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SUMMARY

Chapter 1: Introduction

This chapter discusses origin of the problem and the versatile nature of metal organic
frameworks and their nano-composites. Their versatility can be realized from the fact these
materials can be used for numerous applications such gas storage, catalysis, ion exchange, drug
delivery and many more. All these applications arise from their unique structural features such as

pore size, pore volume, interlinked pore channels etc.

Chapter 2: Literature Review

This chapter is based upon the historical background related to the use of metal organic
frameworks. The chapter also elaborates the different types of methods used so far for the
synthesis of metal organic frameworks. Further, the types of composites and their utilities have
been detailed. Composites are the multi-component mixtures of metal organic frameworks and
other materials such as nanoparticles (NP), organic/inorganic matrices. Followed by this, the
chapter is focused on the NP-MOF composites discussing their different synthetic methods and
the applications of such composites.

The foundation stone of modern coordination chemistry was laid down long back in 1893 when
Alfred Werner proposed the structure of octahedral complexes and provided a theoretical and
experimental justification regarding the bonding in coordination complexes.1 In the last two
decades, metal organic frameworks (MOFs) have emerged as a new branch of coordination
chemistry where metal centres are bridged through organic ligands giving rise to an infinite maze
or array creating pores or cavities. The conventional method of MOF synthesis comprises a
general process of dissolving the raw materials (metal salt and organic linker) in an appropriate
solvent followed by heating in a sealed vessel under autogenous pressure above the boiling point
of the solvent. This generally proceeds without any parallelization of reactions. The research
group at BASF in 2005 did the pioneer work related to the electrochemical synthesis of metal
organic frameworks. The prime objective of the work was to eliminate to use of anions such as
sulphate, chloride or perchlorate for the synthetic procedure which are one of limiting factors for
the large scale production of metal organic frameworks. Sonochemical synthesis is another

method through which small MOF crystals can be produced in a short duration of time. The rate

1



of reaction is increased with the help of ultrasonic waves which causes the formation and

collapse of bubbles in the reaction mixture.

Chapter 3: Materials and Methods

This chapter reports the materials and methods used to synthesize Co based metal organic
framework and its composites with metal oxide nanoparticles and further their luminescent,
catalytic studies by using spectroscopic, HPLC and electroanalytical techniques. Details about
the techniques used throughout to carry out the catalytic and electrochemical studies such as
spectrophotometry, spectrofluorimetry, PXRD, HR-TEM, SEM-EDS, XPS, Raman, cyclic
voltammetry, linear sweep voltammetry and chronoamperommetry are also included in this

chapter.

Chemicals needed for the synthesis, CoCl,.6H,O (98%), NaOH (97%) benzene (BZ) (99%),
nitrobenzene (NB) (99%), 4-nitrobenzoic acid (4-NBA) (97%), 3-nitrotoluene (NT) (98%), p-
nitrophenol (PNP) (97%), 2,4-dinitrofluorobenzene (DNFB) (99%), 2, 4, 6-trinitrophenol (TNP)
(98%), Zn(NO3),.6H,0 (98%), NaBH,4 (98%) and 4-fluoronitrobenzene (FNB) (98%)were used
as received from SDFCL. Whereas 2,6-dintrotoluene (2,6-DNT) (98%), KOH (98 %), p-
nitroanisole (p-NA) (98%), nitrobenzene (NB) (98%) , p-nitrobenzoic acid (p-NBA) (98%) and
1, 3- dinitrobenzene (1,3-DNB) (98%) were purchased from Loba Chemie, India and were used
without further purification. Also 4, 4’-oxy bis(benzoic acid) (99%) was procured from Sigma-
Aldrich and was used as received. Other solvents such as acetonitrile (99.5%) and toluene (Tol)
(98%) were bought from Merck, India and were used without further purification. Pesticides,
chlorpyrifos (94%), Malathion (96%), acephate (95%) and triazophos (90%) were procured from
Markfed, India. Ce(NO3)3.6H,0 (98%) and methanol (98%) were purchased from CDH, India
All the electrochemical measurements were done in deionized water. The water used for
luminescent studies and other synthesis was double distilled and filtered through a Millipore
membrane. Stock solutions of compounds were prepared by using above mentioned solvents as
per the analytical requirements. All the glassware was cleaned with HNOj3 and rinsed thoroughly
with distilled water before use. Nitrogen purging was carried out for 5 minutes in the test

solution to carry out all the electrochemical experiments.



Chapter 4: Results and Discussion

This chapter of the thesis summarizes various experimental results. The chapter is divided into
two major parts. The first part focuses on the synthesis and characterization of MOF and its
various composites with ZnO and ceria nanoparticles. The second part discusses the applications

of the bare MOF and the composites.
Chapter 4A: Synthesis and Characterization of Co-MOF and its Composites
e Co-MOF,1

This chapter begins with the synthesis and characterization of a Co based MOF,
Co(OBA)(H,0),] [OBA= 4,4’-oxybis(benzoate)], 1 and the various composites synthesized by
the incorporation of ZnO nanoparticles (namely, ZnO/MOF-1, ZnO/MOF-II and ZnO/MOF-III)

and ceria nanoparticles, i.e. CeO,/MOF.

Co-MOF was prepared by using a convenient solvent evaporation method taking CoCl,.6H,0O
and 4, 4’-oxy-bis (benzoic acid) as precursors by using an earlier reported protocol. The crystal
structure of as-synthesized CP was characterized with the help of powder X-Ray diffraction

technique (P-XRD) which was found in good agreement with the reported data.

e ZnO/MOF Composites

ZnO/MOF composites were synthesized using wet impregnation method where Zn* solution in
methanol was hydrolyzed in-situ using NaOH to form ZnO nanoparticles in the presence of
MOF, 1, dispersion. Zn** salt was taken in different molar ratios to get three different
compositions of ZnO nanoparticles doped MOF (ZnO/MOF-I, ZnO/MOF-II and ZnO/MOF-III).
PXRD patterns observed for all the three composites- ZnO/MOF-1, ZnO/MOF-II and ZnO/MOF-
IIT show sharp peaks and were similar to that of the parent MOF, 1, indicating that the current
synthesis protocol does not alter the crystallinity and proceed with the conservation of structural
integrity of its framework. However, the slight shifting of the main peak to higher 20 from 6.97°
(20) to 7.7 ° (20) occurred during the calcinations in oven at 120 °C to form ZnO nanoparticles
from Zn(OH),. The morphology and composition of as-synthesized composites was investigated
using HR-TEM, SEM-EDS and Microwave Plasma-Atomic Emission Spectroscopy (MP-AES).

Further, the composites were characterized using X-Ray Photoelectron spectroscopy (XPS). The



peaks of O 1s for ZnO/MOF-I, II and IIl appear at 530.6 eV, 529.9 eV and 530.3 eV
respectively, which is the standard peak for ZnO. Whereas the standard peak position for
Zn(OH); is usually located at 532 eV. Hence, this confirms the successful loading of ZnO
nanoparticles onto the MOF. The room temperature Raman studies were also done in order to
further confirm the incorporation of ZnO nanoparticles into the Co-MOF. The characteristic
scattering peak at 437 cm™ of the high frequency branch of E; mode of hexagonal wurtzite ZnO
was observed in case of ZnO/MOEF-I, ZnO/MOEF-II and ZnO/MOEF-III which confirms the

successful incorporation of ZnO nanoparticles into Co-MOF.

e CeO/MOF Composite

Further, this chapter elaborates the synthesis and characterization of CeO,/MOF composite
where ceria nanoparticles were incorporated into Co-MOF, 1, with the help of wet impregnation
process. The aqueous solution of cerium nitrate is introduced into the MOF dispersion and the
addition of hydroxide ions to the mixture leads to the formation of cerium hydroxide. Upon
calcinations, it leads to the formation of a composite material having ceria nanoparticles
incorporated into the Co-MOF. The powder XRD pattern of the synthesized Ceria/MOF hybrid
indicated the conservation of overall structural framework of Co-MOF after the incorporation of
ceria nanoparticles and the characteristic peaks for ceria nanoparticles as reported in the
literature. HR-TEM and SEM-EDS studies were done to analyze the textural structures and
composition of the composite material. The peak of O 1s for CeO,/MOF observed at 530.2 eV in
XPS measurements is the standard peak for the oxide oxygen which confirms the successful
loading of ceria nanoparticles onto the MOF. Whereas the peak observed at 465 cm™ in Raman
spectra of CeO,/MOF is attributed to the characteristic peak of cubic structured CeO,
corresponding to the symmetrical stretching mode of Ce-O8 vibrational unit which confirms

successful incorporation of ceria nanoparticles into Co-MOF.

Chapter 4B: Applications of Co-MOF and its Composites

Detection of Nitro Aromatic Compounds

The chapter further moves on to describe the potential applications of Co-MOF, 1 and its

composites. Luminescence based studies of 1 were done and it was found that the nitro

aromatics trinitro phenol (TNP), nitrobenzene (NB), p-nitrophenol (PNP), 1, 3-dinitro benzene



(1,3-DNB), 2,6-dinitro toluene (2,6-DNT), 4-nitrobenzoic acid (4-NBA), p-Nitrophenol (PNP),
Diphenyl ether-1 (DPE-1) and DPE-2) behave as fluorescence quenchers with TNP being the
most efficient quencher and NB being the least. It shows quenching constant [Kgy] value of 2.30
X 10° M™! which is the highest among the known coordination polymers. An LOD of 43 ppb was
achieved by the proposed method.

e N

NO, NO,
NO,

OH COOH

Nitrobenzene (NB)

p-Nitrophenol (PNP) 4-Nitrobenzoic acid (4-NBA)

NO, NO, NO,
OH
NO, NO, O,N NO,
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NO,
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OCH;

Fig.1. Chemical structures of the nitro aromatic compounds used
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Fig.2. Percentage luminescence quenching at 411 nm of 1 with 20 pM of various nitro aromatics

Tab.1. Summary of results for various nitro aromatic analytes

S. No. Analyte Quenching Coefficient (Ksy) Detection Limit (ppm)
1. TNP 2.6 X10°M*! 0.043
2. DPE-2 1.5X10°M! 0.64
3. 2,6-DNT 1.6 X 10* M! 1.09
4. DPE-1 3.4X10°M™! 1.12
5. 1,3-DNB 9.74 X 10° M 1.27
6. 4-NBA 6.12X 10° M™! 1.31
7. PNP 5.25X 10> M 1.39
8. NB -2.33X 10> M 1.23




Detection of Organo-Phosphate Pesticides

Organophoshate pesticides namely triazophos (TZP) and chlorpyrifos (CPF) exhibit turn-on
luminescence behaviour. The enhancement in emission intensity by 238% along with a red shift

by ~70 nm was observed.

a a
‘ X |s|~ o 0\\P <m‘b
OCHs

Chloropyrifos (CPF) Accphate (AF)

N\, ; ~7

Triazophos (TZP) Malathion (MAL)

Fig.3. Chemical structures of the aromatic organo-phosphorous pesticides (chloropyrifos and triazophos) and non-
aromatic organo-phosphorous pesticides (acephate and malathion)

Non aromatic pesticides like Malathion (MAL) and Acephate (ACP) did not show any increase
in emission intensity. LOD for Triazophos (TZP) and Chlorpyrifos (CPF) were recorded as 0.62
and 0.7 ppm, respectively.

Catalytic Reduction of Nitro Aromatic Compounds (NACs)

The next part of the chapter explains the application of composites having ZnO nanoparticles
incorporated into Co-MOF (ZnO/MOF-I, ZnO/MOF-II and ZnO/MOF-III) as a heterogeneous
catalyst for the reduction of nitro aromatics (4-flouro nitrobenzene, p-nitro phenol, p-nitro
benzoic acid and p-nitro anisole) to their corresponding amines under benign conditions, which

cannot be realized using bare MOF. The catalytic studies were done and analyzed with the help



of HPLC. Out of the three cases, ZnO/MOF-I exhibits the highest catalytic activity with 97.78%

and 96.8% yield of p-Aminophenol and of p-Anisidine respectively.

Scheme 1 General representation of catalytic reduction of various nitro aromatic compounds

NO,
NaBH,, RT
>
Catalyst
R
(1a-e)

NH,

R

(2a-e)

Table 2. Catalytic performance of the ZnO/MOF composites for the reduction reactions

Sr. R Reactant | Product Catalyst Time | Yield (%) | Rate constant,
No. (min.) k (sec'l)
ZnO/MOF-I 12 725 1.3X10”
ZnO/MOF-II 12 64.9 6.4X10*
1. F 1a 2a | ZnO/MOF-III | 12 43.7 79X 10*
ZnO/MOF-1 15 80.1 14X 10°
ZnO/MOF-II 15 65.8 14X 107
2. | COOH 1b 2b | ZnO/MOF-III | 15 56.5 9.0 X 10™
ZnO/MOF-I 5 97.78 1.0 X 10°
ZnO/MOF-II 5 80.0 7.2X 107
3. OH 1c 2¢ | ZnO/MOF-III | 5 70.6 5.6X10°
ZnO/MOF-I 5 96.8 1.5X 10
ZnO/MOF-1I 5 91.0 9.6 X 107
4. | OCH; 1d 2d | ZnO/MOF-III | 5 87.5 7.8X 107




Electrocatalytic studies for oxygen evolution reaction (OER)

In the end, this chapter describes the use of CeO,/MOF composite as a thin film based
electrocatalyst. The prepared composite material showed a satisfactory electrocatalytic activity
towards oxygen evolution reaction (OER) with a low overpotential of 180 mV at 10 mA cm? of
current density and a small Tafel slope of 39 mV dec'. The deposition of ceria nanoparticles
played a vital role in enhancing the electrocatalytic activity for OER by changing the electronic
environment around the Co core as evident by the shift in Co 2ps;, and Co 2p;,, peaks in XPS
measurements. Moreover, this hetero structured catalyst exhibited long term stability for the
duration of 16 h. The present work thus, reveals that ceria nanoparticles embedded into a MOF

host might become a viable catalyst for the electrochemical water splitting reaction.

30 2.0
a) b)
N 251 1.9 §
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Fig. 4a) Linear sweep voltammetry (LSV) curves for glassy carbon electrode (GCE) modified with CeO,/MOF
(5mg), CeO, NPs, Co-MOF and bare GCE in O2-saturated 1.0 M KOH with a sweep rate of 1 mV s ', b) Tafel plot
of the catalyst CeO,/MOF and CeO, NPs recorded at sweep rate of 1 mV !



Table 3. OER activities of some previously reported electrocatalysts in alkaline solutions with a current density at 10

mA cm”
Tafel slope n (mV)
Sr. No. Catalyst Electrolyte
(mV/dec)
1. Co-MOF@CNTs 1.0 M KOH 69 340
2. MOF-derived Co304C-NA 1.0 M KOH 61 1520
3. Fe/Ni-BTC MOF 0.1 M KOH 47 270
4. NiyFes; Oq4 1.0 M KOH 53 400
5. CoxFes O4 1.0 M KOH 57 420
6. 20 wt% Ir/C 0.1 M KOH - 380
7. 20 wt% Ru/C 0.1 M KOH - 390
8. Co-P/NC 1.0 M KOH 52 354
9. CeO,/MOF 1.0 M KOH 39 180

Chapter 5: Conclusions

This chapter includes the concluding remarks regarding the work done so far as discussed under

the results and discussion chapter.

Two-dimensional luminescent cobalt based metal organic framework (MOF), 1, has been
synthesized on gram scale by simple solvent evaporation method. The MOF has been used for
the detection of TNP through luminescence quenching. Experimental studies explained that static
quenching as well as the excitation energy absorption and electron transfers are the mechanisms
for the luminescence quenching in presence of TNP. The compound also demonstrates highly
sensitive detection of aromatic organophosphate pesticides (triazophos and chlorpyrifos) through
luminescence enhancement (turn-on). Further, cobalt based MOF,1, was used as a support to
load ZnO nanoparticles with tunable sizes by wet infiltration method. The frameworks of the
resulting composites retain their structural integrity which was confirmed by PXRD, TEM, EDX,

MP-AES and Raman spectroscopic methods. The accessibility and catalytic activity of the

10



embedded ZnO nanoparticles was checked through the reduction of nitroarenes by NaBH4 under
ambient conditions. With this work, we established and validated the possibility of inducing the
catalytic activity to the MOF using cheap ZnO nanoparticles for the first time substituting the
corrosive and reactive catalysts as used conventionally. Afterwards, another composite material
comprising Co-MOF and ceria nanoparticles was synthesized using same wet impregnation
technique and its OER catalytic performance was investigated thoroughly by casting a thin film
on glassy carbon electrode. Prior to this, the hybrid material was characterized and analyzed
using PXRD, EDS, HR-TEM, XPS and Raman spectroscopy. This thin film based electrocatalyst
shows high activity with lower overpotential value of 180 mV at 10 mA cm™, higher

electrochemical surface area and a small Tafel slope of 39 mV dec™.
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CHAPTER-1

INTRODUCTION

The foundation of metal organic frameworks (MOFs) can be dated back to late 1990s when two
of these macromolecules- MOF-5' and HKUST-1? were synthesized by independent research
groups in 1999. Metal organic frameworks are composed of metal ions bridged through organic
linkers to form one, two, or three-dimensional structures. This subclass of coordination polymers

has porosity as a special feature that open ways for their wide applicability for the purpose of

2 13,14 15-18

catalysis,3'7 molecular separations,g'm drug delivery,'"'* sensing and many others.
However, electrically non conductivity,19 weak dispersive forces™ and high chemical reactivity
towards water vapors moisture resulting in distorted structures are some of the challenges for
their utilization as industrial materials on a large scale. To overcome these challenges, loading or

incorporating MOFs with nanoparticles has become a powerful tool in recent times.

Nanoparticle synthesis, on the other hand, has its own challenges like control on size distribution
and agglomeration during synthesis that results in the loss of their extraordinary surface
properties. The use of porous metal organic frameworks as a support provides a solution for the
synthesis of size controlled nanostructures (also called confinement effect)”' retaining their
surface active sites. The approach has given birth to new materials that suppressed the pitfalls of

2224
In recent

the individual component and led to the development of synergistic properties.
years, tremendous amount of work has been reported outlining the synthetic processes and the

potential applications of these hybrid frameworks.

There are two broad approaches to synthesize MOF- nanoparticles composites. One is “Ship in
the bottle” and the other one is “Bottle around the ship”. “Ship in the bottle” involves
incorporating the nanoparticles into cavities of MOFs using methodologies like solution or wet

. . 25.2 . D72 . . . 20_
impregnation,” *® vapor deposition”” ** and mechanical grinding.**

Wet impregnation method is usually employed to load nanoparticles that have metal precursor
solution in the form of inorganic salts. These salt solutions are added to the dispersion of MOF
that infiltrates into the cavities of MOF due to capillary action. The precursors are then reduced
using NaBH, or H, gas in the final step to form metal nanoparticles immobilized into the pores

of MOF. In gas infiltration or vapor deposition technique the desolvated or dried MOF is
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exposed to vapors of a volatile organometallic precursor of metal kept in a separate tighly sealed
Schlenk tube under a constant pressure. After the precursor has been introduced into the MOF
cavities by capillary forces after heating at a temperature just above the boiling point of volatile
precursor under constant vacuum, it is finally reduced to zero valent metal nanoparticles by
hydrogen gas or thermal decomposition. The method has been used for loading nanoparticles on
flat surface®’ and also the internal surfaces®> of the porous frameworks. Solvent free mechanical
grinding is also a powerful strategy to deposit uniformly distributed nanoparticles into the
accessible pores of MOF. The volatile organometallic precursor is grinded with an appropriate
MOF for several minutes to allow the infusion of metal precursor into the MOF. This is followed

by the treatment with H, gas at a mild temperature to form the metal nanoparticles.

‘Bottle around ship” is also an equally useful approach to fabricate nanocomposites comprising
nanoparticles and a MOF. The method is also termed as template based method where pre-
synthesized nanoparticles are added to the solution containing molecular building blocks for
constructing the whole framework around these nanoparticles. Usually the pre-fabricated
nanoparticles are stabilized with the help of capping agents or surfactants. Unlike other methods,
this technique generally prevents the agglomeration of nanoparticles on the external surface of
MOF and also avoids the destruction of their overall structures caused by reduction in the final
step to form metal nanoparticles from their respective precursors. Moreover, it offers an
opportunity to control the size, morphology and compositon of the nanoparticles. But the
controlled growth of MOF over the surface of nanoparticles instead of self nucleation in solution
is an important factor to consider. Another major issue is that although the capping agents help to
avoid the aggregation of nanoparticles but on the other hand may reduce their activity or

performance and sometimes they are difficult to remove after the composite formation.

Followed by the synthetic part, the complexity of such hybrid systems having multiple
components demands the careful analysis or characterization using different structure elucidation
techniques. The techniques used should be such that they elaborate and clearly support the
formation of the required hybrid material. The first major thing after the synthesis is to explore
the structural framework of MOF after the deposition of NPs. Powder x-ray diffraction (P-XRD)
method helps greatly in confirming that the synthesis occurred with the retention of framework

or the level of destruction happened to the MOF structure. Moreover, if the loading ratio of NPs

13



is higher than 5 wt%, then the characteristic peaks for the NPs incorporated can be clearly

observed.

Next important aspect of characterization is to explore and evaluate the size, morphology,
distribution and the amount/weight percentages of the deposited nanoparticles. These can be
confirmed using transmission electron microscopy (TEM), energy dispersive spectroscopy
(EDS), inductively coupled plasma (ICP) spectroscopy or microwave plasma-atomic emission
spectroscopy (MP-AES). Among these, TEM gives valuable information about the size
distribution and morphology of the NPs deposited. Whereas, EDS, ICP and MP-AES confirm the
loading ratios of nanoparticles. These give an exact idea of weight percentages of nanoparticles

deposited, which is an important piece of information.

Similarly, the coordination environment and possible interactions between nanoparticles and
MOF can be characterized using x-ray photoelectron spectroscopy (XPS) and nuclear magnetic
resonance (NMR). XPS helps in providing the information about the oxidation states, elemental
composition of nanoparticles and also indicates the change in electronic environment before and
after the deposition of NPs. Also, Brunauer-Emmett-Teller (BET) measurements are also done
complimentarily to evaluate the surface area before and after the deposition of nanoparticles.
These studies are important for the analysis of NP@MOF composite systems for gas adsorption

properties.
Conclusions

The last few decades had witnessed a geometrical hike in the number of publications related to
MOFs. Most recently, the focus has been much drifted towards the fabrication and versatile
applications of NP@MOF hybrid materials. The confined spaces inside MOFs exert a limiting
effect during the in-situ synthesis of nanoparticles and also the organic moieties of MOF
sometimes behave as a stabilizing agent for the metal nanoparticles. These factors make them a
preferred choice for being used as a support for depositing NPs. In view of that, different
synthetic strategies had been discussed. In addition to the conventional solution impregnation
method, other techniques such as vapor deposition and mechanical grinding have also been
explored. The next major requisite is their detailed characterization and analysis owing to the
complexity of such composites. In this regard, multiple techniques such as P-XRD, HR-TEM,
EDS, XPS, BET, solid state NMR etc. are used simultaneously for their characterization. The

14



future era should witness the development of more facile and cheaper synthetic methods and few
more advanced characterization techniques should be developed in order to understand the

mechanistic details.

In light of the above discussion, it can be summarized that the work presented in this thesis
describes “Synthesis, Characterization and Applications of Nanocomposites-MOFs of Cobalt
with 4, 4’-oxy bis-benzoic acid and Metal Oxide Nanoparticles”. The initially synthesized MOF
has been used for the detection of nitro aromatics and pesticides. However, the Co-MOF
modified with nanoparticles has been used for the facile reduction of nitro arenes and oxygen

liberation reaction.
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CHAPTER-2

LITERATURE BACKGROUND

The foundation stone of modern coordination chemistry was laid long back in 1893 when Alfred
Werner proposed the structure of octahedral complexes and provided a theoretical and
experimental justification regarding the bonding in coordination complexes.' Understanding of
these concepts paved the way for the synthesis, reactivity and application of new types of
coordination compounds and thus along the way, many novel and unconventional concepts of
metal-metal bond, three centered-two electron (banana bond), back bonding etc. were widely
accepted after initial discouragement for organo-metallic complexes. This took the understanding

of coordination complexes to the next level.

In this era, metal organic frameworks (MOFs) have emerged as a new branch of coordination
chemistry where metal centres are bridged through organic ligands leading to an infinite array.
This automatically creates pores or cavities of varying size. Although the origin of MOFs stems
from inorganic solids-zeolites, but there lies a basic difference. The most significant in being the
factor of chemical tunability implanted through the organic counterparts of MOFs. Zeolites
however, simply lack organic components as a part of their framework and thus lack variety.
Zeolites are aluminosilicates that are commonly used as adsorbents and catalysts due to the
presence of the micropores. Their synthesis usually requires an inorganic or organic template
thus developing strong interactions between the inorganic framework and the template.
Sometimes, removal of the template can result in collapse of the framework of the zeolites.

MOFs on the other hand, have vast applicability in the chemical catalysis,z'6 drug delivery,7'9

10-12 13414 c 15 16 .
gas adsorption, ferroelectrics, © ion exchange ~ due to their

molecular separations,
intriguing and predictable topologies. Topologically, metal organic frameworks can be viewed as
1-D, 2-D and 3-D networks constructed by connecting metal nodes using organic spacers/ linkers

through the coordination bonds.'

Usually the metal ions dictate the final geometry of the
frameworks which mainly depends upon their valency and the coordination environment. The
advantage of MOF chemistry is to design and synthesize the pre-destined geometries around
metal ions without causing any chemical decomposition of the organic counterparts present. An

interesting aspect is that the same starting materials can lead to different MOF structures by
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varying the physical parameters such as reaction temperature, pressure and time. The beginning
era of MOF chemistry was much focused on achieving new synthesis protocols through the
modification of older ones to form new architecturally diversified frameworks. Following

sections describe different methods of MOF synthesis.
Preparation Methods for MOFs

The kinetic energy barrier to form MOF can be crossed through different means such as
microwaves, ultrasonic waves, ultraviolet waves, mechanical grinding or by simple heating.
Thus depending upon which source of energy has been used, the corresponding synthetic

methods have been named.
Solvothermal synthesis

This conventional method comprises of dissolving the raw materials (metal salt and organic
linker) in an appropriate solvent followed by heating in a sealed vessel under autogenous
pressure above the boiling point of the solvent. The reaction generally proceeds without any
parallelization. However, different conditions give rise to a number of metal organic frameworks

in one, two or three dimensions (Fig. 1).
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Fig.1. Diagrammatic representation of general conventional solvothermal synthesis

In 1999, two representative frameworks- MOF-5*' and HKUST-1%* were synthesized for the first

time using the solvothermal technique which laid the foundation stone of this chemistry.

Temperature in this approach plays a key role where its variation can lead to new structural

frameworks (Fig. 2). With advancement of time, an alternate approach was introduced where
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pre-built inorganic building blocks were used instead of metal salts while all other parameters of

conventional solvothermal synthesis remain the same.

Fig.2. a) Construction of MOF-5 framework having eight clusters (only seven visible) constitute a unit cell and
enclose a large cavity, indicated by a yellow sphere of diameter 18.5A in contact with 72 C atoms b)
[Cus(TMA),(H,0);], , HKUST-1, viewed along the cell body diagonal [111], showing a hexagonal shaped 18A
window at the intersection of the nanopores

The monotopic ligands are replaced by polytopic ligands in this synthetic approach to give rise to
three dimensional frameworks. For example, Zr based MOF was reported to be synthesized
using zirconium methacrylate oxocluster, [ZrsO4(OH)4(OMc);2] (OMc=CH,=CH(CH3)CQOO) as
a precursor instead of zirconium salt.”” This precursor approach has an edge over the
conventional synthesis that the final topology of a MOF can be fine tuned as per requirement and

it also requires the use of milder synthetic conditions.*

Microwave synthesis

Microwave energy is commonly used in organic chemistry where solvent plays an important

part 24-25

However, the field has been extended beyond its usual limits. The method relies on the
use of dielectric or polar materials and such a mechanism of heating the dielectric material is
named as dipolar loss or re-orientation loss mechanism.”® During the reaction, the
electromagnetic waves interact with the mobile electric charges and thus polar molecules try to

re-orient themselves along with the applied field thereby colliding with each other which raises

20



e NI

=
Microwaves —‘%; | “ w ‘ X‘ ' XQ '

—\_’ and Pressure L @
85058

® @
K Microwave Vial Metal Organic Framewmy

Fig.3. Diagrammatic representation of general microwave synthesis

their kinetic energy (Fig. 3). Hence the temperature elevates and the heating effect is produced.
This is an energy efficient process as the radiation is directly interacting with the molecules and
is also advantageous by the means that it causes homogenous heating of the sample. Moreover,
shorter reaction times, formation of phase selective (:rystals27 and faster crystallization28 are few
another attractive features of this synthetic approach. The first microwave assisted synthesis of a
nanoporous Cr based MOF was reported by Chang and his co-workers.” The reaction yielded
44% in 4 hours using 220°C which was comparable with that of the conventional synthetic route.
Another report showed an increase in catalytic activity for cyclohexene oxidation when a
pyrazolate based MOF was synthesized using microwaves in comparison with the conventional

synthesis.™
Electrochemical Synthesis

The research group at BASF’' in 2005 did the pioneer work related to the electrochemical
synthesis of metal organic frameworks. The prime objective of the work was to eliminate to use
of anions such as sulphate, chloride or perchlorate from the synthetic procedure which were one
of limiting factors for the large scale production of metal organic frameworks. In principle, the
method uses metal ions instead of metal salts which are constantly put into the solution through
the anodic dissolution to the reaction medium having already dissolved organic linker molecules
and a conducting salt (Fig. 4). Protic solvents are preferably used to avoid the deposition of

metals at the cathode. Hydrogen gas evolved during the process can be taken care of by using
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compounds that can be readily and preferentially reduced such as maleic esters, acrylonitrile etc.

The possibility to run as a continuous process and to achieve higher yields of solid materials as

/ [Cathode \

Anode 2 = o

8 93k 8
o o

e o = I‘LCL‘
- o

222

Metal Or—gaﬁ’iﬂc—’Framework

@ - Metal Centre
= -Organic Binder /

Power Source

Fig.4. Diagrammatic representation of general electrochemical synthesis

compared to the regular batch reactions, gives the electrochemical route an edge over other
methods to be used as an industrial process. The method has been efficiently used to prepare
MOF films using metal oxide as a substrate.”> These luminescent Tb containing MOF films

exhibited sensing capability towards explosive aromatic nitro compounds (Fig. 5).

Fig. 5. SEM images of a) Tb-BTC and b) Gd-BTC
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Sonochemical Synthesis

Sonochemical synthesis is another method through which small MOF crystals can be produced
in a short duration of time. The rate of reaction is increased with the help of ultrasonic waves
which causes the formation and collapse of bubbles in the reaction mixture. This phenomenon is
termed as acoustic cavitation and results in the production of elevated local temperatures (usually

greater than 5000 K) and pressures in a short duration of time (Fig.6). Sonochemical irradiation
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Fig.6. Diagrammatic representation of general sonochemical synthesis

was used to synthesize crystalline MOF-5 (having size range of 5-25 pm) in 1-methyl-2-
pyrrolidinone. The MOF thus formed was observed to have properties similar to the MOF-5
synthesized using microwaves and conventional solvothermal method but in shorter duration of
30 minutes.” Similarly, different phases of [Zn(1,4-benzenedicarboxylate)(H,0)], ranging from
nano belts to microcrystals were synthesized using this method.”® Though the technique
eliminates the use of higher temperatures and achieves the desired results in short times, yet is

new to explore its potential.
MOF Based Composites

Recently, new reports have started emerging where new materials have been synthesized using
MOF as base material for the fabrication of composites. Composites are the multi-component
materials containing different (nongaseous) phase domains in which at least one type of phase
domain is a continuous phase.35 They are widely used at industrial scale since they bring the
properties of multiple components in a single material and their physico-chemical behavior can

also be easily tuned. Following section discusses, three major types of composites (Fig.7).
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Fig. 7. The types of composites of MOFs

MOF-Organic Matrix composites

These types of composites have MOF in dispersed phase while polymeric organic matrix

comprises the continuous phase. In one of the reports, composite membranes were synthesized

using a polyimide (Matrimide) and a polysulfone polymer as a matrix while MOF-5 and ZIF-8

formed the dispersed phase. The desired hybrid material was prepared using solution blending

36-37
approach.
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Fig.8. Structure of Matrimide® 5218

The dispersion of preformed MOF-5 or ZIF-8 was introduced to the solution of organic matrix

and dissolved with the help of ultrasonication. The slow evaporation of the solvent resulted in the

formation of membrane in the final step. Similar technique was applied to form composite
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membranes of HKUST-1, MIL-47, MIL-53, and ZIF-8 with Matrimide or polysulfone.3 839 The
quality of membranes was improved when MOF crystals were pretreated with a silylating agent

(N-methyl-N-(trimethylsilyl)trifluoroacetamide).

Likewise, natural polymer fibres were also used to form composite materials. Crystalline
HKUST-1 was added to the slurry of pretreated pulp to get inhomogeneously distribution of the
MOE.*® While, the uniform distribution of HKUST-1 over the surface area of pulp was achieved
with the help of direct growth method. This hybridization led to the increase in lignin content in

the fibres which further resulted in the increase in degree of coverage.

Fig.9. Scanning electron micrograph of Cu;(BTC), crystals on CMTP fibers

Similarly, PAM (Polyacrylamide) beads were also used to provide a matrix base in combination
with HKUST-1*' and Co-CPO-27* in order to improve mechanical stability. Solvothermal
technique was used to fabricate HKUST-1/PAM composite and SEM images confirmed the
formation of HKUST-1 cyrstals within the PAM beads. An alternate approach of immersing the
PAM beads in ethanol/water (1:1) solution prior to the solvothermal treatment led to the

deposition of HKUST-1 only over the external surface of PAM beads.
MOF-Inorganic Matrix composites

Graphene oxide (GO), silica and alumina are few common inorganic matrices used these days to

incorporate MOF as dispersed phase. Bandosz et al synthesized the composites of HKUST-1*
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and MOF-5* by introducing the Graphite oxide into the reaction mixture prior to the
solvothermal treatment. The composites were synthesized with the aim of enhancing the gas
adsorption capacity of graphite oxide. The composites of different ratios of GO and HKUST-
1/MOF-5 were prepared. It was observed that microporosity decreased with increasing the ratio
of GO in case of GO/MOF-5 hybrid material. Due to the chemical interactions between epoxy
groups of graphene and the oxide clusters of MOF-5, the composite material acquired the
lamellar structure which originated from the alternate layers of GO and MOF-5. While in case of
GO/HKUST-1composite, the porosity was found to be more than that of the parent materials.
Silica and alumina beads had also been used to fabricate the composite material with HKUST-1.
The hybrid material showed promising separation properties as a stationary phase in HPLC.
Monodisperse mesoporous silica beads (Nucleosil 100-3) were added to the reaction mixture
along with the starting material for the synthesis of HKUST-1 and the solvent was evaporated in

the final step to form the desired Composite.45

Nanoparticles@ MOF composites

The porosity of MOFs has always been an attractive feature and has been exploited for number
of purposes till date. Due to the presence of three dimensional framework and well defined
pores, MOFs have great potential to act as a stabilizing/capping agent for thermodynamically
unstable nano structures. These embedded nanoparticles can be easily accessed due to high
porosity of MOFs. Such hybrid materials usually display better chemical and physical properties.
For synthesis, there are two different approaches- first approach is analogous to building the
bottle around ship which means it involves the preparation of metal nanoparticles individually,
followed by the addition of precursors that can give rise to MOF around the preformed
nanoparticles. Though it is less commonly followed but ensures the encapsulation of nano
particles inside the MOF. Lu et al reported the successful encapsulation of PVP capped
nanoparticles with varied compositions and shape in ZIF-8.** The preformed PVP capped
nanoparticles were dissolved in methanolic solution of 2-methylimidazole and zinc nitrate at
ambient conditions followed by centrifugation to produce NP@ZIF-8 hybrids. The second
approach is the most commonly used one where MOF provides a confined space or cavity for the
nucleation and growth of nanoparticles. It exerts a size limiting effect and also acts as a

stabilizing agent to monodispersed nanoparticles. Various techniques such as wet impregnation,
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chemical vapour deposition, solid grinding are used in this approach. Figure 10 shows the TEM

image of ZIF-8 crystal encapsulating Au nanoparticles.

Fig.10. TEM analysis of the encapsulation of 13 nm Au nanoparticles in ZIF-8 crystals

Wet Impregnation or Solution Infiltration Method: The general protocol involves the
impregnation of a metal precursor into the solution of porous MOF followed by the reduction of
metal precursor to form metal (0) atoms. These zero valent atoms then aggregate into
nanoparticles within the well defined cavities of the MOF matrix. Nitrate and chloride salts of
metal are generally used as metal precursors for the synthesis of metal nanoparticles while
hydrogen gas, hydrazine or NaBH, are frequently employed as reducing agents. Carefully
choosing the conditions to avoid the decomposition of the host matrix, centrifugation and
washing with appropriate solvent and then drying at an appropriate temperature gives the final
composite material. The reaction parameters such as loading time and reducing agent exerts a
great impact on the size of metal nanoparticles formed. Esken et al loaded different amounts of
Pd nanoparticles onto MOF-5 using the wet impregnation method to reach the highest loading of

15.4 wt%"" as shown in Fig.11.
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Fig.11. TEM micrographs and SAED patterns of selected samples of Pd,@MOF-5

Another research group made an observation that the usage of high concentration of reducing
agent (overwhelming reduction) can lead to the production of homogenously distributed AuNi
nanoparticles with small size of 1.8 + 0.2 nm inside the cavities of MIL-101. Whereas moderate
concentrations of reductant led to the formation of agglomerated larger sized AuNi nanoparticles

(>5 nm) and also on the outer surface of MOF.*®

Chemical Vapour Deposition (CVD) method: This method implies the use of volatile
organometallic precursors and a dried MOF which are kept in two different glass vials in a
Schlenk tube. The tube is evacuated, sealed and maintained at an appropriate temperature which
is decided by the vapour pressure of the precursor. The precursor molecules sublime and
subsequently infiltrate into the channels of MOF followed by the thermal and photochemical
decomposition.49 As the process takes place in the absence of any solvent, it can load high
amounts (30-40 wt %) of nanoparticles in a single step as compared to other methods. However,
such high loading amounts can sometimes lead to partial of full degradation of host matrix. CVD
technique was used to deposit Ru precursor, [Ru(cod)(cot)] (cod = 1,5-cyclooctadiene, cot =
1,3,5-cyclooctatriene) onto MOF-5."° TEM images and a cross sectional photo of the resultant
material were taken which confirmed the homogenous deposition of cod and cot into MOF-5
while PXRD data showed the conservation of host framework after the deposition of precursor
molecules. Further hydrogenolysis of the loaded Ru precursor yielded Ru NPs of size range of

1.5- 1.7 nm.

Mechanical Grinding: Loading of metal nanoparticles into the channels of porous MOF can

also be done using mechanical grinding method. In this technique, an appropriate and activated
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metal organic framework having easily accessible pores is grounded well with the volatile
organometallic precursor using pestle and mortar in the absence of any solvent. The precusor
sublimes during the grinding process and the vapors diffuse into the pores of MOF giving rise to
the homogenous distribution of precursor molecules. Subsequent reduction with the help of H,
gas at a certain high temperature produces metal nanoparticles. Xu et al reported a
nanocomposite material which was prepared by grinding the volatile Au precursor with ZIF-8 in
an agate mortar followed by reduction using a stream of H, gas at 230°C for 2.5 hours to yield
Au NPs@ZIF-8.%' The composite material exhibited a heterogeneous catalytic activity towards
the oxidation of CO to produce COs.

Applications of NPs@MOF Composites

Amalgamating nanoparticles with metal organic frameworks is usually done in order to enhance
the performance of the resultant materials. Consequently, these composites are being used in
multiple arenas of chemistry. Some of the examples have been discussed in the following
section.

Heterogeneous catalysis

Catalysis is one of the areas where nanocomposite materials find wide applications. Due to their
heterogeneous nature, they can be easily separated from the reaction media after completion of
the reaction. However, stability of incorporated nanoparticles and the host matrix is also an
important factor which needs to be considered before its application in a particular reaction
condition. The deposition of metal nanoparticles on to MOF matrix usually enhances the
catalytic affect.

Hydrogenation is an important organic reaction holding commercial vitality. Nanoparticles of
metals such as Pd, Pt and Ni loaded on different metal organic frameworks show evident

catalytic performances in the reduction of various kinds of substrates including alkenes,”*

56-57 58 - . 59-60 61 62-63 .
aromatics,” nitro-aromatics, ketones, and aldehydes. Sabo and his group

alkynes,
synthesized PdA@MOF-5 and used it as a heterogeneous catalyst for the hydrogenation of styrene.
Catalytic activity was found to be comparable to previously reported catalysts having Pd
supported on active carbon.® The catalyst also displayed the sieving effect for larger molecules
such as 1-octene and cis-cyclooctene which could not diffuse through its pores. Another

nanocomposite catalyst having Pd nanoparticles deposited on MIL-101 exhibited efficient

catalytic activity towards the reduction of aryl alkyl ketones to form the corresponding alcohol
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and/or aryl alkane by molecular hydrogen.®® The catalyst had high stability as no leaching of Pd
was observed even after the 11" cycle.

Similarly, Cu NPs of 1-3 nm when incorporated inside the MOF-5 showed catalytic activity for
the methanol synthesis (70 pmolyeon gcat_l h_l) without the use of any promoter (Zn or ZnO)
which is usually required for such reactions.’® This unusual behavior was thought to be due to
Cu-O-Zn interaction within MOF-5. Another example of catalysis using nanocomposite material
was reported by El-Shall et al for the oxidation of 0. Pd@MIL-101 gave complete
conversion at 100°C while Cu@MIL-101 also exhibited complete conversion but at elevated
temperatures of about 289°C. It was also shown that catalytic activity vanished gradually with
the increasing amount of Pd NPs and the removal of surface Pd NPs did not affect the conversion
rates indicating that most of the catalytic activity is due to the incorporated Pd NPs.

C-C coupling form another class of organic transformation holding commercial importance. The
formation and cleavage of C-C bond requires high energy, harsh conditions are normally applied
to make it feasible. Sonogashira, Suzuki, Heck and many other reactions are well studied and
explored and require Pd for their execution. Therefore, Pd@MOF hybrid catalysts brought this

research to the spotlight.

Suzuki-Miyaura Coupling Reaction

Pd@MIL-101
2

Ullmann Coupling Reaction

Pd@MIL-101
R ci > R R
H,O0

Fig.12: Schematic descriptions Suzuki—-Miyaura, Ullmann coupling reactions.

Since MIL series exhibit an extraordinary stability in aqueous and organic solvents, therefore it

has been extensively studied as a catalyst for various types of reactions. PA@MIL-101(Cr) was
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tested for catalysis in Ullmann homocoupling reactions of different aryl chlorides in air and
under nitrogen atmosphere. Under both types of conditions, fairly good yields (>96%) were
obtained (figure 12)."' Moreover, the catalyst was easy to isolate from the reaction mixture and
could be reused multiple times. Same catalyst was used for Suzuki-Miyaura coupling reaction of
4-chloroanisole and phenylboronic acid in the presence of different bases (Fig. 12). Thus, the
catalyst displayed its efficiency to form C-C bond by the activation of C-Cl bond that requires
harsher conditions than that for C-Br and C-I bonds.®®

Hydrogen Storage

In 2003, Yaghi and his group reported hydrogen storage properties of MOE.®® Since then,
numerous reports based on hydrogen storage and adsorption properties of MOFs have
appeared.”” Although MOFs have porous structures but uptake of hydrogen at ambient
conditions is still an issue in majority of the cases. Hence, the introduction of open and
accessible metal centres through deposition of nanoparticles offers an opportunity for increasing
the hydrogen uptake. In this regard, incorporation of Pd nanoparticles has been the most
commonly used approach due to the spillover effect.”’ Pd nanoparticles catalyses the dissociation
of H, to form the atomic hydrogen followed by the transfer of atomic hydrogen to the MOF
framework thereby increasing the uptake capacity of MOF. The whole mechanism of spillover

effect is yet to be clarified and therefore the possibility of PdH formation cannot be neglected.”
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Fig. 13. Top: Comparison of H, adsorption (solid symbols) and desorption (open symbols) isotherms at 77 K (left)
and 298 K (right) of MIL-101(Al) and PA@MIL-101 (Al). The dashed line is calculated from the addition of the
quantity of H, required for the formation of the bulk f-Pd hydride and the amount of physisorbed H, by Pd-free

MIL-101(Al). Bottom: In situ XRD measurement, during hydrogen adsorption in Pd nanoparticles at room
temperature and pressure upto 10 kPa, with phase transition to B-Pd hydride at high pressures

Latroche et al investigated the hydrogen storage properties of Pd/MIL-101(Al) at room
temperature. The studies showed that the hydrogen uptake capacity was almost doubled from

0.19 to 0.35 wt% in comparison to Pd free MOF'? (Fig. 13).

In another related study, hydrogen adsorption was investigated by Suh et al in Pd embedded
redox active MOF, SNU-3. Hydrogen uptake was found to be dependent on the Pd content and
showed a considerable enhancement from 1.03 to 1.48 wt% at 77 K, 1 bar as well from 0.13 to

0.30 wt% at room temperature and 95 bars. The enhanced adsorption was justified on the basis of

the spillover effect.”
Chemical Sensing

Chemical sensing is one of the vital research topics these days due to its importance in homeland
security, medical diagnosing and new materials for the trace level detection of hazardous
materials, heavy metal ions and organic toxicants in food products and in biological systems as.
Thus, there is a need to develop sensitive and selective sensors. For this purpose, the use of
nanoparticle-MOF composite materials has gained attention due to specific pore size. This makes

MOF moiety sense more selectively whereas nanoparticles through chemical interactions with
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the analyte molecules makes the process sensitive. Chi and his co-workers incorporated the

poly(ethyleneimine)-capped carbon quantum dots (BPEI-CQDs) into the framework of ZIF 8.7
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. Red: With10¥mMcu?* | 8000}
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Fig. 14. A) FL spectra of BPEI-CQDs/ZIF-8 solution (solid line) and BPEI-CQDs (dash line) in the absence and
presence of 1uM Cu?* ions in pH 8 solution. B) Time dependent fluorescence response of 15 pg mL "' BPEI-
CQDs/ZIF-8 to 10uM Cu** ions in pH 8 solution

Due to synergistic behavior (porosity of MOF and complexation to CQDs), the composite
showed highly sensitive and selective sensing of Cu”* with a wide response range (2-1000 nm)
and a very low detection limit of 80 pM. The composite exhibited accurate detection under
laboratory and external conditions. Similarly, Li and coworkers have developed a non-enzymatic
sensor for hydrogen peroxide.” The sensor is a composite containing Cu-MOF and CNTs and
displayed a low detection limit of 0.46 mM and a broader response range (3—70 and 70-30 000
mM).

Electrochemical Applications

Metal organic frameworks have received much attention in the past decade and had been
explored for applications in various fields. However, the use of single component MOFs is quite
limited in electrochemistry due to their poor electronic conductivities, low mechanical stabilities
and inferior electrocatalytic abilities.”® ”" Hence, hybrid materials are prepared by incorporating
the conducting nanostructures into the non-conducting MOFs. For example, Guo et al

synthesized a novel nanocomposite material containing Graphene oxide nanoparticles
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incorporated onto Cu-terephthalate MOF.”® The nanocomposite was reported to behave as an

excellent electrochemical sensor for drugs like dopamine (DA) and acetaminophen (ACOP).
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Fig.15. CVs of 0.1 mM ACOP and 0.1 mM DA mixture at Cu(tpa)-GO/GCE (a), EGR/GCE (c) and Cu(tpa)-
EGR/GCE (d) in 0.1 M PBS (pH 5.0). Curve b is the CV of Cu(tpa)-EGR/GCE in 0.1 M PBS (pH 5.0) without
ACOP and DA

Similarly, Sreedhar and his co-workers functionalized La BTC MOF with SPR active Au
nanoparticles and CdSe quantum dots as a sensitizer.”” The cumulative effect of three
components rendered the composite material with exceptional activity for photo-electrochemical

water splitting.

The work in the thesis describes new applications of a known MOF, [Co(OBA)(H,0),], 1. The
material has been used for the detection of nitro aromatics and aromatic organo phosphorous
pesticides. Modifications have been made in MOF by incorporating ZnO and ceria nanoparticles

to find their use in reduction reaction and for the electrochemical oxygen generation.
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CHAPTER-3

MATERIALS AND METHODS

Chemicals

Chemicals needed for the synthesis, cobalt (II) chloride hexahydrate (98%), sodium hydroxide
(97%) benzene (99%), nitrobenzene (99%), 4-nitrobenzoic acid (97%), 3-nitrotoluene (98%), p-
nitrophenol (97%), 2,4-dinitrofluorobenzene (99%), 2, 4, 6-trinitrophenol (98%), zinc (II) nitrate
hexahydrate (98%), sodium borohydride (98%) and 4-fluoronitrobenzene (98%) were used as
received from SDFCL. Whereas 2, 6-dintrotoluene (98%), potassium hydroxide (98 %), p-
nitroanisole (98%), p-nitrobenzoic acid (98%) and 1, 3- dinitrobenzene (98%) were purchased
from Loba Chemie, India and were used without further purification. Also 4, 4’-oxy bis(benzoic
acid) (99%) was procured from Sigma-Aldrich and was used as received. Solvents such as
acetonitrile (99.5%) and toluene (98%) were bought from Merck, India and were used without
further purification. Pesticides, chlorpyrifos (94%), malathion (96%), acephate (95%) and
triazophos (90%) were procured from Markfed, India. Cerium (III) nitrate hexahydrate (98%)
and methanol (98%) were purchased from CDH, India All the electrochemical measurements
were done with deionized water. The water used for luminescent studies and other synthesis was
double distilled and filtered through a Millipore membrane. Stock solutions of compounds were
prepared by using above mentioned solvents as per the analytical requirements. All the glassware
was cleaned with nitric acid and rinsed thoroughly with distilled water before use. Nitrogen
purging was carried out for 5 minutes in the test solution to carry out all the electrochemical

experiments.
Characterizations and Instruments

Powder X-ray diffraction (PXRD) studies were done using XPERT PRO Diffractometer (Cu-Ka,
2=0.15406 nm, 45 KV, 40 mA, step size =0.013A). The photoluminescence studies were done
using Perkin Elmer Spectrofluorometer (LS-45). Surface morphologies and the particle size
analysis were done using JEOL- 2100 high resolution-transmission electron microscope (HR-
TEM) and the composition of synthesized composites was confirmed with the help of scanning
electron microscopy (SEM) (JEOL, JSM-6510LV) and Energy Dispersive X-ray (EDX) using

Oxford instrument (INCA X-act).The surface of the prepared composites was also examined
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with the help of X-ray photoelectron spectroscopy (XPS) using using ESCA+, (omicron
nanotechnology, Oxford Instrument Germany) equipped with monochromator Aluminum Source
(Al Ka radiation having energy of 1486.7eV) operated at 15 kV and 20 mA. Samples taken in
powder form were deposited on a Cu tape and degassed overnight in XPS FEL chamber to
minimize the air contamination at the sample surface. All the reported binding energies were

referenced to the main C 1s line at 285.0 eV.

Raman spectra were recorded on Renishaw InVia Raman microscope with an excitation
wavelength of 785 nm from Argon laser focused on a sample by means of 100 X objective of 0.9
numerical aperture. Optical studies were done using Analytica Jena UV-Vis spectrophotometer
having slit width 1 cm was for monitoring the progress of catalytic reduction. Catalytic
conversions were monitored using HPLC (Thermofisher Ultimate Dionex 3000) by reverse
phase chromatography using C-18 column (Thermo Scientific Acclaim™ 120, 5 um, 120 A, 4.6
X 250 mm) having UV-VIS detector (A= 254 nm) and flow rate of 1 mL/min (MeOH: H,0O =
70:30).

All the electrochemical studies were performed using potentiostat (Autolab/ PGSTATI12/Eco
Chemie/Netherlands) in O, saturated 1.0 M KOH aqueous solution at room temperature. An
electrochemical cell (V= 10 mL) having standard three electrode system with glassy carbon (GC,
diameter=3 mm) as a working electrode, Pt wire as a counter electrode and KCIl (1.0 M)-
Ag/AgCl (Metrohm make) as a reference electrode was used for all the electrochemical
measurements. Cyclic voltammetric measurements were done with optimized concentration of
the electrocatalyst (5 mg) and the scan rate was set at 40 mV s”'. The OER activity was also
investigated using linear sweep voltammetric technique at scan rate of 1 mVs™. Current- time
responses were recorded with the help of chronoamperometric method having set potential of

+0.8V vs RHE in O, saturated 1.0 M KOH aqueous solution for 1000 minutes.
Techniques Used:
Powder X-Ray Diffraction (PXRD)

X-ray powder diffraction (XRD) is an analytical technique primarily used for phase
identification of a crystalline material and provides information on unit cell dimensions. The
sample under analysis was finely grounded and homogenized before analysis with the help of

pestle and mortar to determine of crystal structure and atomic spacing.
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High Resolution Transmission Electron Microscopy (HR-TEM)

It is a powerful imaging technique that gives information about the atomic structure of a sample
under investigation. The samples were dissolved in ethanol and homogenized with the help
ultrasonicator for 2 hours prior to the analysis gave a clear image due to proper transmission of

electrons.
X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopic technique is used to investigate the elemental composition
and is known as electron spectroscopy for chemical analysis (ESCA). The spectrum is generated
by bombarding the sample with X-rays of definite energy which interact with core electrons of
the sample located around the nucleus leading them to escape from the sample at a well defined
kinetic energy. The photoelectrons ejected from different atomic orbitals have different binding
energies and thus determine the elemental composition. Here, photoelectrons ejected from the

top O to 10 nm layer were investigated.
Raman Spectroscopy

Raman spectroscopy is the vibrational spectroscopy that provides insight about the molecular
vibrations and the crystal structure. The sample was finely grounded before analysis with the
help of pestle and mortar and was used to study chemical bonding and crystallographic

orientation of the materials.
Scanning electron microscopy (SEM)

SEM is also an imaging technique that is used to provide information about the surface
morphology, chemical composition and crystalline structure of the material. Metals or
conducting materials can be used as such but the non-conducting materials were coated by a thin
layer deposition of Gold/Palladium with the help of sputter coater prior to the analysis. The
samples were then mounted on a support or stub with help of conductive double coated carbon

tape used as an adhesive. Finally the sample was then observed under electron microscope.
Spectrophotometry

It is a quantitative measurement of the amount of light being absorbed or emitted by a chemical

compound to determine the composition and properties. The samples dissolved in an appropriate
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solvent were made to a specific concentration (10'2 M, 107 M) and their absorbance/emission

was measured using a cuvette by scanning UV light over the required range.
Spectroflourometry

It is one of the types of electromagnetic spectroscopy that deals with the fluorescence
phenomenon. Flourescence occurs when the molecules of an analyte are excited by providing the
light of certain wavelength and it then emits the radiation of different wavelength usually the
longer wavelength. The photoluminescence studies were done using MOF dispersed in water (5
mg of MOF into 100 mL water followed by ultrasonic agitation for 30 minutes) at room

temperature. The analytes were added into the dispersion using micro pipette.
Voltammetry

Voltammetry is one of the types of electroanalytical method which investigates the redox
properties of the analyte by measuring current as a function of applied potential. It also provides
information about the adsorption process and electron transfer mechanisms taking place at the
surface that has been chemically modified. Voltammetry used in the current work were linear

sweep voltammetry (LSV) and Cyclic Voltammetry (CV).
Cyclic Voltammetry (CV)

It is a type of potentiodynamic electroanalytical technique which measures the current that
develops in an electrochemical cell under conditions where voltage is in excess of that predicted
by the Nernst equation. CV is usually applied to study redox reactions, to determine the stability
of reaction products, to know the electron stochiometry, electron transfer kinetics,] the formation
of reaction intermediates,” diffusion coefficient of analyte and also the reversibility of the

reaction.’

Linear Sweep Voltammetry (LSV)

Linear sweep voltammetry generally involves scanning the potential of the working electrode
linearly with respect to the time. The current is plotted as a function of potential to produce a
voltammogram. LSV is simply a cyclic voltammetry without vertex potential and reverse scan. A
typical LSV experiment utilizes a standard three electrode cell setup to deliver a potential to the
solution and monitor its change in current. It is more useful in case of irreversible redox

reactions and gives better insight about the kinetics of such irreversible redox reactions.
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Chronoamperometry

Chronoamperometry is an electrochemical technique in which the potential of the working
electrode is stepped and the resulting current from faradaic processes occurring at the electrode
(caused by the potential step) is monitored as a function of time. The technique can be used to
measure concentration by measuring I Vs conc. at any fixed time and can analyze the shape of
the current-time curve in order to study coupled chemical reactions. It also gives information

about the stability of the working electrode.
SYNTHETIC PROCEDURES
Synthesis of [Co(OBA)(H»0),], 1

MOF was prepared through convenient solvent evaporation method by a known procedure.4 Ina
beaker was taken CoCl,.6H,O (3.8 g, 16 mmol) and dissolved in water (80 ml). In another
beaker was taken 4, 4’-oxy-bis (benzoic acid) (4.2 g, 16 mmol) and NaOH (1.3 g, 32 mmol) and
dissolved in water (80 ml) by heating to a temperature of 100°C. The transparent solution of 4,4’-
oxy-bis (benzoate) from second beaker was poured into cobalt solution of first beaker and the
resulting solution kept at 80°C in water bath. After two days, pink colored product was observed,
filtered and washed with deionized water till neutral (pH paper) and dried at ambient conditions.

Product yield was 85% (4.76 g) and it was characterized by PXRD.
Synthesis of 4-(2, 4-Dinitrophenoxy)-3-methoxybenzaldehyde (DPE-1)

DPE-1 was prepared using an earlier reported procedure.” 1-Fluoro-2, 4 dinitrobenzene (0.48g,
2.5 mmol ) and vanillin (0.5g, 3.2 mmol ) in presence of K,CO; (1.48g, 10.8 mmol ) were taken
in 250 ml round bottom flask. To this was added DMF (10 ml), 18-crown-6 (25 mg, 0.1 mmol)
and stirred under the room temperature for 12 hrs. TLC was done to monitor the progress of
reaction using toluene as a solvent. After completion of reaction, was washed with aqueous
NaOH (0.1 M). Resulting solid was filtered and was neutralized with 2% HCI followed by
washing with water (3-4 times) to remove excess of the solvent. The crude product was dried
under vacuum and was purified by column chromatography using toluene as an eluent. Light
yellow colored solid (0.7207g, 66 %) was obtained. 'H-NMR (400 MHz, CDCls): § 3.8 (s, 3H),
6.9 (d, J=9.16 Hz, 2H), 7.3 (m, 1H), 7.6 (m, 2H), 8.3 (dd, 1H), 8.9 (d, J=2.76 Hz, 1H), 10.0 (s,
1H).
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Synthesis of 4-(2, 4-Dintrophenoxy)-3-methoxybenzyl alcohol (DPE-2)

DPE-1 (0.5g, 1.5mmol) was taken in 250 ml round bottom flask in methanol (100 mL). To this
was added slowly sodium borohydride (0.028g, 0.75mmol) in methanol (150 ml). The reaction
mixture was stirred for about 2-3 hrs at room temperature and TLC was monitored. A new spot
indicated the product formation. Methanol was evaporated using rotary evaporator and the
crude product obtained was purified by column chromatography using petroleum ether and ethyl
acetate as solvents. Yellow colored solid was analyzed by "H-NMR (400MHz, CDCI3): & 3.78(s,
3H), 4.75(s, 2H), 6.87(d, J=9.6 Hz, 1H),7.11(d, 1H), 7.17(d, J=8.2 Hz, 1H), 8.25(d, J=2.8, 1H),
8.28(s,1H), 8.8(d, J=2.8, 1H).

Synthesis of ZnO/MOF

To a dispersion of Co-MOF (500 mg) in 20 mL of methanol was added dropwise the required
amount of methanolic solution of Zn(NOs),.6H,O followed by vigorous stirring at room
temperature. After ten minutes, NaOH (0.1 M) dissolved in methanol was added to the reaction
mixture and allowed to stir for another hour to allow the complete formation of Zn(OH),. The
product thus obtained was centrifuged at 5,000 rpm, washed with methanol (10 mL X 4),
subsequently dried under vacuum and calcined in oven at 120 °C leading to the formation of

ZnO/MOF-1, ZnO/MOF-II and ZnO/MOF-III composites.
Catalytic reduction using ZnO/MOF

The ZnO/MOF catalysts were activated at 90-100°C (1 hour) before each reduction reaction. For
catalytic reduction, ZnO/MOF catalyst (1 mg) was suspended into the methanolic solution of a
nitro aryl compound (5 mM) taken in a stoppered test tube. To this was added freshly prepared
solution of NaBH, (0.36 mM) in methanol (SmL) and the test tube sealed with parafilm. After
the given reaction time, a sample was withdrawn and the catalyst was separated from the reaction
mixture using Millipore filter (pore size 0.22 pum) to monitor the progress of the reduction

reactions at different time intervals with the help of UV-Vis spectroscopy and HPLC.
Synthesis of Ceria (CeQO ) nanoparticles

To the deionized water (30 mL) was added, CTAB (83 mg) under vigorous stirring at room
temperature. To this solution was added dropwise, an aqueous solution of Ce(NO3);.6H,O (500

mg, 20 mL) and allowed to stir at room temperature. After an hour, aqueous solution of NaOH
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(0.1 M, 10 mL) was added and the mixture heated at 80°C for another two hours. The yellow
coloured product was then allowed to age for 30 minutes at ambient temperature followed by
centrifugation at 5,000 rpm and washing with deionized water (10 mL X 4). The nanoparticles

were subsequently dried under vacuum and calcined at 70 °C.
Synthesis of Ceria loaded Co-MOF (CeO,/MOF)

An aqueous solution of Ce(NOs3)3.6H,O (0.1M, 1.42 mL) was added dropwise to the Co-MOF
(500 mg) dispersed in water (20 mL) and the mixture stirred vigorously at room temperature.
After about an hour, aqueous solution of NaOH (0.1 M, 5 mL) was added to the reaction mixture
and allowed to stir for another two hours at 80 °C to allow the complete formation of CeO,. The
product formed was then allowed to age for 30 minutes at ambient temperature and centrifuged
at 5,000 rpm followed by washing with deionized water (10 mL X 4). The product was
subsequently calcined at 70 °C.

Preparation of Ceria/MOF modified electrode

Electrocatalyst powder (5 mg) was dispersed in solution having 1:1(v/v) water and ethanol (1
mL) and 200 pL of Nafion solution (5% Nafion w/w in propanol) was added. The mixture was
sonicated for 30 minutes to form suspension. Above suspension was dropcast (5 pL) onto the
surface of the glassy carbon electrode and was allowed to dry in air at room temperature. Before
use, the surface was polished well with alumina powder (Al,Os) followed by washing with

ethanol and was dried in air in order to obtain a mirror like surface.
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CHAPTER-4

RESULTS AND DISCUSSION

CHAPTER-4A

PREPARATION OF MATERIALS

Synthesis and Characterization of Co-MOF

The metal organic framework (MOF), [Co(OBA)(H,0),] [OBA= 4,4’-oxybis(benzoate)],
1 was prepared using a convenient solvent evaporation method taking CoCl,.6H,O and
4.,4’-oxy-bis (benzoic acid) as precursors and water as a solvent.! The crystal structure of
as-synthesized MOF was characterized with the help of powder X-Ray diffraction
technique (P-XRD) (Fig.1). The diffraction pattern of the Co-MOF was found to be in
complete agreement with the simulated pattern generated from the single crystal data and
with that of the earlier reported literature.' The pattern shows two sharp and major peaks
at 20 = 6.97°, 13.8° suggesting its highly crystalline nature and a multiplet ranging from
18.1°-21°.

The properties of MOF, 1, can be described on the basis of its crystal structure where, the
Co”" ions are connected by the OBA unit forming a two-dimensional layer structure.
Inter-layer hydrogen bond interactions between coordinated water molecules of one layer
and the carboxylate oxygens of another layer give rise to a supra-molecularly organized

three-dimensional structure (Fig.2).
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Fig. 2. Two-dimensional layered structure of MOF with inter-layer hydrogen bond interactions
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Synthesis and Characterization of ZnO/MOF Composites

ZnO/MOF composites were prepared by wet impregnation method using Zn** ions in three
different molar ratios. A suspension of Zn** jons and pre synthesized MOF (1) was hydrolyzed
using NaOH to form corresponding ZnO nanoparticles impregnated on the later. Final material in
all the three cases (ZnO/MOF-I, ZnO/MOF-II and ZnO/MOF-III) was isolated by centrifugation
followed by calcinations at 120 °C.

Diffraction patterns observed for all the three composites (ZnO/MOF-I, ZnO/MOF-II and
ZnO/MOF-III) displayed sharp peaks that were similar to that of the parent MOF, 1, indicating
alteration in crystallinity and conservation of structural integrity of its framework (Fig.3).
However, a slight shifting of the peak from 6.97° to 7.7° occurred due to the incorporation of
ZnO nanoparticles. The peak at 7.7° (20) indicated the presence of MOF with open structure,
due to its value lower than 10° (20). It is hypothecated that incorporation of ZnO nanoparticles
in the interplanar positions of the MOF followed by calcinations at 120°C results in the release of

two coordinated water molecules' due to which, the inter layer separation and the distance
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Fig.3. Experimental PXRD pattern of Co-MOF showing no major change in the diffraction pattern as the loading

wt% of ZnO nanoparticles is very low and also the particle size is very small
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between the two planes of the MOF decreases resulting in a slightly condensed structure without
changing the main framework of the composites. However, no diffraction peaks corresponding to
the ZnO NPs were observed suggesting that the ZnO loadings were too low in all the

. 2
composites.™ 3

In order to confirm that Co-MOF structure was intact after the incorporation of ZnO
nanoparticles, room temperature Raman spectra was recorded and compared for all the
synthesized materials. Figure 4 shows the comparison of spectra for 100-3200 cm™ range.
Multiple bands associated with the vibration modes of carboxylate group and aromatic ring were
observed. The band at 1618 cm™ in case of Co-MOF, 1 corresponds to -C=0 stretching whereas
the band at 1451 cm™ signifies the presence of —C=C— group present in the aromatic ring of the
OBA ligand moiety. Aromatic C-H vibrations at 643 cm™ are attributed to its out-of-plane
deformation mode. The ether linkage (-C-O-C-) of OBA present in the MOF appears at 878 cm’™'
and 1161 cm™ (asymmetric stretch) while a relatively small band at 428 cm™ for Co-O indicates
the successful formation of Co-MOF. In case of ZnO/MOF-1, ZnO/MOF-II and ZnO/MOF-III; a
characteristic scattering peak at 437 cm™ corresponds to high frequency branch of E, mode of
hexagonal wurtzite ZnO which confirmed successful incorporation of ZnO nanoparticles into
Co-MOEF.* The peak at 437 cm-1 is missing in case of bare MOF as shown in Fig. 7b. The weak
intensity of the peak can be attributed to the low content of the nanoparticles. Thus, overall
structural framework of Co-MOF is conserved which is confirmed by the appearance of
characteristic peaks of bare Co-MOF in case of ZnO/MOF-I, ZnO/MOF-II and ZnO/MOF-II.
But the broadening of signals along with a slight shift of the peaks can be attributed to the

incorporation of ZnO nanoparticles into MOF.
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Fig.4. Raman spectra of Co-MOF and ZnO/MOF-V/II/III composites

The incorporation of ZnO nanoparticles in MOF as hypothecated earlier was confirmed by high
resolution transmission electron microscopy (HR-TEM). Figure 5 shows three different sizes of
NPs that were dependent upon the loading ratios of Zn** jons. Lowest loading of the Zn**
resulted in the incorporation of spherical nanoparticles (ZnO/MOF-I) having size 4-8 nm
(Fig.5a). Lattice fringes of 0.24 nm and 0.28 nm matched with 101 and 100 planes of ZnO
respectively. The results are in good agreement with XRD data (JCPDS 75-1526) of wurtzite
Zn0 having the hexagonal structure (Fig.5b). For ZnO/MOF-II samples (Fig.5c) the incorporated
nanoparticles were of 7-14 nm size range. The lattice fringes of 0.24 nm corresponding to 101
plane (fig. 5d) were also observed here. The image also shows continuous deposition of small
range nanoparticles in case of ZnO/MOF-II along with higher sized particles. Needle shaped
nanoparticles of dimensions 80-90 nm in case of highest loading (ZnO/MOF-III, Fig.5e) with
lattice fringes of 0.19 nm and 0.26 nm corresponding to 102 and 002 planes respectively (Fig.5f).
Thus, the size of incorporated nanoparticles in MOF can be controlled or tuned by varying the
metal loading ratio of Zn** salt. Highlight of this method is absence of surfactant in the

preparation of nanoparticles that keep the surface active for further applications (chapter 4B).
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The composition of all the three samples was confirmed using energy dispersive X-ray
spectroscopy (EDX) which showed the presence of both ZnO along with MOF. The weight
percentage of zinc in the composites, ZnO/MOF-I, ZnO/MOF-II and ZnO/MOF-III was found to
be 0.51, 1.34 and 2.57 against the initial loading of 1, 2 and 5 weight percentage respectively
(Fig. 6).

@0

Fig. 5. TEM images of composites having different loading weight percent of ZnO nanoparticles a-b) ZnO/MOF-I
(quantum dots) showing lattice fringes of 0.24 nm and 0.28 nm corresponding to 101 and 100 planes respectively c-
d) ZnO/MOF-II showing lattice fringes of 0.24 nm corresponding to 101 plane e-f) ZnO/MOF-III (nano needles)
showing lattice fringes of 0.19 nm and 0.26 nm corresponding to 102 and 002 planes respectively
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Fig. 6. EDX images of a) ZnO/MOF-1 b) ZnO/MOF-II and ¢) ZnO/MOF-III showing weight percentages of
different elements

Microwave Plasma Atomic Emission Spectroscopy (MP-AES) was used to further confirm the
weight percentage of zinc in composites. The results as described in Table 1 were corroborated

with data obtained from EDX analysis.

Table 1: Comparison of zinc analysis (in terms of weight percent) by MP-AES and EDX

Sr. No. Composite Zinc
MP-AES EDX
1. ZnO/MOF-1 0.86 0.51
2. ZnO/MOF-II 1.10 1.34
3. ZnO/MOF-III 2.50 2.57

The conditions used for the synthesis of ZnO nanoparticles can also lead to the formation of
Zn(OH), species. XPS is one of the most reliable means to analyze the different chemical states
of an element based on their characteristic binding energies. Figure 6 shows the XPS spectra of
oxygen ls for all the three composites. The peaks appearing at 530.6 eV, 529.9 eV and 530.3 eV
correspond to ZnO/MOF-I, II and III respectively (Fig.7a). These were in line with the ZnO
species whereas the standard peak corresponding to oxygen (1s) for Zn(OH), appears at 532 ev.’
This confirmed the successful loading of ZnO nanoparticles onto the MOF. The peaks of
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ZnO/MOF-1, 1T and I for Zn 2ps;, appeared at 1022.3 eV, 1022.1 eV and 1022.4 eV
respectively (Fig.7b). The XPS spectra of Co 2p and C 1s for bare MOF and the three

composites have also been shown in Fig. 7 which is corroborated with the literature values.
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Fig.7. XPS spectra of ZnO/MOF composites
Synthesis and Characterization of CeO,/MOF Composite

Cerium is one of the promising materials due to its lower reduction potential and ability to easily
interconvert between two oxidation states [Ce(IV)«— Ce(II)].°® It was envisaged to use cerium

nanoparticles for making composite with Co-MOF to further explore their properties. Ceria/MOF
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composites were fabricated with the help of wet impregnation method. An aqueous solution of
cerium nitrate was introduced into the MOF dispersion followed by the addition of sodium
hydroxide that led to the formation of cerium hydroxide. Calcination of the reaction mixture
gave of ceria nanoparticles incorporated onto the Co-MOF. Ceria nanoparticles were also
synthesized independently using surfactant (CTAB) assisted method for structural comparison
purposes. The crystal structures of the synthesized ceria nanoparticles and Ceria/MOF composite

were analyzed using powder X-ray crystallography.

X-ray diffraction pattern with 260 ranging from 5°-90° for the ceria nanoparticles revealed the
formation of pure cubic phase (JCPDS- 34-0394) with space group Fm3m. The characteristic
peaks corresponding to /11, 200, 220, 311, 420 planes were identified at 29.2°, 33.1°, 47.5° and
59.0° (20) using standard data.”'® The powder XRD pattern for Ceria/MOF composite
overlapped with 20 values of bare Co-MOF and pure ceria nanoparticles (Fig.8). Thus, it can be
concluded from Fig. 8 that the overall structural framework of Co-MOF after the incorporation
of ceria nanoparticles remained intact.

Further structural investigations for CeO,/MOF composite were carried out using high resolution
TEM (HR-TEM). Figure 9a shows dark coloured blocks of ceria nanoparticles against the light
background of Co-MOF. A d-spacing distance of 0.4 nm was observed for the nanoparticles
(Fig. 9b-c). Additional, SEM images taken along with EDS elemental analysis maps revealed the
insight into the chemical composition of CeO,/MOF hybrid material. The results showed a
homogenous distribution of Co, O, C and Ce as the main elements (Fig. 10) with Ce having

weight percentage of 4.07.
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Fig. 9. HR-TEM images of composite material having ceria nanoparticles incorporated onto Co-MOF

In order to investigate the ceria and oxygen species present in CeO/MOF composites, XPS

measurements were carried out. The peaks for Ce 3ds,, and 3ds, were observed at 880.5 eV and
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899.3 eV respectively for CeO,/MOF (Fig. 11a). Similarly, the peak of O 1Is appeared at 530.2
eV as seen in figure 11b. The later confirmed the absence of cerium hydroxide as the
corresponding peak for O 1s appears at 532 eV.’ Additionally, binding energies for Co in bare
Co-MOF and ceria incorporated Co-MOF (CeO,/MOF) were compared using XPS. A blue shift

of 1 eV in case of CeO,/MOF (Fig. 12) confirmed the incorporation of ceria nanoparticles into

Co-MOF skeleton.
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Fig. 10.a) EDX maps showing the presence of the elements C, Ce, Co and O b) EDX spectrum indicating the weight
percentages of various elements

This may be attributed to alteration by the incorporation of ceria nanoparticles. Cerium has a
tendency to get readily interconverted between the +1V and +I1I states, hence this shift in binding
energy values implies the electron transfer from ceria nanoparticles to the Co-MOF. The changes
in the electronic environment of the Co core are believed to be the reason for the enhancement of

its electrochemical activity11 (chapter-4B).

Room temperature Raman studies done onto the CeO,/MOF revealed a peak at 465 cm’! that was
absent in case of bare Co-MOF is attributed to CeO,/MOF. The peak corresponds to the cubic
structured CeO, with symmetrical stretching mode of Ce-Og vibrational unit. This confirmed
successful incorporation of ceria nanoparticles into Co-MOF."? The intactness of overall

structural framework of Co-MOF was confirmed by the appearance of characteristic peaks of
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bare Co-MOF in case of CeO,/MOF. The broadening of the signals can be attributed to the

incorporation of ceria nanoparticles into MOF as suggested by PXRD patterns as well.
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Fig. 11a) Ce 3d XPS spectra of CeO,/MOF composite b) O 1s XPS spectra of CeO,/MOF composite
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CHAPTER-4B

APPLICATIONS OF CO-MOF AND ITS COMPOSITES

Metal organic frameworks are comparatively a new class of hybrid crystalline solids with diverse
structural characteristics having organic ligands connected by metal ions or clusters. These
materials have shown a variety of potential applications such as heterogeneous catalysis,"” gas

16,17 L1821 . .
and molecular sensing. The property of luminescence is

storage,'*"” drug delivery,
responsible for various potential applications of MOFs.** This includes molecular sensing of the
substances that are hazardous to the environment, health and homeland security.” Following
section describes the use of Co-MOF and its composites synthesized (as described in previous
section) for four different applications. This includes the detection of nitro aromatic compounds

and pesticides, reduction of nitro aromatics and electrochemical evolution of oxygen from water.

While first two applications use bare Co-MOF, the latter two use Co-MOF composites.

DETECTION OF NITRO AROMATIC COMPOUNDS
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Explosives find their use and misuse in various activities of any state or disruptive forces. The

principle ingredient of all the explosives is 2, 4, 6-trinitrophenol (TNP) and 2, 4, 6-trinitro
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toluene (TNT). Although TNT is more popular among the two, TNP is more destructive ** and
used in landmines, improvised explosive devices (IED)* and many others. 2%’ TNP is also
known to causes adverse effects on human heath like skin and eye irritation and respiratory
problems.28 Therefore, the detection of nitro aromatics is of great significance to check their
presence, transportation and use. Current explosive detection methods include trained canines®
or use of high end instruments, such as ion mobility spectrometry (IMS), *° energy dispersive X-
ray diffraction (EDXRD),*! plasma desorption mass spectrometry (PDMS),* surface-enhanced

3335 and various imaging technologies.36 Although these methods

Raman spectroscopy (SERS)
establish high sensitivity and accuracy, they suffer from a number of shortcomings such as high
cost, complex functioning and lack of portability. Following work demonstrates the detection of

nitro aromatics using Co-MOF by optical method.

Compound 1 when dispersed in water exhibits violet emission at 411 nm due to the intra-ligand
transitions (a1*—n and n1*— 1) of OBA ligands. The excitation has to be done at 255 nm.
Attenuation in the luminescence intensity of 1 was observed upon addition of trace amount of

nitro aromatics.
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Fig. 14. a) Emission spectra of 1 dispersed in water upon incremental addition of 2, 4, 6-trinitrophenol solution (A
=255 nm). b) Luminescence quenching vs. concentration of TNP plot indicating the detection limit (where I, is the
luminescence intensity in absence of analyte and I is the luminescence intensity with incremental addition of TNP)
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Compounds shown in Fig. 15 were tested for their ability to quench luminescence. Figure 16 and
17 shows attenuation in luminescence intensity of 1 upon incremental additions of each of the
analytes. Among all the nitro aromatic compounds, the response of TNP, a major explosive
compound was exceptional. It quenched the emission intensity of 1 to about 84.5% of its initial

and could be detected as low as to the concentration of 43 ppb (Fig. 14).

s NO, NO, 2
NO,
Nitrobenzene (NB) OH COOH
p-Nitrophenol (PNP) 4-Nitrobenzoic acid (4-NBA)
NO, NO, NO,
f OH
NO, NO, O,N NO,
CH )
1,3-Dinitrobenzene (1,3-DNB) } 2,:4,6-Trinitrophenol (TNP)
1,3-Dinitro toluene (1,3-DNT)
NO, OCH; NO, OCH,4
0 0
OH
O,N CHO O,N
DPE-1 DPE-2
\ J

Fig.15. Chemical structures of the nitro aromatic compounds used
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The quenching efficiency (%) was estimated using the formula (I, - I)/I, x 100%, where I, is the
fluorescence intensity without the addition of analyte and I being the intensity after the addition
of analyte. The quenching efficiency of the analytes after addition of 20 uM is shown in Figure
19 as bar diagram. The quenching efficiency of 1 for other nitro aromatic compounds was found
to be as follows: DPE-2 (73.5%), DPE-1(41.6%), 1, 3- dinitrobenzene (1, 3-DNB) (18.8%) and
2, 6-dinitrotoluene (2, 6-DNT) (31.2%). While compounds with single nitro group such as 4-
nitrobenzoic acid (4-NBA) (12.6%), nitrobenzene (NB) (2%) and p-nitrophenol (PNP) (8.15%)
showed negligible quenching behavior. Benzene and toluene did not any quenching behavior.
Thus, it can be concluded that quenching behavior is controlled by the presence of nitro groups

on the aromatic ring.

The luminescence quenching efficiency of TNP was analyzed by fitting the experimental data to
the Stern-Volmer (SV) equation, (I,/I) = Kgyv [A] + 1, in which I, and I are the luminescence
intensities before and after the addition of analyte, [A] is the molar concentration of the analyte
and Kgy is the quenching constant. As shown in figure 18, at low concentration (upto 10 pM) of
TNP a linear increase in (Ip/I)-1 was observed. With the increase in concentration SV plot
diverged from linearity and began to bend upwards in the case of TNP (Fig. 19). The linear
variation at lower concentration are mainly due to static quenching, whereas the steep curves at
higher concentration are presumably due to dynamic quenching. The static quenching can be
accredited due to the ground state interaction between the analytes and the compound 1. The
dynamic quenching is due to the energy and electron transfer processes between the analytes and
the compound 1. Apart from these mechanisms, absorption of excitation light by the analyte
itself may also contribute to the quenching effect. Fitting of the linear parts of the plots allow the

determination of the quenching coefficients, (Ksy) to be 2.30 X 10° M,

The larger observed
Kgsv values correlate to extremely high sensitive systems indicating that 1 is one of the best

reported luminescence probe to be used for the detection of TNP.
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Fig. 16. Emission spectra of 1 (A.,=255 nm) upon incremental addition of a) Nitrobenzene (NB) b) p-Nitrophenol
(PNP) c) 4-Nitrobenzoic acid (4-NBA) and d) 1,3-Dinitrobenzene (1,3-DNB). All the spectra are measured using
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Fig.18. a) Stern-Volmer plot of (I,/I)-1 (at 411 nm) vs. concentration of 1,3-DNB (upto 100 uM). b) Stern-Volmer
plot of (I/)-1 (at 411 nm) vs. concentration of TNP, DPE-2, 2,6-DNT and DPE-1 (upto 20 uM)

Explaining on the molecular level, the homogeneous dispersible nature of the MOF, 1, enables

molecular interaction between 1 and analytes leading to a significant amount of static quenching.

After static quenching, there may be reduction in the amount of energy required to excite the

OBA ligands of MOF, which may be due to one of the two possible mechanisms: (1) Absorption

of the excitation energy by analytes to compete with OBA ligand, or (i1) Use of excitation energy

for the transfer of electron from the ligand excited state to the LUMO of the analytes (nitro

aromatics).
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Fig.19. Percentage luminescence quenching at 411 nm of 1 with 20 uM of various nitro aromatics

Nitro aromatic compounds possess a low-lying n*-type LUMO due to electron withdrawing nitro
group and its energy falls below the energy of conduction band (CB) of MOF. This leads to
quenching effect once the nitro aromatic compound absorbs energy. This description/mechanism
is based on the relative orbital energy levels of the coordination polymer and analyte. We also
believe that more thoroughly studies are required in order to fully understand the origin of the

quenching/enhancement effect.
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Table 2: Summary of results for various nitro aromatic analytes

S.No. Analyte  Quenching Coefficient (Kgy) Detection Limit (ppm)

1. TNP 2.6X10° M 0.043
2. DPE-2 1.5X10°M! 0.64
3. 2,6-DNT 1.6 X 10°M*! 1.09
4. DPE-1 34X 10°M! 1.12
5. 1,3-DNB 9.74X 10° M 1.27
6. 4-NBA 612X 10° M 1.31
7. PNP 525X 10°M™* 1.39
8. NB 233X 10° M 1.23
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DETECTION OF ORGANO PHOSPHATE PESTICIDES

The use of pesticides in agricultural sector followed by their seepage into soil is a big
environmental concern nowadays. These harmful chemicals contaminate the water table and find
a way to enter food chain due to the use of same water to fulfill daily human needs. On
molecular level, most of the organophosphorous pesticides owe their toxicity to irreversibly bind
the serine residue of acetylcholinesterases (AChE); 7 that is responsible for transmitting nerve
impulses to the brain. Higher dosage or repeated exposure leads to neurodenegerative diseases.

Thus, there is a need to detect these pesticides accurately in the systems and take necessary

measures.
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Gas chromatography (GC), *** high performance liquid chromatography (HPLC) ***! and mass

spectrometry” are routinely used techniques for the detection of such compounds. However,
optical methods are more convenient due to their low cost, portability and ease of use. It was

thus, envisioned to use Co-MOF for the detection of pesticides.
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Four commercially available organophoshate pesticides, triazophos (TZP), chlorpyrifos (CPF),
acephate (ACP) and malathion (MAL) were chosen for the study. Among all the
organophosphorous pesticides, former two are aromatic while the later two are aliphatic (Fig.
20). Initial studies with all the four pesticides displayed that their aromatic nature induces the

“turn-on” behavior while the aliphatic ones did not show any change in luminescence intensity.

. o | oa

/\ AN
Trizzophos (1ZF) Malathion (MAL)

Fig. 20. Chemical structures of the aromatic organo-phosphorous pesticides (chloropyrifos and triazophos) and non-
aromatic organo-phosphorous pesticides (acephate and malathion)

“Turn-on” phenomenon refers to evolution of a new peak from a blank background or increase in
emission intensity due to the addition of analyte in the visible region. In this case, the selective
binding of aromatic organo-phosphorous pesticides (guest) with CO-MOF (host) induces an
increase in the emission of generally low emitting host. The observed luminescence turn-on
behavior can be understood on the basis of acceptor-donor electron transfer mechanism (Fig.
21a). MOF, 1, that has an extended network like structures (Fig.2) possess narrow energy bands

because of highly localized electronic states and their valence band (VB) and conduction band
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(CB) can be treated similar to that of molecular orbitals (MOs).43 In case of electron rich

aromatic pesticides such as CPF and TZP, LUMO have higher energy than CB of MOF. Hence

when excited electrons are transferred from LUMO to CB of MOF, luminescence intensity is

enhanced.

Fig. 21 b shows that triazophos shows luminescence turn-on behavior along with a red shift of

about 70 nm. Chlorpyrifos however, also show turn-on behavior but without any shift (Fig. 22).

The emission intensity of 1 increased to 238% of its initial intensity in case of TZP while 29% in

case CPF in presence of 10 uM solution. On the other hand, two non-aromatic organophosphate-

acephate and malathion did not show any change in emission intensity (Fig.22).

A a)
t I e’ transfer
hv
VB | LUMO I
CP Electron Rich

Analytes

300

w5
Wavelength

b)

minescence Intensity (Au)

Fig. 21a) Schematic representation of photoluminescence turn-on behavior b) Emission spectra of 1 dispersed in

water upon incremental addition of Triazophos solution (A, = 255 nm)
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The turn-on effect for TZP and CPF is mainly due to the presence of aromatic ring in their

structure that increases electron donating effect of the pesticides. The luminescence turn-on

behaviour for these two pesticides in water medium could be detected at a concentration as low

as 0.62 and 0.7 ppm respectively for TZP and CPF.
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Fig. 22. Emission spectra of 1 dispersed in water upon incremental addition of a) Chlorpyrifos (CPF) b) Malathion
(MAL) c) Acephate (ACP) (Aex = 255 nm)

It has been observed that more is the electron donating capacity of the analyte, more is the

luminescence enhancement. TZP which possess an additional triazole ring shows more

enhancements in the luminescence intensity as compared to the CPF whereas MAL and ACP

showed no change in luminescence behavior of CP due to the absence of aromatic behavior.

Thus, the present work demonstrates the ability of MOF (1) to selectively detect aromatic

organo-phosphorous pesticides that can be useful in various poisoning and contamination related

issues.
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CATALYTIC REDUCTION OF NITRO AROMATIC COMPOUNDS (NACs)
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The application of nanoscience in diverse areas has led to a new revolution in the scientific
society.***® But the synthesis of nano particles has often been considered a herculean task due to
lack of control on size distribution, possibility of agglomeration and low thermodynamic
stability.50 It is a well known fact that there is an onset of new physico-chemical properties as the
particles enter the arena of nanometer range such as quantum-confinement effect and spectacular
increase in the surface area of the materials.*’. Therefore, to conserve and access such properties,

. . g . . . . 1 . 2
there is a need of using some stabilizing agents or porous materials like silica,”' zeolites,’ 33

35 and polymers™ which can help in hampering their agglomeration and can also

alumina
provide size confinement effect. Recently, metal organic frameworks (MOFs) are being used as
potential candidates for incorporating or supporting nanoparticles due to their porous nature.
Metal organic frameworks are basically coordination polymers comprising of metal nodes
connected through mono to multidentate organic ligands which offer a wide room for their

57- 59

structural diversity. They have the highest surface areas reported till date as compared to

other porous materials and large internal pore volumes with well defined pore sizes and

74



apertures. The cavity of a MOF not only provides a size limiting effect but also greatly helps in
enhancing the thermal stability of NP whereas the NP helps to enhance the catalytic activity of
the resulting composite. This synergistic effect provides them an edge over the other materials

belonging to the related class.

Different methods have been reported for the synthesis of such composite materials. This
includes wet impregna‘tion,60 chemical vapor deposition (CVD) method (commonly used for

1.62 . . .. . . .
6162 solid/mechanical grmdlng63 and microwave assisted methods. During

volatile precursors),
last few years, a number of noble metals such as Au,64 Ag,65 Pt,66 Pd,67 Ru,68 have been reported
to be embedded into the cavities of various MOFs with an aim of inducing or improving the
c:atalytic,69 magnetic70 and electrochemical plroperties.71 But the exorbitant cost of precursors and
low shelf life of metal NPs pose a limitation to their wide use in various fields. To overcome this,
the use of non noble metal or semiconductor NPs is widely encouraged. There are very rare
examples in the literature where the use of semi conductor NPs is reported for such purposes
hence there is a great need to explore this untrodden approach.

The reduction of nitro aromatics to the corresponding amines is one of the important organic
reactions as many aromatic amines show biological properties and are profoundly used in dye

7273 Numerous methods can be found in the literature for the

and pharmaceutical industry.
conversion of nitro compounds, such as catalytic hydrogenation74 and metal-mediated reduction
using Raney Ni, Pd/C etc.”’® but high cost and insufficiency of such metals are the major
limiting factors for their large scale applications. Conventional methods using zinc metal usually
employ harsh reagents such as NH3, conc. HCI, aq. NaOH, elevated temperatures, prolonged
reaction times and sometimes use of large portions of zinc metal. Some methods in an aqueous
medium has also been reported to use 7.25 equiv. of zinc metal at 80°C.”” On the other hand,
modern day methodologies depend largely upon the use of nano-structured catalysts. Grirrane et
al” achieved the reduction of nitro arenes by employing gold nanoparticles. However, the
methods used high pressured hydrogen and elevated temperatures which make it an unfavourable
approach due to safety issues. Therefore, employing nanoparticles loaded MOF for the reduction

of nitro aromatics to their corresponding amines under ambient conditions was thought to be a

logical approach.

Herein, we report the successful deposition of ZnO nanoparticles on a Co based MOF,

[Co(OBA)(H,0),], 1, used as a host matrix using wet impregnation method. The prepared
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composites had different ratios of ZnO and behaved as efficient heterogeneous catalysts for the
reduction of nitroarenes at ambient conditions. Size and shape of the resulting NPs were
dominated by the metal loading ratios. To the best of our knowledge, this work presents the first
report where the ZnO NPs incorporated with MOF, are behaving as an efficient catalyst without

using any UV source that too under ambient conditions.

The reactions were performed at room temperature and were investigated primarily with the help
of UV-Vis absorption spectroscopy (Fig. 24a) and confirmed by HPLC (Fig. 24b). Bare Co-
MOF, ZnO nanoparticles and sodium borohydride alone were found incapable of causing the
desired organic transformation reaction (Fig. 25). However, presence of ZnO loaded MOF as a
catalyst facilitated the reduction at room temperature. A catalyst helps to overcome the kinetic
barrier of reduction process to support the electron transfer chain.”” This indicates that the
synergistic effect of ZnO NPs and Co-MOF is playing a role for making the desired reduction

reaction feasible.
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Fig. 24. An overlay of a) UV-Vis spectra and b) HPLC chromatograms for the catalytic reduction of p-Nitrophenol
solution (5 mM) using ZnO/MOF-I indicating the respective % yields and the duration of reaction
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The addition of NaBHy4 to the solution of PNP causes the peak of PNP (Anax = 293 nm) to be red
shifted due to the formation of phenolate ion (Ap.,= 400 nm). Figure 24a shows the typical UV-
Vis absorption spectra for the reduction of PNP. Followed by the addition of ZnO/MOF-I
catalyst to the reaction mixture, the peak at 400 nm vanished and a new peak in the blue region

appeared due to the corresponding amino compound (Anm.,=300 nm). This was confirmed by
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Fig.25. Absorption spectra for the catalytic reduction of p-Nitrophenol solution (5 mM) using three different
composites : a) ZnO/MOF-II and b) ZnO/MOF-III

superimposing the spectrum of the pure amino compound under identical conditions as shown in
Fig. 25. However, no change in the UV-Vis absorption was observed when PNP reacted with
NaBHy in the absence of ZnO doped MOF or with ZnO/MOF-I catalyst alone in the absence of
reducing agent. The reaction mixture was filtered using Millipore filter (pore size 0.22 um) to
separate the heterogeneous catalyst before analyzing the samples wusing UV-Vis

spectrophotometer and HPLC (Fig. 24a and 24b).

The products were further quantified using HPLC [Fig.1-8 (Annexure-1)]. Fig. 24b shows the
HPLC chromatogram indicating the progress of reaction (catalytic reduction of PNP) showing

the % yields or % conversion, which was calculated using the general equation:
% Yield = [(Ag- Ay)/ Ao] X 100

where, A = Initial Absorbance and A; = Absorbance at any particular time
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Time course studies revealed that the reaction mixture composition remained constant after 5
minutes indicating the completion of reaction using ZnO/MOF catalyst. The percentage
conversion from PNP to PAP was highest in case of ZnO/MOF-1 (97.78%) and lowest in case of
ZnO/MOF-III (70.6%) (Table 4). This can be attributed to the increased surface area of ZnO NPs
in case of ZnO/MOF-I due to their very small size.

Encouraged by the good results, reduction reactions of few other nitro aromatic compounds with
different substituents such as methoxy, hydroxy, carboxylic acid, and fluoro (Table 4) were also
studied successfully. Figure 26 shows the comparison of percentage conversion of all the
reduction reactions using the three different composites. The reaction times, yields as calculated

from HPLC analysis and rate constants have been summarized in Table 4.

Fig. 26. Bar diagram summarizing the comparison of % conversion for all the three different composites
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Fig.27. Absorption spectra for the catalytic reduction of 4-Flouro nitrobenzene (FNB) solution (5 mM) using a)
ZnO/MOF-1, b) ZnO/MOF-II and c) ZnO/MOF-III d) An overlay of HPLC chromatograms for the catalytic
reduction of 4-Flouro nitrobenzene solution (5 mM) using ZnO/MOF-II indicating the respective % yields and the
duration of reaction

In order to understand the mechanistic details of the catalytic reduction, reduction of FNB was
chosen as model reaction due to the longer duration of reaction as compared to the reduction of
PNP. Moreover, the clear UV-Vis absorption spectrum due to non-overlapping peaks of both the

reactants and products as opposed to the case of p-nitro benzoic acid and p-nitro anisole made it
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a logical choice for such studies. The reactants were added in different sequences as given in
table 3 and the impact was observed with the help of UV-Vis spectroscopy (Fig. 28). The
reduction reactions were found to occur only according to sequence no-1 and 2 (Table-3). This
observation proposed the formation of an intermediate complex that facilitates the reduction
reaction between catalyst and the substrate. The reaction did not take place in the cases, where
reducing agent was added without catalyst and the substrate forming a complex (Table-3,
sequence no 3 to 6). Therefore, it can be concluded that the catalyst mediates the reduction
process due to efficient adsorption of substrate (aromatic nitro compound) over the surface of
catalyst. The reason behind adsorption is n- 7 stacking interactions between the nitro arene and
the organic ligand of the MOF. This leads to the accumulation of substrate near the interface of

Zn0O NPs and MOF followed by the reduction by hydride ion from NaBH.,.

Table 3: Summary of order of addition of substrates for the catalytic reduction of 4-fluoro nitro benzene (FNB)

Sequence Order of Addition
First Second Third Result
1. FNB Cat. NaBH, v
2. Cat. FNB NaBH, v
3. FNB NaBH4 Cat. -
4. NaBH4 FNB Cat. -
5. NaBH4 Cat. FNB -
6. Cat. NaBH4 FNB -
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Fig. 28. UV-Vis spectrophotometric studies for showing the effect of order of addition of substrates for catalytic
reduction of 4-fluoro nitro benzene (FNB) using ZnO/MOF-I as catalyst

Kinetics of the catalytic reductions was evaluated in terms of rate constants (Fig. 29). Plots of -In
(C/C,) were drawn against time (t). Slopes of the straight lines were used to calculate rate
constant values. Reaction kinetics during the initial period up to 180 seconds were considered for
these plots, as the reaction kinetics tend to change after initial reaction and hence were not
considered for the rate constant calculations. All the reactions were repeated five times as
indicated by error bars in Fig. 29. It can be concluded that all the reduction reactions followed
first order kinetics as indicated by linear plots for all the three catalyst. The observed results are
in good agreement with the known fact that the catalytic property is dependent on its particle
size. Smaller is the particle size, larger is the surface area with which it can interact with the

reactants, hence greater is the catalytic activity.go'83
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Fig. 29. Time course graph of reduction of (a) FNB (b) NBA (c) PNP & (d) NA [-In (C/Cy)vs t] by ZnO/MOF-I,
ZnO/MOF-II and ZnO/MOF-III catalysts

Comparison of catalytic performance of ZnO/MOF-I/II/III with reported catalysts

For quantitative comparison, the results obtained for the proposed catalysts (ZnO/MOF-I/II/III)

are compared with the catalysts reported in the literature (Table 5). For this purpose, the

reduction of PNP is selected as a model reaction and activity parameter (k') is used which is
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Scheme 1 General representation of catalytic reduction of various nitro aromatic compounds

NO,

(1a-e)

NaBH,, RT
'

Catalyst

NH,

(2a-e)

Table 4: Catalytic performance of the ZnO/MOF composites for the reduction reactions

Sr. Time Rate constant, k
No. R Reactant | Product Catalyst (min.) Yield (%) (sec'l)
ZnO/MOF-1 12 725 13X 107
ZnO/MOF-II 12 64.9 6.4X 10"
1. F la 2a ZnO/MOF-III | 12 43.7 79X 107
ZnO/MOF-1 15 80.1 14X 107
ZnO/MOF-II 15 65.8 14X 107
2. | COOH 1b 2b ZnO/MOF-1II | 15 56.5 9.0X 10"
ZnO/MOF-I 5 97.78 1.0X 107
ZnO/MOF-1I 5 80.0 72X 107
3. OH lc 2c ZnO/MOF-III 5 70.6 56X 107
ZnO/MOF-1 5 96.8 15X 107
ZnO/MOF-11 5 91.0 9.6X 107
4. | OCH; 1d 2d ZnO/MOF-III 5 87.5 7.8X 107

defined as a ratio of rate constant, k and the total mass or weight of catalyst used, m.** As per the

earlier reports shown in Table 5, Ag based catalysts- Ag/Fe;0,@C * and Ag/SiO,*® have activity

parameters of 0.86 sec” g”' and 0.25 sec”’ g respectively while Au/TiO, composite has k' value
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of 0.12 sec’ g'.* The catalytic activity of ZnO/MOF-I obtained is 20 sec’ g' which is

significantly greater than the Ag based composites mentioned above and is also greater than that

of non-noble metal based hydrogel composites.gg'90 Out of the three nano-composites proposed
in the current study, ZnO/MOF-I has better catalytic activity than ZnO/MOF-II and ZnO/MOF-
III. This can be due to the quantum size effect of ZnO nanoparticles in ZnO/MOF-I thereby

having highest surface area due to the smallest size of particles hence leading to the highest

catalytic activity.91 The composites showed the indirect relationship between the catalytic

activity and the weight percentage of ZnO underlining the fact that there is a need of optimum

concentration of ZnO nanoparticles for the maximum catalytic activity above which the catalytic

tendency of the composite tends to decline. Hence ZnO/MOF-I shows the highest catalytic

activity with optimum concentration of ZnO nanoparticles.

Table 5: Comparison of catalyst activity in terms of activity parameter with literature reports for PNP reduction

Sr. No. Catalyst k (sec™) k'=k/m (sec’ g')  References
1. ZnO/MOF-I 1.0 X 10 20 This work
2. ZnO/MOF-II  7.2X10° 7 This work
3. ZnO/MOF-III 56X 107 2.24 This work
4. Ag/Fe;0,@C 172X 107 0.86 85
5. Ag/SiO, 0.12X 107 0.25 86
4. Au/TiO, 0.71 X 107 0.12 87
5. p(AMPS)-Ni 9.38 x 10 0.019 88
6. p(AMPS)-Co 2% 107 0.04 89
7. p(AMPS)-Cu 1.72 x 10 0.172 90
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ELECTROCATALYTIC STUDIES FOR OXYGEN EVOLUTION REACTION (OER)
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The increasing energy demands of a technologically advance society need to be met by the
development of clean and sustainable energy devices such as fuel cells, metal-air batteries and
water electrolyzers. In particular, water electrocatalysis or splitting is one of the most vital
approaches for the fabrication of efficient energy storage and conversion devices to realize the
dream of converting discontinuous renewable energy to the instant energy which can be
produced as and when required. However, the slow kinetics of the water splitting reaction
provides a great hindrance to the progress in the related field. Moreover, the best known catalysts
that can reduce the overpotential of the two half cell reactions of water splitting process i.e.
oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)** are mainly derived

from noble metals. Pt and Ir based catalysts have been known to be the most efficient for HER
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and OER respectively.””*> Though noble metal based catalysts provide good activity but their
sparse occurrence in the earth makes them an expensive alternate which limit their wide
applicability for such purposes. Considering the high cost parameter, efforts have been much
focused to replace such expensive catalysts with cheaper and earth abundant transition metal

%098 especially derived from cobalt.””'® Therefore, cobalt based metal

based electro catalysts,
organic frameworks (MOFs) can be the fascinating candidates for such purposes owing to their
inbuilt properties of high surface area and thermal stability. Moreover, their pores have been
utilized for guest incorporation in order to modify and bestow them with altogether new

%5 and electrochemistry.lo6 However, the low

properties in the area of catalysis,'** magnetism,1
conductivity or insulating nature of Co based MOFs inhibit their applicability in electrochemical
operations.'”” Hence, coupling them with conductive materials or nanoparticles is an attractive
strategy that can endow them conductivity for the fabrication of a new generation electro
catalysts. Metal oxide nanoparticles of ceria (CeO,) are a promising alternate for conductive
materials owing to its unique ability of getting easily interconverted between Ce(IV)«> Ce(IlI)
oxidation states.®® Their use for oxygen ion conductivity and oxygen storage capacity has

already been reported.'” Hence, it was envisaged to utilize ceria nanoparticles in combination

with Co-MOF for electrochemical applications.

Thus, this work presents a facile and easy wet impregnation protocol to load CeO; in the form of
ceria nanoparticles onto Co-MOF (called as CeO,/MOF composite, herein after). Co-MOF used
in the present work is a known MOF which contains an aromatic organic linker, 4, 4’-oxy-bis
(benzoic acid). The composite thus formed, has been characterized using techniques P-XRD,
EDS, HR-TEM, XPS and Raman spectroscopy and investigated for electrocatalytic studies
towards oxygen evolution reaction (OER). The resulting hybrid material exhibited satisfactory
electrochemical performance with low overpotential of 180 mV at 10 mA cm™ of current density

and a small Tafel slope of 39 mV dec™ which is better than the previously reported catalysts.109

The oxygen evolution reaction (OER) activity was examined for blank Co-MOF, ceria
nanoparticles and CeO,/MOF in 1.0 M KOH aqueous solution with the help of a standard three
electrode system using linear sweep voltammetry (LSV) at a slow scan rate of 1 mV s for the
accurate analysis of Tafel slope. The potentials were referenced to a reversible hydrogen

electrode (RHE). To confirm the evolution of oxygen, the samples were withdrawn from the

86



sealed reaction vessel (which was first evacuated and saturated with nitrogen) and were analyzed

using gas chromatography (Fig. 30).

40

30 -

Std. Nitrogen Sample

Std. Oxygen Sample

Intensity/ a.u
N
(-]
1 "

-
o
1

Gl 4 Sample from OER

' T T T ¥ T T T T
0 1 2 3 4 5
Retention Time/ min.

Fig. 30. Gas chromatograph for OER in 1.0 M KOH saturated with Nitrogen gas using CeO,/MOF as an
electrocatalyst

The ceria nanoparticles alone had a little activity (high overpotential of 0.7 V) and bare Co-MOF
showed almost negligible catalytic tendency for OER whereas the ceria nanoparticles
grafted/incorporated onto Co-MOF showed good activity (low overpotential of 0.18 V). This
underlines the fact that the observed electrocatalytic activity is due to the synergistic effect of
both the ceria nanoparticles and the Co-MOF where electron transfer is taking place from cerium

to the cobalt coordination sphere as confirmed by XPS studies.

The electrocatalytic oxygen evolution starts at 1.23 V for CeO,/MOF composite (vs reversible
hydrogen electrode, RHE). Similarly for ceria nanoparticles, the current starts ascending at 1.69
V while the Co-MOF did not show any change (Fig. 31a). The overpotential (1) at the current
density of 10 mA cm™ is generally taken as key reference parameter for analyzing the oxygen
evolution tendency in an electrocatalyst as it represents the current density of a realistic
device.""” The overpotential (1) for CeO,/MOF composite was found to be low as 0.18 V
revealing that the energy required for OER activity is very low. By plotting the overpotential (1))
against log of current density (j) gives the Tafel plot (Fig. 31b), the slope of which helps to
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determine the kinetic parameters of oxygen evolution reaction. The Tafel slope was found to be
39 mV dec!, which is quite low and a smaller Tafel slope signifies a faster increment in OER

rate with increasing potential.
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| a) |b)
\ 25 1.9 §
'E 1 105 mV dec
& E 1.8
< 201 1
£ n €47
= 0 ¢
a s [ :
S 15- 3 = > 1.6
- o 5 =
b+ ] 0 ® J
2 ¥ ¢ S 15
g 194
$ 10 §
g g 1.4 o
£ 5. ] e 1
; 1.3 - 39 mV dec
o | ceo,/moF
0 Bare GC & Co-MOF 1.2
1 s I ¥ I 5 I s T v I ' I Y I ¢ 1
L (A P s P ey P K el ES 02 04 06 08 10 1.2 14 16 1.8
06 08 10 12 14 16 18 20 5 2
; Log j/ mA cm
Potential / V vs RHE

Fig. 31a) Linear sweep voltammetry (LSV) curves for glassy carbon electrode (GCE) modified with CeO,/MOF
(5mg), CeO, NPs, Co-MOF and bare GCE in O2-saturated 1.0 M KOH with a sweep rate of | mV s~ b) Tafel plot
of the catalyst CeO,/MOF and CeO, NPs recorded at sweep rate of 1 mV !

Electrochemical active surface area (Aechem) 1S another important parameter in order to estimate
the efficiency of any electrocatalyst and can be easily evaluated from the relation i.e., Cq & v X

HIM where, Cy stands for double layer capacitance (Cgq)) and v is the scan rate applied.

Acchem
Hence, cyclic voltammetric studies were done for the measurement of electrochemical active
surface area that showed the linear relationship between the current density and scan rate (Fig. 32
d). The slope gave Cq which was calculated to be 24.157 mF cm™ for CeO,/MOF composite,
4.32 mF cm™ (for Co-MOF) and 4.83 mF cm™ (for CeO; NPs). Since double layer capacitance
(Cq) is in direct relation with the electrochemical active surface area, therefore it can be
concluded that the incorporation of CeO, has effectively increased the active surface area.
Hence, the superior activity towards OER can be justified in case of CeO,/MOF composite in
comparison to that of Co-MOF and CeO, NPs alone. The increase in active surface area further

led to increase in electron transportation and also helped in improving permeation and flow of

electrolyte in the electrode.'”
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Fig. 32 a) Cyclic voltammogram for glassy carbon electrode (GCE) modified with CeO,/MOF (5 mg) at different
scan rates for OER in 1.0 M KOH b) Cyclic voltammogram graphs for glassy carbon electrode (GCE) modified
optimized for different concentrations of CeO,/MOF at scan rate of 40 mVs™' for OER in 1.0 M KOH c¢) Cyclic

voltammogram graphs for glassy carbon electrode (GCE) modified with CeO,/MOF, CeO, NP, Co-MOF and bare

GCE at scan rate of 40 mVs™' for OER in 1.0 M KOH d) Plot for the estimation of Cg4 and relative
electrochemically active surface area

Longer stability of a catalyst towards OER is a critical factor for the realization of future oriented
energy storage and conversion devices. Thus, chronoamperometric tests were done over the time
period of 16 hours to check for the stability of the electrocatalyst (fig.33). No significant change
in current was observed with the current value varying between 0.30 to 0.25 mA at the beginning

and the end of 16 hours. Hence, it can be concluded that the composite afforded good stability
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without significant current loss. Taking all the above observations into account, the efficiency of
CeO,/MOF (as an electrocatalyst in terms of activity and kinetics) can be defined on the grounds
of four major parameters- lower overpotential at current density of 10 mA cm™ (0.18 V), smaller
Tafel slope (39 mV dec) , high electrochemical surface area (24.157 mF cm?) and longer
durability.
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Fig.33. Chronoamperometric responses of OER using modified glassy carbon electrode with CeO,/MOF,
CeO, NP, Co-MOF and bare GCE in 1.0 M KOH
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Table 6: OER activities of some previously reported electrocatalysts in alkaline solutions with a current density at 10

mA cm”
Tafel slope n (mV)
Sr. No. Catalyst Electrolyte References
(mV/dec)
1. Co-MOF@CNTs 1.0 M KOH 69 340 8
2. MOF-derived Co;04C-NA 1.0 M KOH 61 1520 111
3. Fe/Ni-BTC MOF 0.1 M KOH 47 270 115
4. NiyFes; O4 1.0 M KOH 53 400 116
5. CoxFe; 4Oq4 1.0 M KOH 57 420 116
6. 20 wt% Ir/C 0.1 M KOH - 380 117
7. 20 wt% Ru/C 0.1 M KOH - 390 117
8. Co-P/NC 1.0 M KOH 52 354 117
9. CeO,/MOF 1.0 M KOH 39 180  This work

For quantitative comparison, the kinetic and catalytic activity of the CeO,/MOF composite was
compared with that of the other reported electrocatlysts. It can be clearly seen from Table 6, the
overpotential value of 180 mV and Tafel slope of 39 mV dec™ is markedly lower than that of the
previously reported MOF based (Co-MOF@CNTs,® MOF-derived Co3;04C-NA """ and Fe/Ni-
BTC MOF”S), mixed oxide based (NiyFe;—Oy, CoxFe37XO4)”6 and noble metal based (Ir/C,
Ru/C)'"" electrocatalysts. Thus the composite material under consideration (i.e. CeO»/MOF) can

be ranked amongst the good catalysts for OER activity.
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CHAPTER-5

CONCLUSIONS

To summarize, a two-dimensional metal organic framework, [Co(OBA)(H,0),] [(OBA =4,4’-
oxybis(benzoate)], 1, was synthesized by a known procedure.' MOF-1 so synthesized was
characterized by P-XRD and modified further by incorporating zinc oxide and ceria
nanoparticles using wet impregnation method. The frameworks of the resulting composites retain
their structural integrity which was confirmed by powder X-Ray diffraction (PXRD), scanning
electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy, high resolution
transmission electron microscopy (HR-TEM), microwave plasma-atomic emission spectroscopy
(MP-AES), X-Ray photoelectron spectroscopy (XPS) and Raman spectroscopic methods. The
detailed structural investigation of ZnO/MOF composites revealed the size (4-8 nm for
ZnO/MOF-I to 80-90 nm for ZnO/MOF-III), loading ratios of nanoparticles (0.51 wt % to 2.57
wt %), species of zinc present and the chemical bonding between the nanoparticles and MOF.
Similarly, structural analysis of ceria doped MOF composite using powder X-Ray diffraction
(PXRD), scanning electron microscopy (SEM), energy dispersive X-ray (EDX) spectroscopy,
high resolution transmission electron microscopy (HR-TEM), X-Ray photoelectron spectroscopy
(XPS) and Raman spectroscopic methods confirmed the size and loading ratio of ceria
nanoparticles. Also the species of cerium present and the type of interactions between the ceria

nanoparticles and the MOF were revealed.

The synthesized MOF and its modified forms were further investigated for the potential
applications. MOF-1 was found to useful for the detection of nitro aromatics when it quenched
the emission spectra of MOF-1. Among the various nitro aromatics used for these studies, the
response of 2, 4, 6-trinitrophenol- a well known explosive compound found in landmines was
found to have maximum quenching coefficient of 2.6 X 10° M with the lowest detection limit

of 0.043 ppm.

The same MOF was found to behave as an efficient luminescent sensor for aromatic organo-
phosphorous pesticides. Chlorpyriphos and triazophos were detected by “turn-on” luminescence
phenomenon in the concentrations as low as 0.6 and 0.7 ppm respectively. Triazophos increased
the original emission intensity of MOF-1 by 238% of its original value while the chlorpyriphos

increased the same by 29%.
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The accessibility and catalytic activity of the embedded ZnO nanoparticles into Co-MOF was
checked through the reduction of nitroarenes by NaBH,4 under ambient conditions. The use of a
simple and a mild reducing agent, NaBH4 in methanol with ZnO/MOF catalysts (having varied
weight ratios of ZnO) facilitated the reactions which were monitored using UV-Vis spectroscopy
and HPLC. The percentage conversion from PNP to PAP was highest in case of ZnO/MOF-I
(97.78%) and lowest in case of ZnO/MOF-III (70.6%). This can be attributed to the increased
surface area of ZnO NPs in case of ZnO/MOF-I due to their very small size. With this work, we
established and validated the possibility of inducing the catalytic activity to the MOF using
cheap ZnO nanoparticles for the first time substituting the corrosive and reactive catalysts as

used conventionally.

The same Co-MOF when loaded with ceria nanoparticles was investigated thoroughly for
oxygen evolution reaction (OER) after casting a thin film on glassy carbon electrode. This
electrocatalyst showed high activity with lower overpotential value of 180 mV at 10 mA cm?,
higher electrochemical surface area and a small Tafel slope of 39 mV dec'. Moreover, the thin
film of electrocatalyst maintains its electrochemical stability and activity over a long period of 16
hours. Hence, the current synthetic strategy and approach towards more electrochemical

reactions may pave a new path towards the futuristic energy storage and conversion devices.
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