): The ultimate current perceived during the voltametric

scan.
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e Peaks of Anodic and Cathodic nature: LSV can expose the anodic and
cathodic currents that correspond to the oxidation and reduction procedures,
respectively.

e Half-Wave Potential (E1/2): The point at which fifty percent of the peak
current.

The major factor that we calculated from LSV is over potential.

1.12.2 Overpotential ()

Overpotential is a crucial quantity that determines the efficacy and natural competence of
an electrocatalyst during catalytic processes. In electrochemistry, each reaction has a
unique equilibrium potential (EP), and overpotential is the amount of overpotential
required to initiate an electrochemical reaction from its EP. The smallest potential required
for splitting a single mole of water under typical conditions is the EP for splitting water,
which is 1.23 V versus RHE. In an ideal environment, the applied voltage would equal the
EP and initiate an electrochemical reaction. Unfortunately, kinetic barriers and ohmic
losses break the perfect surroundings around the electrodes in actual applications. As a
result, a greater input potential is required, which is referred to as overpotential. Activation
overpotential, concentration overpotential, plus resistance overpotential are all examples
of overpotential. Utilizing active catalytic materials can enhance the catalyst's natural
qualities. Meanwhile, because to restricted diffusion and unequal ion distribution,
electrolysis causes a concentration reduction near the electrode. Fortunately, the reaction
media may be agitated to regulate this to some extent[71]. The resistance at the system’s
interfaces, referred to as the junction resistance, contributes to the overpotential.
Inadequate detachment and the development of bubbles upon electrode surfaces can also
contribute to overpotential. An electrolysis reaction can start close to the equilibrium
potential if there is a low overpotential, which means the conditions for the electrocatalyst
and reaction are suitable. To measure electrode effectiveness, current density after initial
potential is key. Comparing electrocatalysts needs same pH and temp. Overpotential

needed for I0mAcm-2 current density [72].
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1.12.3 Tafel Slope

The term “Tafel slope” is commonly used in electrochemistry to describe the relationship
between current density (j) and electrode potential (E) during an electrochemical reaction.
The voltage and current are the two main factors that determine any electrochemical
process, and this is represented by the symbol "" (beta) and is typically measured in terms
of volts per decade or millivolts per decade. Adjusting the potential window, is similar to
fine-tuning the driving force within an electrode-electrolyte system. Tafel slope analysis is
widely accepted as the preferred method for digging inside the kinetics and mechanistic
complexities of electrochemical processes. When it comes to complex reactions like
OER/HER, the following equation helps clarify the relationship between applied current

and potential

p= (d (log j)/dE).

The parameter reflects the Tafel slope in the given equation, whereas d (log j) represents
the differential variation in the logarithmic change of the current density (j), and dE

represents the equivalent differential variation in the electrode’s potential (E).

Examining the polarization curve in equilibrium will reveal the current density (j), which
can then be calculated and plotted against the overpotential. The Tafel slope value, which
serves as a comprehensive indication of an electrode process, can be obtained by matching
the linear expression of log j versus. This number gives crucial details about the mechanism
of the reaction, the step that determines reaction rate, and the kinematics of the entire
electrochemical process. In general, lower Tafel slope values suggest a faster electrode
process, whereas higher ones indicate the reverse. It is critical to compute this value in the
initial potential zone, as the Tafel slope might vary dramatically when selecting either higher

or lower potential regions, irrespective for the identical rate-determining step[72]

1.12.4 Chronoamperometry

The critical evaluation of the electrocatalyst’s tenacity is a critical component, especially
when considering the possibilities of commercializing this sophisticated technology. The
catalyst must be stable at both high and low current densities in order to achieve the

smallest onset/over potential. It takes several steps to split water, and many intermediates
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are produced along the way. This technique is frequently carried out in industrial settings
under extreme acidic/basic conditions and at elevated temperatures. As a result, the
potential-induced transformation and the hard operating circumstances can drastically
reduce the electrocatalyst’s long-term lasting and maintained performance. Metal catalysts
are recognized for their proclivity to oxidise and achieve a very elevated oxidation state,
resulting in the formation of metal oxides having polarity index values that are comparable
to water. Unfortunately, this causes the catalyst to move away from the surface of the
working electrode and toward the electrolyte. Stability tests can be used to identify inactive
phases that may develop on the catalyst's surface. As a result, it’s vital to test the long-term
performance of electrode materials under commercial electrolyzer-like circumstances for
at least 24 hours. It is a critical step in ensuring that the efficacy of the materials used for
electrodes is not compromised. Chronoamperometry is generally recognized as an
experiment that may be used to assess the stability of catalysts under operating settings. It
entails keeping track of the constancy or shift of the current over time for a certain applied

potential[73].

1.13 Electrode Potential and Electrocatalysis

The application of a required potential in the discipline of electrocatalysis is accomplished
by immersing electrodes into a suitable electrolyte. The probable goal of the origin is to
control electrical density for oxidation/reduction process. These electrodes, also referred to
as current collectors, are covered in catalytic material, which catalyzes the reaction at the
electrolyte-catalyst-electrode contact. During operation, the catalyst is ionically bonded to
the electrolyte and electrically connected to the electrode. Electrodes spark reactions with
help from catalysts. Catalysts quicken transfer and stabilize intermediates. The modulation
of reaction pathways occurring on electrode surfaces can result in a reduction in the
activation energy of different intermediates in the field of electrochemistry. The practicality
of a water division procedure under specified conditions is determined by its initial
potential at the given potential. The redox reaction flow in electrocatalysis, like that of
other catalytic processes, is dependent on the comparable orbital energy levels at the
electrode-electrolyte interface. The sensitivity of electrochemistry is highlighted by

electrons' ability to switch between orbitals with higher and lower energies. The difference
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in potential between the electrodes and even the potential/electronic density at the
electrode-electrolyte interface can be carefully controlled in a half-cell reaction. The lowest
unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO)
energies decrease as a result of the anodic polarization, which removes electrons from the
electrode-deposited catalyst. As a result, electrons move from the electrolyte in one
direction towards the catalyst, which acts as a sink. In order to complete the cycle by
converting electrons to protons, which act as the sink in the water splitting reaction,
electrons move from the electrolyte, specifically H»O, to the cathode, which serves as the
source. The mechanism of redox reactions at the outer layer of the electrodes may be made
feasible by the presence of the necessary cell potential. The type and inherent capabilities
of the electrocatalyst, however, play a significant role in enabling the transport of charged
species while adhering to the Sabatier principles, allowing these reactions to proceed
effectively and rapidly with minimal potential. In order to achieve a continuous
adsorption/desorption process for catalytically assisted processes, the Sabatier principle
emphasizes the significance of a strong bond between the catalyst and the intermediates
[72]. Unwanted desorption of intermediates reduces the likelihood that new incoming
intermediates will be able to access active sites if the catalyst-intermediate contact is overly
strong. On the other hand, a weak interaction interferes with the catalyst's active sites and
does not support the proper stabilization of intermediates. It also hinders perfect electron
exchange. The inherent catalytic capabilities of electrocatalysts can therefore be tuned to
ensure the best interaction and activation of various intermediates through structural and

electrical engineering of electrode materials [69].
1.14 Research Objective

The goal of this research is to synthesize the different polymorphs such as ZIF-7 and its
composite with Zeolite using solvothermal technique and in-situ method. The goal of this
research is to create an efficient electrocatalyst to promote water-splitting specifically
focused on the production of O». The efficacy of the electrocatalyst in OER is going to be
tested using extensive electrochemical tests such as LSV, EIS, Tafel Slope and
Chronoamperometry for its long-term durability and stability. The porous structure of both

ZIF-7 and Zeolite will produce an efficient electrocatalyst which will enhance the



26

electrocatalytic activity. By changing the concentration of Zeolite in ZIF -7 we will see the
effect of our electrocatalyst on water splitting and catalytic activity. The ultimate objective
is to contribute to the progress of water splitting technologies for environmentally friendly
hydrogen and oxygen generation, renewable energy storage, metal air batteries, fuel cells,
and other relevant applications, therefore encouraging a greener and more energy-efficient

future.
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CHAPTER 2
2. EXPERIMENTAL

This chapter elucidates the distinct synthesis methods employed for the production of ZIFs
material. Moreover, it itemizes the chemicals implemented in the synthesis of ZIF-7, and
their composites. The main emphasis is placed on the discourse of the synthesis protocols,

techniques, and an overview of the characterization methods employed.
2.1 Synthesis Methodology

This section elucidates the Protocols for synthetic reactions, encompassing the type,
purification, and analysis of porous coordination polyhedral. Nanomaterials have a myriad
of applications, and their performance is significantly impacted by their size and shape.
Therefore, there is a concerted endeavor to regulate the synthesis of nanomaterials. The
controlled preparation of ZIF-7 and its composites is of paramount importance given the
vast gamut of applications these nanomaterials possess. Due to its high surface area and
tunable pore size, it is used in gas separation and storage, catalysis, drug delivery, sensing
and detection, water remediation and energy storage and conversion. The challenge of these
nanoparticles potentially growing into large, asymmetrical particles is one that must be
addressed. Furthermore, the phase purity of the final product presents the scientists with an
additional obstacle to overcome. To mitigate these challenges, it is necessary to promote a
more reliable and straightforward preparation technique to obtain pure nanomaterials. The
current work utilized simple mixing techniques, including stirring and sonication. This
method is expeditious, uncomplicated, and does not require the use of expensive toxic
materials or a catalyst. Consequently, it is the optimal approach for producing

nanomaterials at a low cost.

2.2 Chemicals and reagents:

Utilization of superior synthetic compounds and solvents in the synthesis of materials has
ensured the attainment of purity in the final product. Sigma Aldrich (Germany) facilitated
the procurement of zinc nitrate, benzimidazole, KOH pellets and zeolite which were

utilized without further purification as a solute. The solvents which were used are N, N
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Dimethylfouride, Ammonia solution and Methanol all these solvents were purchased from
Sigma Aldrich Company. The deionizer system of the laboratory was the source of the
deionized water utilized in the preparation of the electrolyte. For the creation of the

electrolyte, KOH pellets are also imported from the prestigious Sigma Aldrich in Germany.

2.3 Solvents for drying:

Ethanol, methanol, and deionized water were utilized in the synthesis process. The

solvents were dried before use to eliminate moisture and impurities.

2.4 Dehydration of ethanol and methanol:

To obtain pure ethanol and methanol, the usual drying process was used with magnesium

turnings, and iodine crystals were used as a marker.

2.5 Different Synthesis techniques of ZIFs materials:

There exists a plethora of techniques available for the creation of ZIF, each with its own

unique approach and flair.

e Solvothermal/Hydrothermal
e Microwave-aided synthesis
e Sono chemical technique:

e Synthesis through electrochemistry:
Mechanochemical Synthesis of ZIF

2.5.1 Solvothermal/Hydrothermal

Hydrothermal synthesis is a unique process that creates single crystals by precipitating
substances from high-temperature aqueous solutions. This method is also known as the
hydrothermal method. It relies on the minerals’ solubility in hot water under immense
pressure. A magnificent steel pressure vessel, the autoclave, fosters crystal growth. Nutrient
and water combine, and a temperature gradient is created. The nutrient solute dissolves at
one end, while at the other end, it is deposited on a seed crystal, leading to the desired

crystal's growth [74].
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The hydrothermal method of crystal growth is superior to others as it can produce unstable
crystalline phases. It can also cultivate materials with high vapor pressure and generate
large, high-quality crystals with controlled composition. However, this approach does
require expensive autoclaves, and observing crystal growth is impossible if employing a
steel tube[10ref]. Nonetheless, autoclaves made out of thick-walled glass may be utilized

up to temperatures of 300°C and 10 bar[75].

Figure 2.1: Demonstration of the hydrothermal procedure through the utilization
of an autoclave[76].

2.5.2 Microwave-aided synthesis

Microwave-assisted synthesis techniques frequently used for rapid nano porous material
synthesis in hydrothermal conditions. This method offers phase selectivity, particle size
control, and uniform energy absorption for easy morphology control. Microwave synthesis

equipment has power output control and fiber optic temperature and pressure sensors [77].

Figure 2.2: a schematic diagram depicting the process of heating [78].
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2.5.3 Sono chemical technique:

The magic of Sono chemical synthesis includes using high-energy ultrasound to quicken
the reaction mixture, leading to smaller and more uniform particle size than traditional
solvothermal synthesis. In Sono chemical synthesis, bubbles called acoustic cavitation
form and collapse, resulting in high local temperatures and pressures. This leads to rapid

heating and cooling rates, improving the process kinetics [46].

2.5.4 Synthesis through electrochemistry
Electrochemical synthesis possesses various advantages, namely:

(1) Synthesize swiftly and coolly, unlike traditional methods.
(2) The absence of metal salts makes it unnecessary to separate anions like NO3-
or CI- from the synthesis solution.

(3) the linker's full use may become a reality [79].

The key synthesis principle involves providing metal ions to a mixture of organic linker
and electrolyte. However, the process also produces H2 from dissolved organic linker

molecules.

2.4.5 Mechanochemical Synthesis of ZIFs

Mechanochemical synthesis is the art of breaking internal bonds mechanically, then
transforming them chemically [73-75]. The synthesis can occur without solvents at room
temperature, thus avoiding the use of organic solvents [54]. The method quickly produces
high yields, typically within 10-60 minutes. The resulting products are usually made of tiny
particles. Metal oxides are commonly used as substrates with water being the only
byproduct [80]. Adding a tiny amount of solvent, called liquid-assisted grinding, boosts
mechanochemical reactions by making the reacting molecules more mobile. This liquid
can also help shape the resulting structures. Beldon et al. reported making ZIFs with
mechanochemical methods. They converted ZnO into HIM, HMeIM, and HEtIM-based
ZIFs, porous and nonporous, in 30-60 minutes [81]. LAG was found to speed up and

regulate phase formation, while ammonium ions aided ZIF synthesis [43, 54]. Moreover,



31

the group conducted a live investigation on mechanochemical changes in a ball mill using

high-energy synchrotron X-ray analysis [82].

Figure 2.3: Schematic diagrams have been presented to illustrate the process of solvent-
free synthesis of MOFs from solid materials[83]

2.6 Synthesis of ZIF-7-1:

The ZIF-7 was successfully synthesized by conventional hydrothermal method, following
the procedures given elsewhere [24]. All chemicals, zinc nitrate hexahydrate (Zn
(NO3)2.6H20), benzimidazole (C7H6N2, 98%, Aldrich), N, N-dimethylformamide
(DMF) (99%, Aldrich), and methanol (CH30H, 99%, Aldrich), were used as- received
without further purification. A solid mixture of zinc nitrate hexahydrate Zn (NO3)2.6H20
(0.8025 g, 2.7 mmol) was dissolved in 36 ml of N, N-dimethylformamide (DMF) through
sonication for half an hour. Concurrently, benzimidazole (0.2347 g, 2 mmol) was dissolved
in 36 ml of methanol through sonication for the same duration. Following this, the solutions
were mixed together through sonication for an additional half hour. After half an hour when
the solution turned lime 10 ml of ammonia solution was added to the newly made solution
and stirred for 20 minutes, resulting in a white solution. The homogeneous solution was
then transferred to a Teflon lined stainless steel autoclave and tightly capped. The autoclave
was positioned in an oven for six hours at 130C. Once done, the autoclave was cautiously
removed from the oven and allowed to cool at room temperature. The solution was then
meticulously extracted from the autoclave and placed into a beaker. The solution was then
centrifuged and washed with methanol thrice. The semisolid solution was then poured into
a Patri dish and dried at 80C. Eventually, white crystals of ZIF-7-1 were collected in a glass

velil.
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Figure 2.4: Synthesis of ZIF-7-1

The ZIF-7-1 nano porous host structure allows for easy loading and unloading of guest
molecules due to its flexible framework[59].

2.6 Synthesis of ZIF-7-1/Zeolite

A solid mixture of zinc nitrate hexahydrate Zn (NO3)2.6H20 (0.8025 g, 2.7 mmol) was
dissolved in 36 ml of N, N-dimethylformamide (DMF) through sonication for half an
hour(S1). Concurrently, benzimidazole (0.2347 g, 2 mmol) was dissolved in 36 ml of
methanol through sonication for the same duration(S2). Following this add 1.25wt% and
5wt% of zeolite in already prepared benzimidazole methanol solution(S2) by in-situ
method respectively and sonicate it for 30 minutes. Following this, the solutions S1 and S2
were mixed together through sonication for an additional half hour. Subsequently, 10 ml of
ammonia solution was added to the newly made solution and stirred for 20 minutes,
resulting in a white solution. The homogeneous solution was then transferred to a Teflon
lined stainless steel autoclave and tightly capped. The autoclave was positioned in an oven
for six hours at 130" C. Once done, the autoclave was cautiously removed from the oven
and allowed to cool at room temperature. The solution was then meticulously extracted
from the autoclave and placed into a beaker. The solution was then centrifuged and washed
with methanol thrice. The white semisolid solution was then poured into a Patri dish and
dried at 80 C. By adding 1.25w% of zeolite in ZIF-7-1 is turned into mixture of Z-7 (I+II)
by adding 2.5wt% of zeolite in ZIF-7-I it was turned into Z-7-II1 and by adding 5w% of
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zeolite ZIF -7-1 it was turned into Z-7-III. On increasing the concentration of Zeolite

onwards from 2.5wt% there was no change found in the structure.

2.7 X-Rays Diffraction (XRD):

The X-ray diffraction method is used to assess if a material is crystallized or amorphous.
It is used to determine the unit cell of the sample as well as the phase of the specimen’s
structure. The XRD method makes advantage of the X-ray dispersion phenomenon induced
by a lattice of atoms. X-rays are a kind of electromagnetic radiation with a high intensity
and a short wavelength, generally between the 0.01 and 10 nm [42]. Diffraction demands
that the spacing between the atoms be equal to or greater than the wavelength of the X-
rays. Cu and Mo (1.54 and 0.8, respectively) are commonly employed to create X-rays
with structures comparable to those in our sample. The regularly ordered crystal structure

acts as though genuine 3-D diffraction is occurring.

Energy of X-ray photons is given by

E=hd  OR E= he/Auvenrrnrennn, (2.1)

then E=12.42 KeV..uueveeeeeererecrenrnns (2.2)

In order to study the crystalline structure of materials, the material’s energy region should
be within 10 keV and 5 keV. X-ray photons with this energy (10 keV to 50 keV) can get
beneath a crystal layer and either be absorbed or dispersed by these atoms; this scattering

and absorption is the cornerstone of the unidentified structure investigation.

Below are a few benefits of X-ray diffraction[84]
X-ray diffraction is a rapid, effective, and widely used technology.
e It is also a low-cost procedure. Because air is unable to absorb X-rays, there is no
need to place the specimen in a vacuum.
e The XRD machine requires measurement instruments, which are easily accessible.
e XRD simplifies data interpretation tremendously.

e XRD requires only a little amount of sample.
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W.H. and W.L. Bragg suggested X-ray diffraction for the first time. In 1913, scientists
found that a crystalline substance would bounce back X-rays with the exact same phase as
the incoming wave. Bragg’s law demonstrates the periodic atomic structure of the crystal.
Because X-rays have a very short wavelength and a very high energy, studying X-ray
diffraction by crystal is comparatively straightforward. A crystal operates as a 3D
diffraction grating because atoms are organized in predictable planes with spacing
equivalent to the wavelength of x-rays. Using an X-ray beam, we may now explore the
structure of every state of matter. The sole criterion is that the incident wavelength matches
the interatomic distance of the given sample. If both identical-wavelength x-ray beams (a
and b) collide, they will return from two consecutive planes. The interplanar distance is
defined as the distance d among these planes. The incident beam makes a -shaped angle

with the crystal’s plane.

Figure 2.5: X-rays reflecting off adjacent planes[85]

We have drawn two perpendiculars from Z to A and C to calculate the d, i.e., path
difference, between these X-ray beams a and b.

Path difference = AB + BC

AB=dsin® , BC=dsinf
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Path difference = d sinO + d sin6 Path difference = 2d sinf

When these reflecting beams interact constructively, we will see a brilliant spot on the
screen (photographic plate). Because the path difference between these beams is an integer
multiple of the wavelength, they will remain in phase. Bragg’s diffraction occurs when the
positive interference path difference equals n. This is known as Bragg’s law. Here, n
represents positive integers (n = 1, 2, 3, etc.) and is the wavelength of the incoming X-rays.
If we know the wavelength of the X-rays when they strike the sample, we can readily
calculate ‘d’ (interplanar spacing). Crystal structure study relies upon the X-ray diffraction

technique.

To examine the sample’s structure for crystalline or amorphous formations. The method is
known as X-ray diffraction. The X-ray diffraction graph shows their structure. If the sample
is crystallized, the pattern will be exceedingly sharp and will have several peaks. It proves
that the material is made up of periodic elements. If the material has an amorphous

structure, the graph will have one or two sharp peaks.

The full width, half maximum rule (FMHW) can be used to assess if a material

is polycrystalline. In mathematics, the equation is,

S denotes the grain size, R the wavelength, o the Bragg’s angle, and A the full width half

maximum. and the whole width at half maximum is illustrated below.

To calculate the unit cell’s density, we employ the formula

= sum of atomic weight of all atoms
NA = Avogadro’s number

V = Volume of the unit cell
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figure 2.10 depicts powder X-ray diffraction data. The sample is placed on a flat plate,
which is then rotated along an axis parallel to the rotating disc. There is a slit that allows
the monochromatic radiation produced by the X-ray tube to flow through. The diffraction
phenomenon occurs when the sample is subjected to an X-ray beam. The amplitude of the
diffracted rays is measured by a counter. The X-ray source, sample, and counter are all
located in the same plane. The counter has axis rotating capabilities. The specimens that
we produced before are being characterized using XRD analysis. The Burker XRD
machine and D8 focus were used. As an X-ray source, the Cu K line with a wavelength of

1.5406 is used. The usual range of 2 is 4-800. Each scan step is set at 0.8 seconds[86].

2.8 Fourier Transmission Infrared Spectroscopy (FTIR):

Infrared (IR) spectroscopy is the most often used spectroscopic method in both inorganic
and organic chemistry for determining functional groups and the surface functionality of
nanomaterials. Spectroscopy is the study of matter’s interaction with electromagnetic
radiations (EMR). The energy of transmitted radiations is measured by the detector as the

EMR of infrared wavelength (4000-400cm-1) travels through the sample[87].

Figure depicts the components of an FTIR equipment, which include a sample holding,
detector, computer, and IR source. The glowing black body emits infrared radiations,
which are allowed to flow through the aperture wherein the test sample is supplied a
regulated quantity of energy. Certain frequency of molecular vibrations in the sample are
absorbed, whereas the other frequencies are transmitted. As the beam approaches the
detector, the typical IR spectra is recorded. The next thing to do is to digitalize the resulting

signal and use a computer programme to execute the Fourier transform[88].
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Figure 2.6: Schematic of FTIR Instrument [89]

IR was utilized in this study to identify the various functional groups contained in MOFs,
including hydroxyl (OH), carbonyl (C=0), alkane (C-C), alkene (C=C), alkyne, carbon-
nitrogen bond (C-N), amine (NH2) of organic linker, and metal bound oxygen (M-O). The
atomic orbitals of both atoms overlap and merge to form molecular orbitals known as
electronic orbitals. levels, which are subdivided into vibrational as well as rotational energy
levels. If the molecule absorbs infrared light (400-4000 cm-1) and is stimulated by lower

vibrational energy amounts to high levels of energy.

A covalent bond is formed when two atoms are connected by a hard connection, and every
atom attracts an electron pair via nuclear pull. These nuclei shake as a result of
bombardment radiations, and the oscillations are known as molecular vibrations. Only
vibrations that stretch (symmetric and anti-symmetric) where atoms move back and forth
are feasible in the case of a molecule that is diatomic (Figure Bending vibrations, in

addition to stretching vibrations, are conceivable in polyatomic molecules.
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Figure 2.7: Stretching and bending modes of H>O molecule.

The stretching frequency is connected to the masses of the bound atoms, but the bond
strength has a connection to its force constant. The stretching frequency may be computed
using the following formula:

Where ¥ is the frequency (cm-1), ¢ is the velocity of light, f is force constant (Nm-1), and
m1l, m2 are the masses of two bonded atoms[90].

2.9 Scanning Electron Microscopy

SEM is a flexible method for studying the surface structure, texture, form, and size of
materials at the nanoscale. The components of the SEM instrument are as follows:
Vacuum, column, and an electron gun. In order to influence the sample during analysis, a
primary electron beam (PEM) is fired into a high vacuum chamber using an electron
cannon that has been vertically positioned and adjusted. By adjusting the applied voltage
and electromagnetic lenses, the beam's energy and focusing may be adjusted, and its
placement in relation to the sample can be controlled by adhering to a predetermined
navigational framework. During PEM interactions with a material, electrons are scattered
and generate signals in various directions. SEM analysis focuses on two types of electrons:
SE and a few from deeper areas, BSE. SE electrons reveal surface roughness due to their
high intensity and kinetic energy. When electrons collide with atomic nuclei, BSE electrons
are formed, revealing information about the underlying material's atomic mass. These

scattered electrons are detected by a through-lens detector. Conductive materials are ideal
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for SEM research because of electron collisions. Various conducting substrates are used,
such as copper foil and carbon. Heavy metals like Pd, Pt, or Au are added to the surface to
improve conductivity and contrast. All the samples were dry and in powder form, ready for
inspection. Tiny amounts of powder, no more than 2mg, were put onto copper or alumina

and any excess material was blown away before analysis [91].

Figure 2.8: SEM working principle[92]
2.10 EDX Spectroscopy

By means of EDX scrutiny, the fundamental configuration of a substance can be unveiled.
It is not an independent methodology; however, a scanning electron microscope is
furnished with an additional X-ray receptor to amass X-ray emissions emitted from the
interior of the specimen. The electron ray necessitates a noteworthy quantity of vigour to
successfully infiltrate the essence whilst undertaking EDX exploration. When the electron
ray meets the specimen, it causes openings by expelling electrons from the lower layers.
Electrons from greater orbits shift to lower orbits to replenish these openings, exuding X-
ray emissions in the course. The atomic load of the substance has a substantial influence
on the vigor of these emissions focused on photomultiplier cylinders (PMTs). When

exploited in combination with optical emitting material that may amplify the magnitude of
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photons exuded, the PTMs constitute an exceptionally susceptible sensor. By employing
their associated X-rays, the diverse nuclei are discerned through this method, thereby
facilitating the identification of the type of constituent as well as the quantification of the
proportion of each element present throughout the entirety of the specimen. The scrutiny
of the distribution of each element in the entire sample can be conducted using elemental
mapping, which is based on this very principle. During this process, X-rays originating
from various nuclei in the specimen manifest varying contrasts owing to their fluctuating
atomic weights and % composition. The higher the energy of X-rays, the clearer the
contrasts between elements, revealing their placement and uniformity. Atomic mass also
increases with energy. Astoundingly, the identical protocol utilized for SEM investigation
can be applied to both slender coatings and granular specimens. Nevertheless, to enliven
an electron beam for the generation of X-rays throughout EDX scrutiny, a distinct receptor

and a comparably elevated applied potential (20-30 kV) are implemented [93].
2.11 X-rays Photoelectron Spectroscopy (XPS)

To investigate surface properties, XPS is a versatile and useful method that can analyze
chemical environment, electronic states, and material composition within a 10 nm range.
It revolves on the photoelectric effect, in which the sample is hit by X-rays and emits

photoelectrons in line with equation [94].

Kinetic Energy = hv — Binding Energy............. (2.5)

Photoelectrons' kinetic energy may be used to determine their binding energy. Electrons
from the material's outermost layer and core level orbitals may be ejected during the
interactions of rays (X-rays) with the specimen [95]. UPS is a technique that provides
details on molecule bonding through surface electrons. It's named after the UV range's
energy requirement for the outer orbital. However, in order to irradiate the specimen for
XPS study, soft X-rays (200-2000 kV) must be produced since we are working with core
level electrons. As a consequence of the expulsion of electrons from the innermost layer
during excitation, vacancies are created. Figure 2.9 illustrates how electrons transition
(from higher to lower orbital) to fill such vacancies by releasing energy as auger electrons
or fluorescence. The location of the electron and the atomic number impact event

likelihood. Auger electrons are more likely in lighter elements. Monochromatic radiations
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release electrons with varying kinetic energies. In the L and M shells, where electrons are
more tightly bound and need more energy, they are released with less kinetic energy than
those further from the nucleus. Electrons in circular path are detected with their kinetic
energy. Only specific orbitals are used for XPS analysis. These orbitals are ideal for
elements of different rows in periodic table. XPS assessment helps to analyze electrical
state of each element. According to variations in their kinetic energy, electrons ejected from
different orbitals are systematically collected by varying the applied voltage across the
circular path. When photoelectrons or auger electrons come from a certain orbital, the
detector can identify them and quantify their kinetic energy. Photoelectrons' kinetic energy,
in contrast to auger electrons, is dependent on the X-ray source. It is extremely suggested
to identify the source and provide the data as binding energy in order to obtain the proper
fitting of the two peaks coming from each electron. When creating an ultra-high vacuum
environment, a thin coating is used to prevent unwanted interaction. The sample is scanned
to create peaks and then scanned again to analyze necessary elements. Data is processed
and plotted against a standard to determine peak position. Selected samples are presented

and labeled in each chapter.

Figure 2.9: Photoelectric effect and electron creation (a) during the excitation and
replenishment of vacancies (b) and (¢) during photoelectron generation
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2.12 Raman Analysis

The range of EMR used determines the obtained information. UV-visible spectra create
electronic excitation for bonding info. Monochromatic radiation may not correlate to
electronic excitation, forcing electrons to reach unstable energy level [96]. A potent
monochromatic laser is used in Raman spectroscopy to interact with the sample, producing
elastic and inelastic interactions. The primary component of the spectrum is the electrons

returning to the same energy level, which is known as Rayleigh scattering.

Figure 2.10: Rayleigh scattering

Only a few electrons lose energy during contact, resulting in excited vibrational levels near
the ground electronic states. These electrons release photons with lower energy levels,
known as the stokes component of the spectra. The return of a few electrons causes a more
powerful photon release, known as 'anti-stokes'. This phenomenon, called the Raman
effect, is represented by stokes and anti-stokes. Due to the electrons being more likely to
be in the ground vibrational level, stokes is stronger than anti-stokes. This allows for high
probability excitation/deexcitation. Therefore, we typically use the 'Stokes' reaction and

graph it against dispersed photon intensity and frequency difference [97].

Raman spectroscopy has 25 varieties and is important for material research, especially 2D
materials. It reveals flaws, deformation, amorphousness, and disturbance impact after
chemical functionalization/doping. Eliminating/minimizing undesired Rayleigh lines is the

main challenge during analysis. Parasitic radiation interferes with Stokes response.
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Enchantment techniques like background elimination and monochromatic beam are
needed. Sophisticated Raman spectroscopy techniques are used to increase photon
intensity [98]. Not all motions in the material are Raman active. Light's interaction with
matter results in a changed state. Raman effect produces quantum vibrational levels in
crystal lattice. Molecules/lattices' charges disperse under magnetic field, but may form
dipole. This behavior is inherent and may be anisotropic. The movements of molecules and
crystal lattices create polarizability and dielectric susceptibility, which is the source of
Raman activity. Only movements that generate polarizability are Raman active. This
complements FT-IR spectroscopy, which only requires the dipole moment. Solid/powder
samples were used for analysis, and the wavenumber versus the intensity of dispersed

radiations was shown after removing background/fluorescence data [99].

Figure 2.11: Principle of Raman scattering mechanisms[100]

2.13 Thermogravimetric Analysis

Thermogravimetric Analysis is an exquisite method that oversees the weight of a substance
in correlation to temperature or time while exposing the specimen under examination to a
well-regulated temperature program in a monitored milieu. Thermogravimetric Analysis is
an exquisite method that oversees the weight of a substance in correlation to temperature
or time while exposing the specimen under examination to a well-regulated temperature

program in a monitored milieu. TGAs are available from PerkinElmer in two



44

configurations: top-loading TGA 4000TM and bottom loading or hang down TGA
8000TM. A “stem” support rod on the TGA 4000 holds the specimen pan above the
balance. The sample pan is supported by the TGA 8000 through a “hang down” below the

balance. Both methods use gravity to generate extremely accurate and repeatable readings.

Figure 2.12: TGA Device

These devices can measure various types of losses and residues. They are usually used for
heating but can also be used for cooling. The devices are managed by Pyris Software and
have autosampler accessories for unattended operation. The TGA device includes a micro-
furnace that may be quickly cooled. The heating component is composed of platinum and
can withstand temperatures of up to 1,000°C. An exterior furnace containing a heating

element constructed of a platinum-rhodium alloy may raise the temperature to 1,500°C.

A modern computer can calculate weight loss percentage. A commercial TGA can reach
temperatures over 1,000°C and has a balancing sensitivity of 0.1 g. The heat-up rate in an

air or gas environment can be adjusted from 0.1°C to 200°C/min [99].

The factors identified as affecting mass change include (1) the weight and volume of the
specimen taken for analysis, (2) the physical form of the sample, (3) the shape and nature
of the sample holder, (4) the nature of the surroundings in which the analysis takes place,
(5) the pressure of the atmosphere kept in the chamber that holds the sample during the
analysis, and (6) the rate of heating or cooling. Temperature fluctuations in sample mass
are widely recognized. However, it is critical to recognize that not all sorts of thermal
changes can impact the weight change of samples. TGA, for example, cannot be used to

study sample melting and crystallization behavior.
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CHAPTER 3

3. Results and Discussion
3.1 Phase and Structural Analysis of Different ZIF -7-1 polymorph

3.1.1 ZIF-7-1
ZIF-7-1 powder X-ray diffraction (XRD) patterns were obtained using a Bruker D8 X-ray

diffractometer with Cu K (0.15415). ZIF-7-I is generated by bridging benzimidazolate
(Bim) anions and zinc cations and has an open-framework structure. Figure 3.1 shows the
prominent and recognizable peaks which shows the well define crystalline structure XRD
of ZIF-7-1. The ZIF-7-I nano porous host structure allows for simple loading and unloading
of guest molecules due to its flexible framework. A sharp characteristic diffraction doublet
peaks at about 20=7.15° and 7.69° proves the efficacious creation of phase of ZIF-7-1[101].
The next diffraction peaks show the rhombohedral structure of ZIF-7-1[102]. The
diffraction peaks at about 20=25.42°, 31.73°,34.38° and 36.20°indicates ZnO [101] All
diffraction peaks in the ZIF-7 diffractogram appear at 20 values of 7.15°, 7.69°, 12.11°,
12.36°, 15.43°, 16.25°, 18.29°, 19.50°, 21.07°, 22.97°, 25.41°, 26.50°, 27.79°,
31.73°,34.38°, 36.20° and can be indexed to reflections (101), (110), (021), (012), (030)
(220), (031), (111), (121), (032), (-153), (-372)[103]. These peaks show ZIF-7 was
successfully synthesized. The average particle size of synthesized ZIF-7-I was 15.686nm.

Figure 3.1: Structural Analysis of ZIF-7-1
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3.1.2 ZIF-7-111/Zeolite

By adding 5wt% of zeolite there is phase shift from ZIF-7- I to ZIF-7 I1I. ZIF-7-111 powder
X-ray diffraction (XRD) patterns were obtained using a Bruker D8 X-ray diffractometer
with- Cu K (0.15415) radiation.ZIF-7-lll, which is composed of zinc
ions and benzimidazole (Bim). The structure of ZIF-7-I1I is classified as a dense lamellar
phase, one of three phases of ZIF-7. Owing to its layered crystal structure, ZIF-7-II1 has
attracted attention as a two-dimensional material. Each zinc ion is coordinated by four Bim
ions to form a grid-like planar structure[104]. The diffraction peak at 260 = 9.05° in the
XRD pattern indicates the pure ZIF-7-11I polymorph was obtained[105]. The diffraction
peaks at about 20=27.38°,31.79°,34.44° and 36.20°indicates ZnO peaks. The diffraction
peak at 26=21.55° and 27.45° shows the presence of zeolite[ 106]. All diffraction peaks in
the ZIF-7 diffractogram appear at 20 values of 9.05°, 16.58°, 17.54°, 19.98°, 21.55°,
23.10°, 27.38°, 31.79°, 34.44°, 36.20°. The average particle size of synthesized ZIF-7-II1

was 60 nm.

Figure 3.2: Structural Analysis of ZIF-7-I11


https://www.sciencedirect.com/topics/chemistry/zinc-ion
https://www.sciencedirect.com/topics/chemistry/zinc-ion
https://www.sciencedirect.com/topics/chemistry/benzimidazole
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3.1.3 ZIF-7-1 and ZIF-7-111

Figure3.3:Comparison of Structural Analysis of (a)ZIF-7-1 (b) ZIF-7(I+111) (c) ZIF-7-111

The picture depicts the XRD of ZIF-7-1, ZIF-7-I11, and a combination of ZIF-7(I+III). The
figure depicts the distinct and recognizable peaks that demonstrate the well-defined
crystalline structure. Figure (a) depicts the XRD of the ZIF-7-1. By adding 1.25wt% of
zeolite in ZIF-7-1 it is converted into a mixed phase containing the diffraction peaks of both
ZIF-7-1 and ZIF-7-11I[57] as shown in the figure 3.3. And when the concentration of zeolite
increases by Swt% in ZIF-7-1 it is converted to ZIF-7-1II as shown in the figure3.2. All
three phases contain the peaks of ZnO. The Prescence of zeolite can also be seen in the

mixed phase of ZIF-7-1 and ZIF-7-III and also in the ZIF-7-III phase[106].
3.2 Irradiation on ZIF-7-1

When the pure ZIF-7-1 is exposed to lower ion beam radiation there is a phase shift in its
structure from ZIF-7-1 to ZIF-7-11.ZIF-7-11 is known as narrow pore. This phase transition
is from rhombohedral large pore phase to triclinic narrow pore phase[107]. The XRD
pattern reveals that as the copper ions radiation increases, the intensity of the peak becomes
more broadening. The peak position change towards lower two theta values indicate an
expansion of the lattice, with significant changes in peak profiles and pronounced peak

broadening at higher doses. The broadening is caused by an increase in the grain size and
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an increase in site dislocations, due to the similarity of Zinc and Copper ion’s ionic radii.
The lattice expands due to point and line defects, causing the XRD peaks to shift to lower
two theta angles. As irradiation doses increase, there’s a higher probability of creating
defects and vacancies which lead to dislocation and interstitial loops. This causes peak
broadening and gradual increase in macrostrain parameter. The diffraction peak at 16.231°
and crystal plane at (021) on ZIF-7-I irradiated with copper ions created a defect and
enhanced energy storage. On exposing the ZIF-7-I to radiations the guest molecules (DMF)
present in ZIF-7 structure will be removed out and ZIF-7-11 will be a guest free structure.
The ZnO peaks present in ZIF-7-1 structure as an impurity will also be removed. Notably,
although the principal cavity for guest-hosting decreases in size from ZIF-7-I to ZIF-7-11,
ZIF-7-11 has a greater total volume along with void volume than a hypothetical model of

ZIF-7-1 without guest-hosting a guest or visitors.

Figure 3.4: Irradiated Structural Analysis of ZIF-7-11

3.3 Vibrational Mode analysis
3.3.1 ZIF-7-1

The Fourier Transform infrared (FTIR) spectra of ZIF-7-I is shown in the figure 3.5. The
benzene ring’s vibrations showed the most significant variations. All benzene rings in the

ZIF-7-1 phase are contained within spherical pores. The prominent feature observed in the
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spectra is sharp and well-define absorption band located at a wavenumber of 426cm™. This
band can be described as Zn-N stretching vibration which serves as a definitive indicator
of the presence of a chemical bond between the Zinc (Zn) ions and the Nitrogen(N) atom
within the Benzimidazole ligand. The peaks 464, 557 and 655 cm™! could be assigned to
vibrations of C-C-C bonds in the benzene ring of the linker[59]. While the hydroxy phenyl
benzimidazole (Bim) ligand’s C-H bending vibration is visible at 740 cm™. [3.8] ZIF-7
reveals C-H out of plane bending at 775 and 905cm™ from the Bim ligand and it also shows
C-C-C trigonal bending at 1007cm™. ZIF-7-I phases show a double-peak in the region
1094, 1117, 1177 and 1203 cm™ these peaks reveal the C-H in plane bending from Bim
ligand. The peak at 1240 cm™ is due to C-C stretching vibrations. The peaks at 1299 cm’!
and 1367 cm’! shows the C-N stretching vibrations. The benzene ring’s C=C stretching
vibration is visible in the ZIF-7 at 1467cm™ and1610cm™ in the spectrum of the ZIF-7
phase is assigned to C=N bonds[59]. The peak at 1741 cm™ gives N-H in plane bending +
C-C-C out-of-plane bending.

Figure 3.5: Representation of illustrative peaks of ZIF-7-1
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3..3.2 ZIF-7-1 and ZIF-7-111/Zeolite

The figure shows the FTIR of ZIF-7 and ZIF-7-111.By adding 5wt% of zeolite as composite
there is not much difference in the spectrum of ZIF-7-11I.the FTIR spectrum of both ZIF-
7-1 and ZIF-7-111 is same there is only stretching and vibrations of bonds. There is little

change in its breathing mode and no breakage of bond is found[105].

Figure 3.6: Vibrational Spectroscopy (a) ZIF-7-1 (b) ZIF-7-1I1

Table 3.1: FTIR peaks of ZIF-7-1 and ZIF-7-111 [105]

BANDS ZIF-7-1 ZIF-7-111
Zn-N Bond 426cm™! 426cm’!
C-C-C bonds in the benzene ring 464-655cm’! 468-649cm’!
Hydroxy phenyl (Bim) ligand’s 740cm’! 740cm™!

C-H out of plane bending 775-905¢m™ 775-905¢m™
C-C-C trigonal bending 1007cm’! 1007¢m’!

C-H in plane bending 1094-1203cm™  1091-1205¢m’!
C-C stretching 1240c¢m’™! 1242¢m’™!

C-N stretching vibrations 1299-1367cm™  1367cm’!

C=C stretching vibration 1467-1610cm™  1469-1610cm’!
C=N bonds 1675cm’! 1675cm’!

N-H in plane bending + C-C-C out-of-plane bending. 1741c¢m’! 1741cm’
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3.4 Raman Vibrational spectroscopy
3.4.1 ZIF-7-1

The figure shows the Raman spectroscopy of pure ZIF-7-1. The peaks in Raman
spectroscopy arise due to the Symmetric and asymmetric ring breathing, C-N stretching,
and imidazole ring deformations cause the peaks. The first peak is round about 75cm™ is
due to light six-membered ring and four-membered rocking. The next peak at 154cm’!
shows the N-Zn-N bending (tetrahedral deformation) this is the major peak which shows
the formation of MOFs. The peak at 547cm™ shows Benzene and Imidazolate ring
stretching. The next peak at 644cm™! is due to Imidazolate ring torsion. The peak at 771cm
! shows the Benzene and Imidazolate bending. Similarly, the peak at 1016cm™ gives us the
bending of benzene ring. C—H bending mode of benzene ring give rise to the next peak
which is at 1113cm™. The peak at 1274cm™ shows the Raman shift of imidazolate
puckering bands and the C—H bending mode of the benzene ring. The peak at 1355cm™! is
due to stretching of C-N bond of the ligand imidazolate. The peak at 1575¢cm™ shows the
C-N stretching of benzimidazole. The peak at 3039 cm™' shows C-H stretching of benzene

ring. These are the major peaks in Raman spectroscopy [107].
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Figure 3.7: Inelastic Light scattering of ZIF-7-1
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3.4.2 ZIF-7-1 and ZIF-7-111

Several significant similarities between ZIF-7-1 and ZIF-7-1II were found in the
comparable Raman spectroscopy research. Indicating the existence of consistent
vibrational modes while structural components in both materials, both spectra showed
shared peak positions and intensities. Additionally, there were no noticeable differences in
the regions of interest between the ZIF-7-1 and ZIF-7-11I. Raman spectra which indicated
overall spectral similarity. Importantly, the spectra of ZIF-7-I11 showed no new peaks that
could be seen that weren't present in the entire spectrum of ZIF-7-1, suggesting that the

substance's basic chemical groups and vibrational modes were preserved[107].

Figure 3.8: Inelastic Light Scattering (a) ZIF-7-1 (b) ZIF-7-11I



Table 3.2: The identification of the observed modes in the ZIF-7 and ZIF-7-111

Raman spectra [107]

Pure ZIF-7-1 ZIF-7-111

Band Assignments

75

154

547

650

771

1016

1111

1274

1355

1582

3039

70

147

530

646

775

1017

1109

1274

1356

1578

3034

four-member and six-member rings

N-Zn—N bending (tetrahedral deformation)
Benzene and Imidazolate stretching
Imidazolate ring torsion
Benzene and Imidazolate bending
Benzene ring bending
C—H bending
Imidazole X—H and Benzene C—H (symmetric) bending
Imidazolate C—N stretching
N-H bending

Benzene C—H stretching

3.5 High Resolution Electron Microscopy

3.5.1 ZIF-7-1
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SEM was used to examine the surface morphology of the prepared sample. The as-

synthesized ZIF-7-1 SEM picture (Figure 3.9) displays homogeneous nanometer-sized

spherical crystals consisting of smaller irregular particles. When compared to those

reported in the literature. ZIF-7-1 particles do not have well-defined crystal faces and

agglomerated, which is most likely due to the rapid deprotonation rate of organic ligands

in water/ethanol ammonium hydroxide solution, leading to crystal growth in all directions

and larger crystals[101][108]. ZIF-7-1 contained a number of elements as shown by the

EDX spectrum that was obtained after the analysis of sample. The most prominent elements

discovered are listed in the table along with their corresponding atomic percentages.
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Figure 3.9: High Resolution Image and EDX of pure ZIF-7-1

Table 3.3: EDX acquired for ZIF-7-1

Elements Weight% G
C 54.2 0.7
N 25.6 0.9
Zn 15.0 0.4
O 34 0.3

Figure depicts the morphology of ZIF-7-Ill. Zeolites, with their unique crystalline
characteristics, may improve contrast in SEM pictures, allowing for better visualization of
the arrangement and shape within the composite. ZIF-7-1 is an insulator because it contains
organic ligands that are non-polar and are insulators. Furthermore, Zeolite is also non polar
and both ZIF-7-1 and Zeolite have insulating properties, subjecting the composite to surface
charge during imaging. The zeolite will be evenly dispersed throughout the ZIF-7 matrix

as it is shown in the figure[104].
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Figure 3.10: High Resolution Image of ZIF-7-III with Zeolite
Table 3.4: Prominent Elements during EDX of ZIF-7-111

Elements | Weight% 6
N 39.2 1.8
Zn 43 1.6
O 10.6 1.2
Al 1.0 0.3

3.6 X-ray Photoelectron Spectroscopy

As a crucial characteristic method to identify the chemical states of various species in the
pure ZIF-7-1, X-ray photoelectron spectroscopic analysis has been used. The XPS spectrum
reveals the elements present and their corresponding binding energies. The findings of the
acquired XPS characterization show that ZIF-7’s composite structure has been successfully
constructed. The XPS survey spectrum of ZIF-7-1 pure exhibits peaks for carbon, nitrogen,
oxygen, and zinc, as seen in Figure 1(S1). Additionally, these elements satisfy the
description of the elemental composition given by EDS. These elements’ binding energies

reflect the chemical states in which they exist in the substance[104].
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Figure 3.11: XPS spectrum of ZIF-7-1 (S1) survey spectrum

As a crucial characteristic method to identify the chemical states of various species in the
pure ZIF-7, X-ray photoelectron spectroscopic analysis has been used. The XPS spectrum
reveals the elements present and their corresponding binding energies. The findings of the
acquired XPS characterization show that ZIF-7’s composite structure has been successfully
constructed. The XPS survey spectrum of ZIF-7 pure exhibits peaks for carbon, nitrogen,
oxygen, and zinc, as seen in Figure 1(S1). Additionally, these elements satisfy the
description of the elemental composition given by EDS. These elements’ binding energies
reflect the chemical states in which they exist in the substance. For the Cls area, shown in
(S2), the carbon peak appears about 285 eV. The carbon atoms that make up the material’s
organic structure are represented by this peak. The binding energy for the C 1 s peak at 285
eV was used as the calibration reference because the C element could be attributed to the
incidental carbon-based contamination. Around 399 eV, the nitrogen peak in the Nls
region, Figure 1(S3), is seen. The nitrogen atoms of the ligand are reflected in this peak.
Around 532 eV, the oxygen peak, Figure 1(S4), in the Ols area can be seen. The oxygen
atoms in both the ligand and this peak are represented by this peak. The presence of the
zine 2p12 and 2p32 peaks, Figure 1(S5), at 1044 and 1021 eV, respectively, demonstrate the
divalent Zn element in the synthesized material[109]. The zinc ions are coordinated with

the ligand because there is a trace amount of zinc in the formula. The oxidation state and
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coordination environment of the zinc ions within the framework affect the binding energy
of the zinc peak. Overall, ZIF-7’s elemental composition and the chemical states of these
elements are revealed by XPS analysis, shedding light on the material’s structure and

elemental makeup.

Figure 3.12: XPS spectrum of Cls spectrum (S2), N1s spectrum (S3), Ols spectrum (S4),
and Zn 2p (S5) spectrum.

Table 3.5: Percentage of elements during XPS

Peak ID Atomic% Binding Energy (BE)
Zn 2p3/2 3.00% 1022.2

N 1s 78.90% 399.2

Cls 78.90% 285

Ols 9.10% 532
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3.7 Thermogravimetric Analysis
3.7.1 ZIF-7-1 and ZIF-7-111

Thermogravimetric Analysis (TGA) is a technique used to determine the changes in a
materials weight as it is heated or cooled.it tells us about materials thermal stability,
decomposition temperature and amount of weight loss and gained during heating providing

insights into its composition decomposition kinetics and potential applications.

Figure 3.13: Thermal Decomposition Analysis of Polymorphs of ZIF-7-1

Finally, TGA of ZIFs was carried out in a N> environment as shown in figure. The sample
was heated to a maximum of 1200C, starting from ambient temperatures.ZIF-7-1 was
thermally stable at temperatures as high as 540 C. Below 260 C all the solvents, unreacted
species and guest molecules were removed. After 550 C ZIF-7-1 will be less thermally

stable and bond breakage will start. This is the point at which material shows thermal

decomposition [110].

ZIF-7-1I1 undergoes two step thermal decay. Around 220°C, the material starts to lose
weight all solvents, unreacted species and guest molecules evaporate out. It is the
temperature at which ZIF-7-II1 begins to thermally decompose is denoted by this point.
Around 565°C, the curve completely flattens out. This temperature corresponds to the point
at which the material has fully decomposed thermally it cannot be stable after this

temperature[111].
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3.8 Linear Current Voltage (LCV) Analysis

To explore the OER activity of pure ZIF-7 electrocatalyst, LSV was performed using the
Gamry Interface 1010e galvanostat/potentiostat in the potential range of 0 to 0.8 V vs.RHE
in IM KOH solution at a scan rate of SmV/s in three electrode system in which platinum
wire was counter electrode and Ag/AgCl was reference electrode and various Polymorphs
of ZIF-7-1 was working electrode was of 1x1 cm? dimension. All measured potential values
were converted to RHE using the formula ERHE = EAg/AgCl + 0.197 + 0.059 % pH, where
pH of the solution was 14 that was used in water oxidation. Electrode potential was
measured at a current density of 10mAcm™ to investigate the OER performances of
modified electrodes. The OER tests was performed on Nickle foam for each electrocatalyst
under similar conditions. The slow OER process at low overpotential is only promoted by
the encouragement of intrinsic catalytic behavior to readily enable the 4 electrons transfer
process that occurs among the catalyst's surface and the adsorbed species. Tafel plots were
derived from the corresponding LSV curves by plotting overpotential (1) vs.log j in

accordance with the equation

n =a+ blog (j)

where 1) is overpotential, b is Tafel slope, j is current density, and a is exchange current
density.

3.8.1 ZIF-7-1

LSV test of ZIF-7-I was performed in IM KOH solution to evaluate the electrocatalytic
oxidation activities. The synthesized electrodes were electrochemically evaluated using
linear sweep voltammetry in the range from 0 to 1.8 V versus RHE at a 5 mV/s scan rate.
The electrode potential was measured to be 1.644V generating an overpotential of 414mV
to achieve the current density of 10 mAcm™. Through the use of the Tafel slope,
electrochemical performance for OER was further examined in terms of kinetics and the

value of Tafel slope was calculated 66.98mV/dec by plotting overpotential (n)vs.logj[112].
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Figure 3.14: (a) LSV curve of ZIF-7-1 (b) Tafel plot for ZIF-7-1

3.8.2 ZIF-7-(I+11)

LSV test was performed in 1M KOH solution to evaluate the electrocatalytic oxidation
activities. The synthesized electrodes of area 1*1 were electrochemically evaluated using
linear sweep voltammetry at a 5 mV/s scan rate in the range of 0 to 1.8 V versus RHE. The
electrode potential was measured to be 1.52056V generating an overpotential of 290mV to
achieve the current density of 10 mAcm™. Tafel slope was calculated 59.21mV/dec by

plotting overpotential (1) vs.log j.

Figure 3.15: (a) LSV curve of ZIF-7-1 & III (b) Tafel plot for ZIF-7-1 & III

Addition of 0.25wt% of zeolite in pure ZIF-7-1 enhance the catalytic activity for water
oxidation and lowering the value of overpotential as compared to pure ZIF-7-1 for water

oxidation. This is because zeolite have active sites on its surface and addition of zeolite
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introduce additional active sites which helps to improve the catalytic activity. Zeolite may
further enhance the ZIF-7-1 framework's stability and endurance, ensuring long-term

catalytic efficacy.

3.8.3 ZIF-7-111

LSV test of ZIF-7-11I was performed in 1M KOH solution to evaluate the electrocatalytic
oxidation activities. The synthesized electrodes of area 1*1 were electrochemically
evaluated using linear sweep voltammetry at a S mV/s scan rate in the range of 0 to 1.8 V
versus RHE. The electrode potential was measured to be 1.6174V generating an
overpotential of 387mV to achieve the current density of 10 mAcm-2. Tafel slope was
calculated 48.49mV/dec by plotting overpotential (1)) vs.log j. Addition of Swt% of zeolite
in ZIF-7-1 enhance the catalytic activity but when the concentration of zeolite increases, an
unexpected phenomenon arises, in which the overpotential value begins to climb rather
than decrease as predicted. This behavior is the result of a complicated interaction of
causes. There may be an ideal zeolite concentration that improves catalytic activity by
adding new active sites or altering the local environment in a favorable way. Beyond this
limit, an excess of zeolite might potentially impede or interfere with the ZIF-7 framework's
active sites and catalytic activity of some impurities may also occur which causes an

increase in the value of overpotential[ 105].

Figure 3.16: (a) LSV curve of ZIF-7-11I (b) Tafel plot for ZIF-7-111
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3.8.4 Pure Zeolite

LSV test of pure zeolite was performed in 1M KOH solution to evaluate the electrocatalytic
oxidation activities. The synthesized electrodes were electrochemically evaluated using
linear sweep voltammetry at a 5 mV/s scan rate in the range of 0 to 1.8 V versus RHE. The
electrode potential was measured to be 1.715V generating an overpotential of 485mV to
achieve the current density of 10 mAcm™. Tafel slope was calculated 154.mV/dec by

plotting overpotential (1) vs.log j

Figure 3.17: (a) LSV curve of Pure Zeolite (b) Tafel plot for Pure Zeolite

The value of overpotential as well as the value of Tafel plot of pure Zeolite is quite high

but when it gets mixed with ZIFs it gives us remarkable values.

3.8.5 Comparative LSV analysis

To examine the OER activity of synthesized electrodes LSV was performed in 1M KOH.
The overpotential of pure sample ZIF-7-1 was 414 mV at 10mAcm™ and value of Tafel
slope i1s 66.98mV /dec but on the addition of zeolite the value of overpotential was
decreased. The overpotential of combination of ZIF-7-(I+1II) was 290mV and the value of
Tafel slope was 59.21mV/dec. Whereas, the value of overpotential of ZIF-7-I11 was 387mV
and the value of Tafel slope was 48.49mV/dec. Tafel slope shows the kinetics of our sample
Lower the value of Tafel slope higher will be the kinetics and better will be the
performance. From above comparison we can see that the Tafel slope value of ZIF-7-III is

lower which shows higher kinetics and due to higher kinetics in ZIF-7-III and more active
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sites catalytic activity of unwanted particles also increases which causes the increase in the

value of overpotential.

Figure 3.18: Comparative LSV analysis

We can see on the addition of Zeolite as composite in pure ZIF-7-1 the value of
overpotential decreases and Tafel value slope increases. There is a fixed ratio of zeolite
which should be added in the sample as composite above that ratio the value of
overpotential may increase due to excess of active sites. The results for 2.5wt% of zeolite
and 5wt% zeolite in pure sample was same. The results obtained by the addition of
1.25wt% of zeolite are the best among all. From this we can say that combination of ZIF-
7(I+11I) is the best electrocatalyst to evaluate oxygen. In case of pure Zeolite, the value of
overpotential is 485mV and the value of Tafel slope is 154.76mV/dec. In case of pure
zeolite both the values are high but when it gets merge with ZIF-7-1 its value for
overpotential decreases and value to Tafel slope also gets better. Combination of zeolite

with ZIFs create good electrocatalyst for Oxygen evolution.

3.9 Electrochemical Impedance Spectroscopy

The strong OER activity of the was analyzed mechanistically using electrochemical
impedance spectroscopy. The width of the semicircle in the high frequency region reveals

the charge-transfer resistance for electrocatalysts, demonstrating electron-transfer kinetics



64

at the electrode interface, and the positive portion of impedance was plotted against its
imaginary part in the Nyquist plot. A wider semicircle was seen in the case of ZIF-7-I,
which pointed to delayed electron transfer for OER and high charge-transfer resistance.
The solution resistance lies in the place from where the semi- circle starts in case of ZIF-
7-1 it is higher as compared to composites. The Electro Chemical impedance of ZIF -7-1
is maximum showing high charge transfer resistance and low catalytic activity when

compared to combination of ZIF-7(I+III) and ZIF-7-11I [113].

Figure 3.19: Electrochemical impedance spectroscopic measurements

A smaller semicircle was seen in the case of combination of ZIF-7-(I+III), this is due to
1.25wt% addition of zeolite which pointed to fast electron transfer for OER and low
charge-transfer resistance. ZIF-7-(I+11I) electrochemical activity is at its maximum in its
smallest semicircle. The solution resistance of ZIF-7-(I+1III) is very less as compared to
others. In case of ZIF-7-11I a large semi-circle is seen but it is smaller as compared to ZIF-
7-1 and larger as compared to combination ZIF-7- (I + III). This is due to Swt% addition of
zeolite. When the concentration of zeolite increases surface porosity of ZIF-7-III also

increases which leads to higher charge transfer resistance and low catalytic activity even
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due to which electrochemical activity become little bit less. The solution resistance for ZIF-

7-11I is same as compared to solution resistance of ZIF-7-1[114]

3.10 Chronoamperometry

Chronoamperometric investigations demonstrated the stability of all ZIF-7-1 polymorphs

when tested for 15 hours of continuous oxygen production.
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Figure 3.20: Chronoamperometry for various Polymorphs of ZIF-7-1

The ZIF-7(I+11I) electrocatalyst was dipped in 1M KOH solution of area 1*1¢cm™ and left
overnight for 15 hours to measure its stability test. The straight line shows that the
combination of ZIF-7(I+III) was highly stable. The electrocatalyst did not leech out during
this whole process showing its stability. ZIF-7-III and it is less stable than ZIF-7(1+I1I).

Table 3.6: Comparison of different polymorphs

Techniques ZIF-7-1 ZI1F-7 (I+1I1) ZI1F-7-111
LSV 414mV 290mV 387mV
EIS Wider semi-circle Smaller semi-circle Wider semi-circle
Tafel Slope 66.98mV/dec 59.21mV/dec 48.49mV/dec

Chronoamperometry Stable Outstanding Stable
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From the table we can see the electrochemical techniques we have performed for water
splitting for oxygen evaluation reaction. The best values for all techniques are of ZIF-7
(I+IIT) which shows it is the best electrocatalyst for oxygen evaluation. This electrocatalyst
is formed by 1.25wt% addition of zeolite in pure ZIF-7-1. OER is the 4e" multistep process
that requires 240-600 mV of additional energy, making it both kinetically as well as
thermodynamically unfavorable. Efforts have been made to speed up the kinetics of the
water-splitting process at a potential (1.23 V) that is near to the thermodynamic limits. Our
electrocatalyst ZIF-7 (I+11I) need 290 mV of additional energy to evaluate oxygen and it is
very near to standard value which shows this electrocatalyst is very remarkable to evaluate

oxygen which can be further use in fuel cells and metal air batteries.

ZIF-7 (I+11I) also have a very good catalytic activity which shows charge transfer is also
great. The value of Tafel Slope was also less and smaller value shows better kinetics.
Chronoamperometry tell us about the stability and the straight line shows that it is highly
stable.ZIF-7 (I+11I) is stable for 15 hours making it an efficient candidate for water splitting

for the evaluation of oxygen.
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4. Conclusion

Since the last few decades, as energy demands have increased, scientists have focused on
developing renewable power sources that are more environmentally friendly than fossil
fuels. As they are not environmentally friendly energy sources that also cause ecological
contamination, fossil fuels are becoming more and more scarce with the expanding
population and industrialization. Water serves as the vital medium to store energy an
effective electrocatalyst has been created to split the water in order to store energy. This
electrocatalyst will be utilized to produce oxygen, which is a necessary step in the
production of clean energy for fuel cells. In our investigation, three different polymorphs
were designed and zeolite was used as a composite. The three phases of ZIF-7 are described
as ZIF-7-1, ZIF-7(I+1I) and ZIF-7-1I1 with a space group of rhombohedral(R-3),
triclinic(P-1) and monoclinic(C2/c) respectively. ZIF-7 (I) is prepared from Zinc nitrate as
metal nodes and benzimidazole as a linker, that crystallizes in the rhombohedral
conformation with a lattice parameter of a=22.989[A] b=22.989[A] c=15.763[A]. We
further found that on addition of 1.25wt% of zeolite to pure ZIF-7(I) phase there triggers a
phase transformation to ZIF(III) polymorph and we ended up into a combination of ZIF-7
(I+III) mixture. When the concentration of Zeolite increases to Swt% into pure ZIF-7-I it
is completely transformed into ZIF-7-II1 phase that crystallizes in the space group
monoclinic (C2/c) with a lattice parameter of a= 16.106A b=19.511A"c=16.126A". ZIF-7-1
is further irradiated with 500 keV (Cu++) ions at dosages of 1 x 10'*ions cm™that causes
yet another stimulating phase transformation from ZIF-7-1 to a less symmetric ZIF-7-11
polymorph that crystallizes in the space group triclinic (P-1) with a lattice parameter of
a=23.984[A] b=21.354[A] ¢=16.349A"This comprehensive study integrated a variety of
analytical techniques, such as XRD for phase identification, phase transformation from
ZIF-7-I(rthombohedral) with a space group of R-3 to ZIF-7-III (monoclinic) with a space
group of C2/c and crystal size determination that was 15.686nm. The FTIR spectra of
different polymorphs of ZIF-7 samples display the characteristics vibrational and
stretching modes along with the formation of major bond at 426¢cm-1 attributed to Zn-N
stretching modes that affirm the connectivity of metal nodes of Zn with benzimidazole

linkers a vital part for the formation of porous framework. SEM was used for surface
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morphology inspection and the particle morphology of ZIF-7-1 was circular and average
particle size was 61.30nm, Raman spectroscopy was used for mode identification and
major mode was of Zn-N bond at 154cm™, XPS was used to determine elemental
composition the main elements were C, N, O and Zn. TGA was used for thermal stability
assessment ZF-7-1 was stable up to 540 C and ZIF-7-I1I was stable up to 560°C. A suite of
electrochemical techniques, such as EIS to probe charge transfer resistance LSV to find the
value of overpotential Tafel slope to find the kinetics and chronoamperometry to find
stability of material. The over potential value of pure ZIF-7-1 was 414mv at 10cm-2 and
have a wide semi-circle in EIS. When 1.25wt% of zeolite was added in pure ZIF-7-1 it
transforms into a mixture of ZIF-7(I+III) the value of overpotential decreases and the area
of semi-circle also decreases which shows low charge transfer resistance and high catalytic
activity than pure ZIF-7-1.the value of Tafel slope also increases that is 59.21mV/dec this
shows the higher kinetics of particles. When 5wt% of zeolite is added in pure ZIF-7-1 it
transforms from ZIF-7-1 to ZIF-7-111. The value of overpotential of ZIF-7-11I is 387mV and
area of semi-circle is small as compared to pure ZIF-7-1 and large as compared to the
mixture of ZIF-7 (I+III) which shows high charge transfer resistance and low catalytic
activity. This is because ZIF and Zeolite both are porous when the concentration of zeolite
increases porosity of ZIF-7-III increases leading to the catalytic activity of unwanted
particles which increases the value of overpotential. Through these thorough examinations,
we have seen the significant influence that zeolite incorporation had on the polymorph
structure. A hierarchically porous electrocatalyst with higher electrochemical performance
is produced as a result of the transformation from ZIF-7-1 to ZIF-7-III by zeolite
integration. The best electrocatalyst for water splitting was combination of ZIF-7 (I+III)
whose overpotential value is 290mV which is very near to standard. These results provide
a compelling path for the clean and efficient conversion of energy, holding significant
potential for the development of fuel cell technology and sustainable energy generation.
However, this journey is still ongoing, and additional research is necessary to improve the
composite material as well as investigate its possibilities in real-world applications, paving

the way for a more environmentally friendly and sustainable energy future.
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