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PREFACE 

A lookout for a combustion-free, clean, safe and sustainable energy system is one of the 

foremost challenges of the 21st century energy research. In this direction, the renewable 

energy sources such as solar and wind power encompass huge potential to help reduce the 

global energy dependency on fossil fuel and thereby curb the greenhouse gas emissions. 

However, the inconsistency in their incessant availability all round the day and across all 

seasons makes these resources unrealistic for all time power generation. Thus efforts are on 

to use alternative electrochemical energy devices like batteries, fuel cells, supercapacitors, 

etc. which convert chemical energy into electrical energy. The performance of these 

heterogeneous energy devices depends on the effectiveness of the electrode-electrolyte 

interface. The electrochemical system operates at its best in the presence of a cordial electron 

as well as ion movement through and away from the electrode-electrolyte interface. Thus 

central focus of research is development of materials which can allow facile electron and ion 

diffusion. The porous carbons have always remained a favorite choice for making electrodes 

of high energy density devices owing to their good electrical conductivity and high surface 

area and enormous porosity, which enable easy ion diffusion throughout the bulk of the 

material. A numerous template based synthesis has been utilized to synthesize carbons with 

controllable porosity and size. This thesis unravels one such synthetic route, wherein a 

crystalline Metal Organic Framework (MOF) is used as a self sacrificial template for 

deriving nanoporous carbons. The as synthesized carbon is observed to provide a facile 

transport pathway for both ion and electron movement when used as a supercapacitive 

material. In another instance, the porous polymeric material like metallogel is functionalized 

with protogenic functional ligand and used as an ion conducting electrolyte for PEM fuel cell 

fabrication. The material is shown to overpower the conventional H+ conducting membrane 

in terms of its ability to conduct protons without any carrier, at anhydrous condition. Lastly, 

the thesis also discusses ways in which the porous materials could be functionalized to 

catalyze energy reactions like hydrogen generation from water, electrochemical water 

oxidation and electrocatalytic oxygen reduction reaction. 

The entire thesis spans upto seven chapters and the abstract of each of the chapter is given 

below: 
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Chapter 1: This chapter outlines the need to address the electrochemical ways of harnessing 

energy. It will introduce the porous polymeric materials whose electrochemical properties 

shall be determined, besides giving a brief insight about the different methods used for their 

synthesis. The advantages and limitations of the porous materials and the strategies used to 

implement them in an electrochemical system shall be discussed. The chapter includes a 

concise state-of-the-art survey of the ways in which the porous polymeric materials, mainly 

the metal organic frameworks (MOFs), MOF-derived carbons, metal-organic gels and 

covalent organic frameworks (COFs) are tested as electrode electrocatalysts and ion 

conductive materials for electrochemical energy devices. The chapter will mainly highlight 

the strategies used for improving the electronic as well as ionic conductivity of the porous 

materials, which is very crucial for developing an effective electrode-electrolyte interface, 

which ultimately determines the performance of any electrochemical device.  

Chapter 2: This chapter briefly explains the different types of electrochemical techniques 

that are utilized inorder to determine the electrochemical behavior of the porous materials in 

the present thesis work. It intends to familiarize the reader with the electrochemical 

techniques inorder to analyze the results obtained from characterizations like cyclic 

voltammetry (CV), charge-discharge study, linear sweep voltammetry, rotating disk electrode 

(RDE), rotating ring disk electrode (RRDE) Mott-Scottky analysis, AC-impedance analysis 

techniques etc. It also encloses a brief description of each of the methods used and the nature 

of the information that could be obtained using these techniques, without pondering into too 

much detail.  

Chapter 3: This chapter discusses the effective ways of utilizing chemically stable Fe-based 

metallogels. The first part of the chapter explains the conversion of viable Fe3+ based 

metallogels into Fe-MOFs by PdCl2 interceded gel degradation. The oxidation of the 

metallogel constituents namely, formic acid/formamide by Pd2+ is shown to drive the system 

towards more thermodynamically controlled pathway yielding Fe-MOF crystals. The second 

part of the chapter describes an ingenious way of entrapping a protogenic acid by way of its 

gelation with Fe3+ ion in DMF. The xerogel obtained from the as synthesised Fe-metallogel 

is tested for its anhydrous proton conducting ability. The chapter also discusses a way to use 

the xerogel pellet for fabricating a Membrane Electrode Assembly (MEA) of a Proton 

Exchange Membrane Fuel Cell (PEMFC).  
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Chapter 4: This chapter introduces a new way of utilizing mechanochemistry as a judicious, 

green, and fast synthetic route towards effective synthesis of a bipyridine functionalized 

covalent organic framework (COF). It describes a unique way in which the as synthesized 

COF can be used to accommodate the phosphoric acid molecules, a notable proton 

conducting dopant, and eventually employed as a proton conducting solid electrolyte in a 

Proton Exchange Membrane Fuel Cell (PEMFC). The open circuit potential study and cell 

polarization studies are also performed using the single cell fabricated using the COF pellet 

which unequivocally prove the inherent ability of such materials to conduct protons at dry 

conditions, which is an immediate requisite for low temperature PEMFCs.  

Chapter 5: The chapter discuses the ways in which a catalytic COF can be designed to hold 

to the veracity of both molecular as well as the heterogeneous catalysts. The first part of the 

chapter discusses the development of a bipyridine functionalized TpBpy COF as a steady, 

electrochemical water oxidation catalyst. The chapter highlights the exceptional catalytic 

activity of the Co-TpBpy, resulting from the intrinsic porosity and the coordinating 

bipyridinic units imbibed in the COF skeleton. The second part of the chapter illustrates a 

route in which COFs can be used as effective photocatalysts for generating hydrogen from 

water. This part presents a way in which a stable COF is used as a substrate to in situ 

synthesize CdS nanoparticles. The investigation of the photocatalytic activity of the as 

synthesised composite is thereafter discussed.  

Chapter 6: This chapter discusses the role of metal organic frameworks (MOFs) as self-

sacrificial templates for porous carbon synthesis. The first part of the chapter reports an 

effective way of converting the less employed non-porous Zn-MOFs into more useful porous 

carbons without using any additional carbon source. The chapter highlights the influence of 

ligands in the MOF architecture on the properties of carbons resulting from their direct 

carbonization. The MOF-derived carbon has been tested for its porosity-dependent gas 

adsorption properties and electrochemical applications. The second part of the chapter 

discusses a unique route through which the porous MOF-derived carbons are further 

activated for Oxygen Reduction Reaction (ORR) in PEMFCs. The chapter presents a way 

wherein the macro porosity of the MOF carbon is effectively used as a nitrogen reservoir for 

plugging nitrogen rich g-C3N4 units by means of in situ polymerization of the melamine. This 



Ph.D Thesis Preface AcSIR 

Harshitha B A 4 

route thereby opens a new conduit to design and develop metal-free electrodes with enhanced 

ORR activity and better mass diffusion characteristics optimal for PEMFC applications. 

Chapter 7: The chapter recapitulates the thesis work giving an outline of the main 

observations and conclusions of each of the chapters. It mainly emphasizes on the outcome 

of the work presented in each of the chapters. The prospective advantages and limitations of 

using the porous polymeric materials as electrode, electrocatalyst, and ion conductive 

materials are discussed. As a final point, the future-directives that could provide some 

perspectives for the further developments are provided at the end of the discussion of each of 

the work. 
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1.1. General Background 

In the current energy state, fossil fuels and biomass fulfill most of the global power demands 

eventually contributing to the undesired CO2 emission. This calls for an immediate need to 

recognize cleaner and efficient energy substitutes. Although the solar energy is deemed as the 

most inexhaustible form of energy, it is also accompanied by several limitations viz. absence 

of sunshine at the night, reduction in the power during the time of cloud covering and fog, 

inconsistent global availability of sunlight all throughout the year owing to the difference in 

the geographic terrain and seasons. On the other hand, electrochemical energy devices are 

one of the conceptually easy pathways which employ electrochemical reactions for 

implementing effective inter-switching of chemical and electrical energy through bond 

breaking as well as bond formation. [1] A typical electrochemical cell consists of two 

electrodes (termed as anode and cathode) dipped in a suitable electrolyte or often separated 

by an ion conducting membrane which is saturated with an electrolyte.[2] The performance of 

any electrochemical system, which is heterogeneous in nature, is largely dictated by the 

efficiency of the electrode-electrolyte interface. An effective electrode-electrolyte interface 

demands adept movement of both the charges, i.e. ions (in the electrolyte part) and charges 

(in the electrode part) at the phase boundary.[3] Therefore, the components of an 

electrochemical system must be essentially conductive to the requisite charges besides 

possessing substantial porosity to furnish maximum surface area for the charge adsorption. 

This thereby has necessitated the search for porous materials that can be used as 

electrochemical components inorder to improve the proficiency of the electrode-electrolyte 

interface. [4] 

 Among the earlier porous materials, the activated carbon is one of the most 

extensively tried electroactive materials. [5] In the late 1990’s, a major breakthrough is 

witnessed with the discovery of new porous materials, termed as porous coordination 

polymers. These unique materials with high structural rigidity and low mass density are 

found to possess porous microstructure and tunable surface functionality that could be taken 

advantage of to design them and tailor their potential as effective electrode/electrolyte 

materials as per the requirement. The first chapter aims to discuss some of the prime 

electrochemical applications of the porous polymeric materials like metal organic framework 

(MOF), covalent organic Framework (COF), metal organic gels and their derivatives.  
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1.2. Porous Materials 

The materials which possess pores (also called as voids /cavities/channels/interstices) that 

can potentially admit gas /liquid molecules through them are termed as ‘porous’ materials. 

The typical characteristics of any porous material are mainly decided by the shape, size, and 

arrangement of the pores, in addition to the amount of the porosity as well as the chemical 

constitution of the material. The porous materials can be classified either depending on their 

pore dimensions or on their basic chemical composition.  

 
Figure 2.1. Schematic representation of the classification of the porous materials depending 

on their pore size and chemical constitution.  

(Image sources: https://en.wikipedia.org/wiki/Mesoporous_material ;  https://www.physik.uni-

augsburg.de/chemie/Forschungsgebiete/MOFs/; figures of zeolite and graphene foam are reproduced 

with permission from the American Chemical Society and the Royal Society of Chemistry) 

 According to the International Union of Pure and Applied Chemistry (IUPAC), the 

porous materials are classified into three categories depending on the pore size: microporous 

(< 2 nm), mesoporous (2-50 nm) and macroporous (>50 nm). Some of the prominent 

microporous materials are naturally occurring crystalline zeolites, most of the metal organic 

frameworks (MOFs), activated carbons, amorphous glass etc. [6] Owing to their smaller pore 

dimensions, these materials are extensively used as molecular sieves and size-selective 

heterogeneous catalysts. These materials show typical Type-I N2 adsorption isotherm with 

sharp increase at very low pressures followed by a long and flat saturation plateau.[7] 
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However, in terms of the electrochemical activity, the mesoporous materials are largely 

advantageous as they result in the formation of an effective electrical double layer, due to 

their larger pore volume and high specific surface area. These materials show typical Type-

IV isotherm with a steep increase at relatively high pressure. A hysteresis loop, associated 

with the capillary condensation is often observed in case of mesoporous materials. [8] The 

main members of this family are mesoporous silica and alumina (used as template for carbon 

formation). They also include some metal organic frameworks like Cr based-MIL-100, Cr 

based-MIL-101 etc. [8b,c] These materials are electrochemically important as they possess 

larger pores that facilitate easier diffusion of ions, in particular, the solvated organic ions, a 

crucial factor which determines the high power performance of any non-aqueous solvent 

based electrochemical system. The macroporous materials have pore size greater than 50 nm. 

The prominent members are polymers, aerogel, graphene foam etc. [9] By the virtue of their 

large pore dimensions, they are often used as absorbents, catalyst supports etc.  

 In accordance to their chemical composition, the porous materials can also be 

classified as inorganic, organic and organic-inorganic hybrid materials. The inorganic porous 

materials range from the naturally occurring zeolites to the synthetic mesoporous silica and 

alumina. The members of the organic porous materials include molecular cages, mesoporous 

carbon, besides the recent class of covalent organic frameworks. [10] The organic-inorganic 

hybrids contain the distinct characteristics of both the previous classes, such as exceptional 

mechanical strength, low cost, high thermo stability and easy processability. The classic 

members of this class are porous coordination polymers, also popular as metal organic 

frameworks wherein the inorganic units are held along by organic linkers via coordination 

bonds. [11] 

1.3. Porous polymeric materials 

Porous polymers as defined as polymeric materials enclosing one or more type of pores. 

Porous polymeric materials constitute of monomer units which repeat themselves, with 

alongside imbibing porosity during polymerization. The surface area, size and geometry of 

the resulting pores primarily decide the functionalities of such materials. Determined by the 

nature of the monomers and the polymerization reaction involved, such porous polymeric 

materials could possesses varied degree of structural ordering. They can be widely classified 



Ph.D

Hars

as dis

polym

crysta

later 

MOF

regim

electr

1.3.1

Acco

polym

conta

hybri

that a

with 

poros

amalg

synth

Howe

synth

the to

mater

Figur

D Thesis 

shitha B A 

sordered am

mers are kine

alline polym

includes th

Fs and COF

me, and ther

rochemical d

1. Metal O

ording to IU

mer (or alt

aining poten

ids, first defi

are coordina

very high 

sity. [13] The

gamation o

hesised unde

ever, approa

hesis have al

opological d

rials. 

re 2.2. Schem

morphous and

etically cont

mers are therm

e prominent

Fs. Interestin

reby could b

double layer 

Organic Fr

UPAC, Meta

ternatively 

ntial voids. 

fined by Yag

ation bonded

and tunable

ey are the 

of the orga

er high pre

aches like ul

lso been exp

diversity dist

matic repres

d ordered cry

trolled produ

modynamica

t members o

ngly, most o

be prospecti

at the electr

ramework

al-Organic F

a coordinat

These are a

ghi and Li in

d to the org

e specific s

epitomic be

anic-inorgan

essure, solv

ltrasonic, m

plored as we

tinguishes th

sentation of 

Chapter 1

ystalline por

ucts, without

ally favored 

of the recen

of these ma

ively utilize

rode-electrol

ks (MOFs)

Framework, 

tion networ

an extensive

n the late 199

ganic linkers

surface area

eauties resu

nic chemistr

vothermal co

icrowave, d

ell. [14] The a

he MOFs fr

a typical MO

rous polymer

t any long ra

products, w

nt class of c

aterials cont

ed for the e

lyte interface

 

abbreviated

rk) with an

e class of c

90’s, which 

s. [12] They a

a, upto 6000

ulting from 

ry. The pr

onditions u

iffusional an

aesthetic stru

rom many n

OF assembly

rs. In genera

ange periodic

with ordered 

crystalline p

tain porosity

effective dev

e. 

d to MOF, i

n infinite o

crystalline i

consist of m

are highly o

0 m2/g encl

the ingenio

revailing M

sing high b

nd electroch

uctural featu

naturally ava

y. 

Ac

al, the amorp

c order, whil

networks.[11

porous polym

y in micro-

velopment o

is a coordin

open frame

inorganic-org

metal ions/clu

ordered struc

losing enorm

us and effe

MOFs are 

boiling solv

hemical mea

ure in additi

ailable crysta

 

cSIR 

9 

phous 

le the 
1] The 

mers: 

meso 

of the 

nation 

ework 

ganic 

usters 

ctures 

mous 

ective 

often 

vents. 

ans of 

on to 

alline 



Ph.D Thesis Chapter 1 AcSIR 

Harshitha B A 10 

Till date, these materials are extensively tried for gas adsorption, gas storage and gas 

separation applications. [15] As these structures could be tailor made according to the need, 

the molecular building block approach has been often used for assembling the desired 

functionalities in a MOF. The hallmark porosity of these structures allows facile diffusion of 

the molecules into and out of the highly ordered frameworks, thereby favoring a good host-

guest interaction. 

1.3.2. Metal-organic gels/Metallogels 

The low molecular weight gels also known as supramolecular gels are distinct ‘soft’ 

members of the supramolecular materials group, wherein, the soluble gelator molecules self 

assemble eventually ensnaring the entire solvent in which they are earlier dissolved, and 

result in a stable gel. [16] Depending on the nature of the dispersing medium, they are 

classified as organic gel (organic solvents) and hydrogel (water). In yet another case of metal 

ion- ligand coordination, in case of metallogels, the interaction results in the formation of a 

one dimensional gel network unlike the three dimensional crystalline framework in case of 

the MOFs. Herein the metal-ligand coordination complex is employed as a gelator to 

immobilize solvent molecules via capillary force and surface tension, often guided by non 

covalent interactions like hydrogen bonding, π-π stacking, van der Waals’ and hydrophobic 

interactions etc. [17] These metallogels have been used as soft materials for applications like 

magnetism, redox responsiveness, sensing, drug delivery, tissue engineering etc. [18] 

 

Figure 2.3. Schematic representation of formation of the metallogel. 
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1.3.3. Covalent Organic frameworks (COFs) 

Covalent organic frameworks are a class of crystalline, ordered, organic polymeric materials 

which are made up of an elegant assembly of organic units directionally held by reversible 

covalent bonds. [19] It is well known that the strong covalent bonds do not leave any room for 

re-correction/proofing once formed. Therefore such structures are often found to lack long 

range of ordering and are largely amorphous.[20] Therefore the principles of dynamic covalent 

chemistry (DCC) have been employed to instill crystallization in the polymerizing systems. 

In case of COFs, reversible dynamic covalent bond formation is triggered between the 

reactive groups of the organic units. Several reversible reactions like boronate ester 

formation, imine formation, hydrazone formation etc. are successfully developed to construct 

crystalline COF materials.[21] The reversible nature of the above reactions allows bond 

breaking and reformation, which in turn ‘error checks’ the polymer to grow into a more 

thermodynamically favorable crystalline form. As the framework mainly consists of C, H, N, 

O, B elements, these structures possess relatively low mass density, high thermal stability 

and permanent porosity. Thus after MOFs, these are the recent class of polymers that are 

extensively tried for gas adsorption and separation, catalysis, sensing, optoelectronic 

applications etc.[22] In case of the two-dimensional COFs, the sheets are stacked one above 

the other by means of π electron cloud interactions. Thus many of the 2-D COFs are tried for 

their charge carrier ability in photovoltaic cells as well for optoelectronics. [23] 

 
Figure 2.4. Schematic representation of the COF formation via dynamic covalent bond 

formation. 
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Henceforth, MOF composites are prepared using electrically conducting phases like activated 

carbon, CNTs, CNFs etc. which can be seen as a boulder strategy to overcome the poor 

electron conducting ability of MOFs. [27] However, owing to the smaller sized pores, this 

approach could only establish electron conduction at the macroscopic level, thereby 

preventing the complete utilization of the MOFs internal surface area. An attempt in this 

direction was made by Bo Wang and co workers, wherein the cobalt based ZIF crystals are 

interwoven using PANI, a conducting polymer and deposited on carbon cloth which was 

used as a current collector. The material was observed to show a high areal capacitance of 

2146 mF/cm2 at 10 mV/s in a three-electrode configuration system. [28] 

 In case of Li-ion battery system (LIB), one of the prominent commercial energy 

storage devices, the Li+ content and the rate of Li+ intercalation are believed to be the major 

limiting factors affecting the energy density of LIBs. In an instance of the MOF utility, the 

presence of redox active Fe3+/ Fe2+ couple in MIL-35(Fe) is found to facilitate easy Li+ 

intercalation in the MOF’s ordered porous structure.  This MOF is found to maintain a 

reversible capacity upto 70 mAh/g even after 50 cycles.[29] Similarly, another vanadium 

based MOF,  [Li2(VO)2(HPO4)2(C2O4)], containing V (IV)/(V) redox couple, is found to 

exhibit a high rate LIB performance with a reversible capacity of 47 mAh/g at 500 mA/g. [30] 

Thus, in addition to the pore functionality, the superior structural integrity and relatively 

lower gravimetric density of MOFs further promote them as potential electrode materials for 

lithium-ion and lithium-sulphur batteries.  

 

Figure 2.6. Use of MOF as electrode materials in Li-ion battery and sulphur storage 

material in Li-S battery [reproduced with permission from the American Chemical Society 

(Ref 32(b) and Ref. 31)]. 
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They are observed to assist fast Li+ intercalation and storage by means of the reversible 

conversion of their metal centers. In this direction, several multivalent, transition metal based 

MOFs, e.g. Ni (II), Cr (III) and Fe (III) based MOFs, have also been known to facilitate 

faster electron release resulting in long range charge delocalization apart from assimilating 

high Li+ content in their pores. [31] Besides LIB, the MOFs are also tried as high surface area 

matrix for confining sulphur in the Li-S battery systems. The mesoporous cages of the MOFs 

are used for impregnating elemental sulphur up to ~48 wt%. [32] Before use, they are mixed 

with conductive high surface carbon and then tried as a positive electrode for lithiation 

process. These are found to possess superior cyclic stability and high capacitance retention 

ability when compared to the conventional mesoporous silica and mesoporous carbons 

systems. 

1.4.1.2. MOFs as electrocatalysts  

As MOFs can be purposely designed to achieve precise and desired functionalities, they have 

attracted attention as catalysts for various electrochemical reactions like oxygen reduction 

reaction (ORR), oxygen evolution reaction (OER), hydrogen evolution reaction (HER), 

oxidation of alcohols etc. [33] The polyoxometalate (POM)-based MOFs, also termed as 

POMOFs, belong to another class of hybrid framework materials, consisting of POMs 

(oxyanionic clusters of transition metals) which are connected to each other via organic 

ligands.[34] These materials are reported to show extensive electrochemical activity towards 

ORR, H2O2 oxidation, nitrite reduction, HER reactions etc. In many occasions, pristine 

MOFs are as such tested for their electrochemical activity, in particular, towards ORR in 

alkaline medium. [35] However, as discussed earlier, being poor electron conductors, MOFs 

cannot be directly employed as electrocatalysts. Thereby, a composite of the MOF is made 

using conductive materials like reduced graphene oxide (r-GO), CNTs etc. For instance, an 

iron-porphyrin based MOF and reduced GO composite is found to show very high ORR 

activity in alkaline pH, with an onset potential of just 0.93 V (vs. RHE). [36] The presence of 

high intrinsic porosity and catalytic Fe-N centers are believed to promote ORR activity in the 

composite. Similarly, a bipyridine containing copper based MOF, Cu–bipy–btc, is found to 

catalyze ORR at neutral pH at an onset potential of +0.5 V (vs. RHE). [37] It is important to 

note that despite being an efficient ORR catalyst, the commercial platinum (Pt) catalyst is 

proven to be highly susceptible to poisoning in the presence of strongly adsorbing 
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intermediates like CO, produced in case of liquid fuel based fuel cells. Thus search is on to 

look for a non-precious based electrocatalyst for PEM fuel cells. The MOF based structures 

are also tried as electrocatalysts to catalyze the oxidation of alcohols, another important 

liquid fuel. A copper based 2-D MOF,  [(HOC2H4)2d-toaCu] reported by Kitagawa and co-

workers is found to catalyze electro oxidation of ethanol at an onset potential of 0.84 V (vs. 

RHE). [38] Recently, the MOFs are also tried for electrochemical reduction of CO2, a major 

green house gas. A copper based MOF, capable of generating redox active Cu (II)/ (I) and Cu 

(I)/ (0) responses is found to effectively reduce CO2 to useful oxalic acid. [39] 

 

Figure 2.7. Use of MOF-based composites as multifunctional electrocatalysts for 

electrochemical energy systems [reproduced with permission from ref. the American 

Chemical Society and Wiley-VCH Verlag GmbH & Co. KGaA (Ref 36 and Ref. 43)]. 

 Furthermore, the MOFs constructed using metal ions with oxophilic nature, open 

metal sites and high M-O bond stability (viz., Mg, Mn, and Co) are used for electrochemical 

water splitting reactions. [40] Water insoluble, Co-N containing, cobalt based MOFs are 

recently shown to effect proton-coupled electron transfer mechanism for OER and are 

thereby tried as anodes for water electrolyzers and rechargeable metal air batteries inorder to 

catalyze the otherwise sluggish oxygen evolution reaction (OER).[41] In addition, the Ir 

complex incorporated Zr-based MOF [Zr6O4(OH)4(bpdc)6] and Fe based MOF 

(commercially available as BasoliteTM F300) are some of the MOF based electrocatalysts [42] 

known to effect OER at acidic and basic pH conditions, respectively. Many of these 

electrocatalysts are found comparable to that of the corresponding state of art catalysts: IrO2 

(at low pH) and Pt (at high pH). Some MOFs are also known to show dual catalytic behavior; 

like the copper based 2-D MOF containing terephthalic acid and triethylene–diamine as 
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framework units, which was observed to show both HER (with an onset potential of 0.087 V 

vs. RHE) and OER activity (with an onset potential of XX V vs. RHE). [43] Thus the MOF’s 

adaptable chemical environment, easily reachable pores and the high accessible internal 

surface areas could be found beneficial to improve its interaction efficiency with the 

incoming guest molecules. 

1.4.1.3. MOFs as ion conductors for batteries and fuel cells 

The commercial PEMFCs operate using Nafion® membrane as the solid proton conducting 

electrolyte. On hydration, the Nafion® membrane shows proton conductivity of order 10-1 

S/cm at the PEMFC operating temperature. However, as the ionic conductivity is humidity 

dependent, the operation temperature is limited to 80 ˚C. [44] This necessitates the need for 

developing high temperature proton conducting electrolytes that could operate at temperature 

above 80 ˚C, preferably at anhydrous conditions. The increase in the cell operation 

temperature would in turn benefit the PEMFC performance by (i) increasing reaction kinetics 

(particularly the sluggish ORR), (ii) perk up the cell resistance to catalyst poisons like CO, 

by increasing the rate of its desorption from the catalyst surface and (iii) prevents the 

undesired flooding of the Pt catalyst besides helping easy water management. Thus, the 

lookout is on for materials that could conduct protons similar to that of the Nafion® 

membrane but at anhydrous conditions. [45] In this direction, considering their high thermal 

stability and ordered pore alignment, MOFs have been tried as proton conducting materials. 
[46] For the first time, in 2003, a two-dimensional copper based MOF was investigated for its 

proton conducting ability by Kitagawa and coworkers under 75% relative humidity. [47] It is 

observed to show a decent conductivity of 10-6 S/cm at room temperature. This is followed 

by another work wherein an iron oxalate MOF containing an ordered array of water 

molecules is found to show a proton conductivity upto 10-3 S/cm at 25 ˚C and 98 % relative 

humidity. [48] These earlier studies in turn fuelled the testing of many more MOF forms like 

cobalt, and manganese based MOFs for proton conduction. Further, a highly water stable 

MOF, containing both sulphonic and phosphoric groups PCMOF-2.5, reported by Kim and 

coworkers is reported to exhibit a maximum proton conductivity parallel to that of Nafion®, 

at 2.1×10-2 S/cm at 85 ˚C and 90% relative humidity. [49] However, it is noteworthy that most 

of these MOFs conduct protons at low temperature (<100 ˚C), aided by the presence of water 

molecules and hydrogen bonding within them inside the framework. Inorder to induce proton 
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conductivity at higher temperatures,  proton conducting organic molecules, with higher 

melting points and amphiprotic nature like imidazole, triazoles are encapsulated inside the 

MOF frameworks to render them extrinsic proton conductivity. [50] In this direction, studies 

have been carried out by Shimuzu and coworkers using β-PCMOF2, wherein a sodium based 

MOF is observed to show an appreciable proton conductivity of 2×10-4 S/cm at 150 ˚C under 

anhydrous conditions. [51] Further, a membrane electrode assembly is also fabricated using 

the MOF which shows an open circuit voltage (OCV) of 1.18 V at 100 ˚C, thereby 

highlighting the potential of the material as a solid electrolyte in PEMFCs.  

 

Figure 2.8. Use of stable MOFs as proton conducting materials for PEM fuel cell 

applications [reproduced with permission from the Royal Society of Chemistry and the 

American Chemical Society (Ref 50(b) and Ref. 45(a)]. 

 Interestingly, some zinc based MOFs like {[(Me2NH2)3-(SO4)]2[Zn2(ox)3]}n are also 

found to conduct protons under both hydrous (4.2×10-2 S/cm at 25 ˚C) and anhydrous (1×10-4 

S/cm at 150 ˚C) conditions.[52] However, as the performance of the commercial Nafion® 

membranes is still comparably superior in terms of both conductivity and PEMFC 

performance, there is plenty of scope for improving the proton conducting ability of such 

MOFs. In addition to the proton conduction, Kitagawa and coworkers have also 

demonstrated the usefulness of MOFs as potential electrolytes for Li-ion batteries. [53] In an 

ionic liquid mediated process, a zinc based MOF, ZIF-8 is observed to show conductive 

pathway for Li+ ion diffusion via solvated TFSA− anions present in its pores. Another group 

led by Long and coworkers also report the use of a magnesium based MOF, Mg2(dobdc) as a 

solid electrolyte for LIBs.[54] The MOF which is impregnated with a Li+ source (LiOiPr) 
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reportedly displays an ionic conductivity of 3.1×10-4 S/cm at 300 K. These advances thereby 

highlight the potential of the MOFs to be employed in ionic devices. 

1.4.1.4. MOFs as corrosion inhibitors 

In another instance of exploiting its chemical stability, MOFs have also been tried as 

corrosion inhibitors to resist oxide formation and metal loss. They are known to combat 

corrosion by adsorbing onto the metal surfaces, thereby decreasing its exposure to the 

corroding agents. A typical example of is the silver based (AgCN)4.(qox)2, which is tested for 

the carbon steel protection in HCl. [55] The presence of nitrogen atoms in the framework is 

believed to assist strong adsorption of the MOF onto the carbon steel surface. The efficiency 

is monitored by calculating the change in the charge transfer resistance before and after the 

MOF adsorption using the impedance measurements. In another work, about 84% 

suppression of the corrosion current density is observed in case of Ag (qox)(4-ab).[56] These 

studies thereby unravel the possibilities of using robust structures like MOFs as anti-

corrosive agents to prevent metal dissolution. 

1.4.2. MOF-derived nanostructures and their electrochemical applications 

Porous carbons are one of the commonly used electrode materials due to their high surface 

area, good electron conductivity and controllable porosity. However, despite being porous, 

the MOFs cannot be directly implemented as electrode material owing to their poor electron 

diffusing ability. Thus in another boulder strategy followed, porous MOFs are pyrolzed and 

used as ‘self-sacrificial templates for deriving very high surface area, electrically conductive 

carbons.[57] The high surface area of such MOF-derived carbons allows maximum interaction 

of the active sites with the incoming molecules for effective adsorption/reaction. The first 

attempt has been made in 2008, by Quiang Xu and co workers, wherein a high surface Zn 

based MOF, MOF-5, is initially impregnated with furfuryl alcohol (used as a carbon source) 

and then carbonized at 1000 ˚C under inert conditions.[58] The Zn metal is found to distill out 

at ~900 ˚C leaving behind pure carbon, with a surface area amounting to ~ 2800 m2/g. On 

testing, this MOF-derived carbon is found to result in a very high gravimetric capacitance of 

204 F/g at 0.5 mV/s scan rate. In addition, such MOF-derived carbons are also found to be 

ORR active and are therefore extensively used as cathode electrocatalysts in PEMFCs as a 

replacement for the costly Pt/C commercial catalysts. In this direction, the cobalt and iron 
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based MOFs-derived Co/Fe-N-C catalysts are found to perform in par with the Pt/C 

electrocatalyst in terms of both power and current density under PEMFC operating 

conditions.[59] Furthermore, inorder to improve their intrinsic activity, the MOF pores are 

impregnated with different heteroatom containing precursors prior to their carbonization. 

 

Figure 2.9. Use of MOFs as ‘self sacrificial templates’ for deriving a) nanoporous carbon 

and b) nanostructures metal oxides [reproduced with permission from American Chemical 

Society (Ref 57(b) and Ref. 60 (b)]. 

  Besides carbon making, the MOFs are also used as ideal templates for deriving mono 

dispersed, nanostructured metal oxides (MO), MO/C hybrids, reduced metal nanoparticles, 

M/C hybrids etc. The double layer hydroxide nanocages derived from the cobalt based ZIF-

67 is found to possess a BET surface area of 196 m2/g. On testing, they are found to display a 

very high specific capacitance upto 1203 F/g at 1 A/g current density in 1 M KOH solution. 
[60] Likewise, the Fe3O4/carbon composite prepared by Zhi and coworkers is found to show a 

specific capacitance of 139 F/g at 0.5 A/g current density. [61] As prospective LIB materials, a 

copper based MOF has been used to obtain mixed valence CuO/Cu2O nanostructures, which 

is found to perform superiorly as a LIB anodic material with a capacity of 740 mAh/g at 100 

mA/g.[62] 
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1.4.3. Electrochemical applications of metallogels 
The electrochemical property of the metallogels has not been extensively studied except for 

testing the proton conducting ability of a copper based CuA-Ox xerogel, which is found to 

exhibit a anhydrous proton conductivity of 1.4×10-5 S/cm at 65 ˚C. [63] It is important to note 

that, on freeze drying, the resulting xerogel retains high porosity and can act as nanoreactors 

for catalyzing reactions within their pores. Moreover, it is remarkable that, as most of the 

metallogelators mainly result from the hydrogen bonding along with the metal-ligand 

coordination interactions, these structures could be generally expected to inherently conduct 

protons. This invariably leaves huge room for tuning the ion conducting ability of these 

materials and to be tested as solid electrolytes in electrochemical energy devices. 

 
Figure 3.0. Use of a xerogel-derived from CuA-Ox metallogel as a proton conducting 

material [reproduced with permission from Wiley-VCH Verlag GmbH & Co. KGaA (Ref 

63)]. 

1.4.4. Electrochemical applications of COFs 

1.4.4.1. COFs as electrocatalysts and electrode materials  

COFs being highly porous and crystalline in nature can be modified and built as per the need 

of the hour. [64] These structures are believed to potentially combine the merits of both the 

heterogeneous as well as the molecular catalysts. As a demonstration of this fact, Yaghi and 

coworkers have used metal porhyrin units embedded COFs as catalytic platforms for electro 

reducing CO2 to CO. It has been observed that, of all, the cobalt containing COF-367-Co is 

found to show the highest faradaic efficiency of 90% with an overpotential of -0.55 V (vs. 
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coworkers report utilization of an acid functionalized COF to load basic heterocyclic proton 

carriers into the framework. [69] They report a proton conductivity of 4.71 × 10−7 S/cm at 120 
˚C. Contrary, Zhu and coworkers use a cationic COF to hold anionic POM (PW12O40

3−) 

molecules in the COF pores. They report a conductivity of 3.32×10−3 S/cm at 97% relative 

humidity. [70] However, as most of these materials show humidity dependent proton 

conductivity, it leaves ample room for the development of the COF based anhydrous proton 

conductors. 

1.5. Scope of the thesis work 

A critical review on the utilization of the porous polymeric materials and their derivatives 

reveals that tunable functionality, high accessible surface area and inherent porosity of these 

materials make them prospective electrode as well as electrolyte materials for fabricating 

electrochemical devices. However, to be effectively implemented as electrochemical 

components, there is a real need to improve their electrochemical properties in terms of both 

electronic as well the ionic diffusion. The survey emphasizes that the nature of the 

developing electrode-electrolyte interface plays a pivotal role in dictating the electrochemical 

activity of such materials. It also explains the substantial need to understand the mechanism 

of the formation of the electrochemical double layer and judges the influence of the material 

functionalities on the as-formed double layer. The presented literature study mainly 

highlights the efforts that have been made to improve the effectiveness of the electrode-

electrolyte interface in these porous materials. However, considering the plethora of 

electrochemical devices that are in the energy run, it could also be convincingly understood 

that the complete potential of such porous materials has not been entirely realized.  

 The primary purpose of this thesis is to excavate the potential electrochemical 

applications of the porous materials taking advantage of their highly porous, stable and 

tunable architecture; mainly as electron and ion conductors. This thesis will mainly focus on 

the use of metal-organic gels and COFs as anhydrous, proton conducting, solid electrolytes 

for fabricating proton exchange membrane fuel cell, MOF-derived nanoporous carbon as 

ORR electrocatalyst for fuel cell plus as charge storage material for supercapacitor and 

additionally discuss an instance wherein a cobalt-modified COF is tried as a water oxidation 

electrocatalyst. In addition, the capacity of the COF matrix to harbor CdS nanoparticles and 
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eventually photo generate hydrogen molecules from water is also illustrated. The thesis 

comprises of four working chapters which hems in the detailed structural as well as 

electrochemical characterization of the materials under study.   

1.6. Objectives of the thesis work 

The specific objectives of the work enlisted in the thesis are as follows:  

• To investigate the proton conducting behavior of a metal organic gel network and check 

its effectiveness as a solid electrolyte for fabricating a membrane electrode assembly 

(MEA) of proton exchange membrane fuel cell (PEMFC). In particular, the role of a 

protogenic ligand, namely phytic acid in improving the anhydrous proton conductivity of 

the metallogel will be studied. A part of the work will also investigate the susceptibility 

of the metastable metallogel to transform into more thermodynamically favorable 

crystalline MOF phase.  

• To study the ability of a bipyridine functionalized COF to hold proton carriers, viz., 

phosphoric acid within its porous crystalline framework. Further, test its performance as a 

solid electrolyte in PEMFCs and investigate the gas separation ability of the COF as a 

function of its crystallinity. 

• To check the ability of the COF to catalyze water splitting half-cell reactions and produce 

H2 and O2 from water. Testing the ability of the COF matrix to harbor photoactive 

nanoparticles and thereby investigate the influence of the COF matrix on the 

photocatalytic activity of the composite. Further, attempt shall be made to improve the 

electro-responsiveness of the COF by coordinating active metal ions to the bipyridine 

units embedded in the COF skeleton. The ability of the material to thereafter catalyze the 

electrochemical water oxidation reaction shall be examined. 

• To validate the self sacrificial nature of the MOF and alongside authenticate the usage of 

a non porous MOF to obtain porous carbon. The capacitive nature of the as obtained 

carbons shall be investigated and a correlation of the electrochemical behavior with the 

carbon properties shall be attempted. Further, the post modification of such carbons shall 

be attempted inorder to improve their intrinsic catalytic activity for ORR. Thus obtained 

heteroatom modified carbons shall be tried as electrocatalysts for catalyzing ORR. 
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Electrochemical characterization 

The electrochemical techniques 

wealth of information on the chemical response of a system when an electric potential is 

applied to it, at very low detection limits

concentration, chemical condition, reaction kinetics

species (could be both inorganic and 

organic) in the system. They 

used to monitor the redox processes at 

the electrode-electrolyte interface 

during the electrical stimulation. 

response is usually measured using

of the following parameters:

(Q), current (i), potential (E) and time 

(t), as the excitation signal. 

parameters used, a number of 

electrochemical techniques classically

reference and the auxiliary (or

the working electrode is controlled using a potentiostat

measured as a function of time

electrochemical methods used 

basic working principles of few

familiarize the reader with the electrochemical techniques inorder 

obtained from the characterization

discharge study, linear sweep voltammetry, rotating disk electrode (RDE),

electrode (RRDE), Mott-Scottky 

utilized in the present study 

encloses a brief description of each of the methods used and the nature of the information 

that could be obtained using it
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Chapter -2 

Electrochemical characterization of porous polymeric materials

The electrochemical techniques are powerful and sensitive analytical method

information on the chemical response of a system when an electric potential is 

at very low detection limits. They are often utilized to determine the 

al condition, reaction kinetics and mechanism of an electroactive 

(could be both inorganic and 

They are also 

used to monitor the redox processes at 

electrolyte interface 

during the electrical stimulation. The 

measured using one 

parameters: charge 

(Q), current (i), potential (E) and time 

gnal. Depending on the different combinations of 

a number of electrochemical methods are in practice. 

classically employ three types of electrodes – 

(or counter) electrodes. In a typical experiment, t

the working electrode is controlled using a potentiostat and the resulting current

measured as a function of time. The present chapter gives a brief description about the 

s used for characterizing the materials and concisely describes

few energy systems involved in the study. The chapter

with the electrochemical techniques inorder to analyze

characterization techniques like cyclic voltammetry (CV), charge

discharge study, linear sweep voltammetry, rotating disk electrode (RDE), rotating ring disk 

Scottky analysis, AC-impedance analysis etc. These techniques

utilized in the present study to understand the electrochemical behavior of the materials

encloses a brief description of each of the methods used and the nature of the information 

using it, without pondering into too much details.  

 AcSIR 

 29 

of porous polymeric materials 

methods which give a 

information on the chemical response of a system when an electric potential is 

utilized to determine the 

of an electroactive 

different combinations of the measuring 

in practice. Most of these 

 the working, the 

In a typical experiment, the potential of 

the resulting current is then 

The present chapter gives a brief description about the 

concisely describes the 

The chapter intends to 

analyze the results 

like cyclic voltammetry (CV), charge-

rotating ring disk 

These techniques are 

electrochemical behavior of the materials. It 

encloses a brief description of each of the methods used and the nature of the information 
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2.1. Electrochemical characterization techniques 

2.1.1. Voltammetry: Linear Sweep Voltammetry (LSV) and Cyclic Voltammetry (CV) 

Voltammetry is a versatile analytical technique wherein the potential is ramped between the 

working and reference electrode using a potentiostat and the resulting current is measured.[1] 

During the potential scan, on reaching a specific potential, the electroactive species (also 

known as the analyte) undergoes oxidization/reduction at the working electrode. The current 

resulting from this electrochemical reaction is then measured at the counter electrode. This 

technique can be used to detect a number of analytes during the same potential scan, which 

makes it attractive for measuring various chemical species in the given environment at very 

low detection limits. 

 Linear Sweep Voltammetry (LSV) is one of the generally applied methods of 

voltammetry wherein the potential is linearly ramped in either of the directions (negative or 

positive) and the resulting current is measured as a function of time. [2] This technique is most 

generally used to measure the electrocatalytic oxygen reduction reaction activity of the 

species on increasing the amount of dissolved oxygen in the medium. The characteristics of a 

LSV curve depends on the rate of charge transfer, chemical response of the analyte species 

and the scan rate used for the potential scan. Cyclic voltammetry (CV), also known as the 

‘electrochemical spectroscopic equivalent’, is another routinely used technique to study the 

electrochemical property of a chemical species. [3] It is similar to the LSV, except for the 

back-scanning of the potential which causes the anodic and cathodic scans to repeat 

alternately for a number of times. In this technique, the potential is scanned between two 

potentials E1 and E2 at a definite scan rate ν, and the resulting current is measured as a 

function of the changing potential. This technique helps in the preliminary understanding of 

the rate of a new electrochemical reaction coupled to the electron transfer process at the 

working electrode. The three-electrode configuration is often used for the CV study. Herein, 

the potential applied to the working electrode is measured against the reference electrode and 

the electrical circuit is closed by the auxiliary electrode in turn enabling the current to flow. 

In the experiment, the combinations of the electrolyte, working electrode, active material and 

the solvent used determine the potential window that could be applied. Figure 2.1 illustrates 

a typical CV for a reversible system. It is important to note that the current bears a negative 

sign for the cathodic scan (which indicates a decrease in the applied potential), and is positive 
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for the anodic scan (which indicates an increase in the applied potential). In a reversible 

process, (i) the potential difference between the two peaks is given by ΔE= Ea-Ec= 59/n mV, 

(ii) the peak position remains unaltered with change in the scan rate, (iii) the ratio of the 

anodic and cathodic peak currents is always one and (iv) the peak currents (anodic and 

cathodic) are always relative to the square root of the scan rates. The slope of the plot is 

proportional to the diffusion coefficient (D), as given in the Randles-Sevcik equation at 25 

˚C, 

�� = ��� ��/�� ��/���/��� 

where, ip is the peak current height (in A); n is the number of electrons; A is the area (in 

cm2); D is the diffusion coefficient (in cm2/sec); ν is the scan rate (in V/sec); Cb is the bulk 

concentration of solution (in M). [4] 

 

Figure 2.1. Representation of (a) Waveform of a CV and (b) typical cyclic voltammogram, 

wherein, Epc, ipc and Epa, ipa are the cathodic and anodic peak potentials and currents 

respectively. 

2.1.2. Chronoamperometry  

The chronoamperometry is a ‘current transient technique’ in which the potential of the 

working electrode (which is in the steady state) is changed abruptly from V1 to V2 and the 

resulting changes in the current is measured as a function of time.[5] This technique is widely 

used to examine the kinetic behavior of an electroactive material. During this potential 

stepping process, it is supposed that the diffusion of the active species governs the whole 

process. The kinetics of the interfacial charge-transfer reaction is so facile that it enables the 

rapid saturation of the active species (equal to its equilibrium concentration) at the electrode 
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surface. This instant increase/decrease in the active species concentration at the electrode 

surface is in turn compensated by the ionic supply towards/away from the bulk of the 

electrolyte, thereby creating a potentiostatic boundary. This technique is often used for 

quantitatively analyzing the process of nucleation at the electrode-electrolyte interface.  

 

Figure 2.2. a) Excitation waveform and b) response waveform for a CA. 

2.1.3. Chronopotentiometry  

Chronopotentiometry is a powerful technique wherein the current flowing through the 

working electrode is suddenly stepped up from zero. [6] This results in an abrupt change in 

the concentration of the electroactive species at the electrode-electrolyte interface and the 

resulting change in the potential is plotted as a function of time.  

 

Figure 2.3. a) Current excitation and b) potential response for CP. 

The overpotential developed at the interface is considered equivalent to the concentration of 

the reactant is accumulated /exhausted at the electrode surface. During the study, the solution 
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is left unstirred and a large amount of electrolyte is used to nullify the conventional and 

migration effects in the system. Thus, the mass transfer is entirely driven by the diffusion 

factor. Figure 2.3 illustrates a typical chronopotentiogram for a reversible system. 

2.1.4. Rotating Disk Electrode (RDE) 

A rotating disk electrode (RDE) is one of the simple, highly accurate hydrodynamic methods 

used to study the electrode kinetics and mechanisms of reaction at the solid electrode-

electrolyte interface. [7] A typical RDE electrode consists of a glassy carbon/platinum disk 

which is encapsulated inside a rod made up of insulating material like Teflon. The rotation of 

the RDE electrode is controlled using a motor and rotation is often expressed in terms of 

frequency, given by, f = ω/2π, wherein ω is the angular frequency. During the rotation, the 

centrifugal forces continually move the electrolyte horizontally away from the RDE centre, 

thereby replacing the fresh solution towards the electrode surface. The advantages of using 

RDE are as follows: (i) the thickness of the diffusion layer is same throughout, (ii) minimizes 

the effect of the double-layer charging on the measurements and (iii) the mass transfer 

equations could be easily used to relate the experimental factors to the mass transfer of 

reacting species towards the electrode surface. The number of electrons transferred per O2 

molecule in the ORR process is determined using Koutecky–Levich (K-L) equation. The K-L 

equation relates the inverse of the current density (1/j) and the inverse of the square root of 

the rotation speed (1/ω1/2), and can be represented as follows,  

�

�
=

�

��
+

�

��
  

wherein, j is the measured current density, jk is the kinetic current density and jd is the 

diffusion current density. The measured current density can be further expanded as follows: 

�

�
=  

�

������

+  
�

�. ��������
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Or simplified to  
�

�
=

�

������

+
�

���/�;    B= 0.62 nFCo (Do)
 2/3 ν-1/6 CO2 

where, jk is the kinetic current density, ω is the angular velocity and B is related to the 

diffusion limiting current density, also expressed in the above equation (where, F is the 

Faraday constant (F= 96485 C/mol), CO2 is the bulk concentration of O2 (1.2 × 10-3 mol/l), ν 
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is the kinematic viscosity of the electrolyte (ν

O2 in the electrolyte). 

 In the present work, the 

fundamentals of the electrocatalytic oxygen 

[8] In the study, all the electrochemical experiments 

(Echochemie) using a conventional three

(5 mm diameter) embedded in Teflon is used as the 

polished on a polishing cloth using 0.3 

and acetone. The sample coating on the working elec

the catalyst is dispersed in 1 ml of ethanol in water (3:2)

aliquot of the prepared slurry i

Subsequently, 3 μl of 0.1 % Na

binder. This electrode is further dried in air for 3 h and 

Figure 2.4.  Schematic representation of the hydrodynamic working of a rotating disk 

electrode. 

2.1.5. Rotating Ring Disk electrode (RRDE)

As the RDE technique is not reversal, 

swept away from the RDE surface.

technique is employed to avail the i

[9] Herein, an independent ring electrode (made of platinum) is made to surround the disk 

electrode. It is also important to note that the current
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is the kinematic viscosity of the electrolyte (ν = 0.1 m2/s) and D is the diffusion coefficient of 

the RDE experiments are carried out to understand the 

electrocatalytic oxygen reduction reaction (ORR) activity of the catalyst.

electrochemical experiments are performed in an Autolab PGSTAT 30

conventional three-electrode system. The glassy carbon (GC) electrode 

(5 mm diameter) embedded in Teflon is used as the working electrode. This electrode 

polished on a polishing cloth using 0.3 μm alumina slurry followed by washing with water 

and acetone. The sample coating on the working electrode is carried out as follows: 5 mg of 

s dispersed in 1 ml of ethanol in water (3:2) solution by sonication

is drop-casted on the GC electrode using a micro syringe. 

l of 0.1 % Nafion® solution in ethanol is coated onto the surface as a 

s further dried in air for 3 h and is then used as the working electrode. 

 

chematic representation of the hydrodynamic working of a rotating disk 

Rotating Ring Disk electrode (RRDE) 

As the RDE technique is not reversal, the products of the electrochemical reaction are often 

surface. Therefore, the rotating ring disk electrode (RRDE) 

avail the information equivalent to that from a reversal technique.

Herein, an independent ring electrode (made of platinum) is made to surround the disk 

It is also important to note that the current–potential characteristics of the disc 
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) and D is the diffusion coefficient of 

RDE experiments are carried out to understand the 

reduction reaction (ORR) activity of the catalyst. 
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working electrode. This electrode is 

alumina slurry followed by washing with water 

s carried out as follows: 5 mg of 

solution by sonication. Then, 10 μl 

a micro syringe. 

the surface as a 

used as the working electrode.  

chematic representation of the hydrodynamic working of a rotating disk 

the products of the electrochemical reaction are often 

the rotating ring disk electrode (RRDE) 

nformation equivalent to that from a reversal technique. 

Herein, an independent ring electrode (made of platinum) is made to surround the disk 

potential characteristics of the disc 
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electrode is unaffected by the existence of the outer ring. A bipotentiostat is therefore needed 

to measure the potential of both the disk and ring electrode independently. The information 

about the electrode reactions occurring at the disk electrode can therefore be obtained by 

measuring the ring current (Ir).  

 

Figure 2.5. Schematic representation of a rotating ring disk electrode. 

 In the present work, the RRDE technique has been employed to understand the nature 

of the products (i.e., the H2O2 yield) generated at the disk electrode. Initially, the collection 

efficiency of the electrode is determined by using the standard ferrocene redox couple. The 

collection efficiency (N) is calculated using the ratio of the ring and the corresponding disk 

current and is found to be 0.37 in the present case. The yield of the H2O2 formed during the 

RRDE analysis is then calculated from the following formula,  

���� (%) = ��� ×  
��/�

��

� + ��

 

Where, Ir is the ring current, Id is the disc current, and N is the collection efficiency. 

2.1.6. Electrochemical Impedance Spectroscopic (EIS) analysis 

Impedance refers to frequency dependent resistance to the flow of the alternating current 

through the circuit elements namely resistor, capacitor, inductor, etc.  

Thus, the impedance is given by Zω,                 �� =
��

��
 

where, Eω is the frequency dependent potential and Iω is the frequency dependent current.  It 

could therefore be understood that the impedance is equal to resistance (Zω = R) at the zero 

frequency limit. In comparison to the direct current (DC) techniques, an alternating current 

(AC) dependent impedance study provides more information about the electrochemical 
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reactions. It could be used to distinguish between two or more electrochemical reactions 

taking place in the reaction system. EIS is a non-destructive technique which provides 

information about the reactions limited by diffusion and therefore helps to better understand 

the capacitive behavior of the material under study. [10] 

 

Figure 2.6. a) Schematic representation of a complex impedance plane and b) a typical 

Nyquist plot with its equivalent circuit. 

 In the present work, the EIS measurements are carried out to test the components 

within an assembled membrane electrode assembly (MEA) of a single PEM fuel cell. In the 

study, a small sinusoidal perturbation (5-15 mV potential) of fixed frequency is applied to the 

system at a steady state. The system is then scanned across a known frequency range (from 

MHz to mHz). The response measured at each frequency is then plotted and analyzed. It is 

important to note that he data obtained is a complex quantity,  

Z total= Z real + Z imaginary;  

which is defined by the magnitude of the impedance and the phase angle (φ). Using the EIS 

response, the electrochemical system can be then be modeled as a network of electrical 

circuit elements called as the ‘equivalent circuit’. Depending on the complexity of the 

system, a number of complex models can be designed. It is important to note that in an 

equivalent circuit, each element corresponds to some specific element in the electrochemical 

system. A proper fit would therefore infer proper representation of the elements in the 

electrochemical system. 
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2.1.7. Mott-Schottky analysis 

Whenever an electrode is brought in contact with an electrolyte, a potential gradient develops 

at the interface. Depending on the electrical nature of the electrode 

(conductor/semiconductor) used, the potential drops more on the electrode side or the 

electrolyte side of the gradient boundary. The Fermi levels of both the systems therefore 

bend along the interface boundary. The flat band amounts to the band-bending caused by the 

pinning of the Fermi levels at this semiconductor-electrolyte interface. The Mott-Schottky 

analysis is thereby used to understand the band-edge positions of the semiconductor at this 

interface. [11] In the Mott-Schottky analysis, the capacitance at the interface is measured as a 

function of the potential under the conditions of the depletion of charges at the interface, 

�

���
�

=
�

�����
(� − ��� −

��

�
 

wherein, Csc is the capacitance of the space charge region, ε is the dielectric constant of the 

semiconductor, ε0 is the permittivity of free space, N  is the donor density (electron donor 

concentration in case of n-type semi-conductor/ hole acceptor concentration for a  p-type 

semiconductor),  E  is the  applied potential, EFB is the flat-band  potential, k  is the  

Boltzmann constant and T is the temperature. 

 The slope of the 1/C2 vs. Ewe plot (called as Mott Schottky plot) is often a straight line 

which is used to calculate the donor density. The flat-band potential is further determined by 

extrapolating the line to C = 0. The Mott Schottky plot could also be used to determine the 

property of the semiconductor electrode. In case of an n-type semiconductor, the equation 

gives a straight line with negative slope, while the equation gives a positive slope for a p-type 

semiconductor. 

2.2. Electrochemical energy systems 

2.2.1. Fuel Cell (FC)  

 The principle of a fuel cell was first defined by a British physicist Sir William Grove 

in 1839, wherein he utilized cells containing hydrogen and oxygen to generate electric 

power. Fuel cells are energy conversion devices which convert chemical energy into 

electrical energy. [12] The fuel cells possess highest energy density among all the 

electrochemical devices as they operate as long as the reactants are in supply. Depending on 
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the nature of the reactants used and 

the fuel cells are classified into six types.

Figure 2.7. Classification of different types of fuel cells.

 Among all the fuel cells, the PEMFC is widely used for 

operations (80-160 oC). It involves a proton exchange membrane which is employed to 

conduct protons from one face to the other.

electrocatalyst to drive the half-cell reactions. At the anode, the r

generate electrons and protons. The 

which is used for performing electrical work

the cell through the proton conducting

molecules combine with the protons and electrons to produce water.

Anodic reaction (HOR) 

Cathodic reaction (ORR) 

Overall reaction  

 The Low Temperature PEMFC (LT

sulfonated tetrafluoroethylene based
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the nature of the reactants used and the type of electrolyte involved in the ionic conduction, 

the fuel cells are classified into six types. [13] 

Figure 2.7. Classification of different types of fuel cells. 

Among all the fuel cells, the PEMFC is widely used for the low temperature 

C). It involves a proton exchange membrane which is employed to 

conduct protons from one face to the other.[14] The commercial PEMFC utilizes Pt based 

cell reactions. At the anode, the reactant H2 gas is oxidized to 

The as generated electrons travel through the external circuit, 

which is used for performing electrical work, while the protons pass to the cathode side of 

the cell through the proton conducting membrane. On reaching the cathode, the reactant O

molecules combine with the protons and electrons to produce water.   

 : H2 + 2 OH- → 2 H2O + 2 e-  E

  :  ½ O2 + H2O + 2 e- → 2 OH-   Eo

  :  H2 + ½ O2 → H2O    E

The Low Temperature PEMFC (LT-PEMFC) uses an acidic, 

based hydrated ionomer commercially known as Nafion® as 

 AcSIR 

 38 

of electrolyte involved in the ionic conduction, 

 

low temperature 

C). It involves a proton exchange membrane which is employed to 

The commercial PEMFC utilizes Pt based 

gas is oxidized to 

generated electrons travel through the external circuit, 

while the protons pass to the cathode side of 

membrane. On reaching the cathode, the reactant O2 

Eo = 0.0 V 

o = 1.23 V 

Eo = 1.23 V 

PEMFC) uses an acidic, 

hydrated ionomer commercially known as Nafion® as 
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the solid proton conducting membrane. Therefore, the gases must be humidified before being 

fed. [15] This limits the operation temperature is to 80-90 ˚C, in order to prevent the 

membrane from drying out. This therefore necessitates a need for an efficient water 

management system inorder to prevent the undesired flooding near the catalyst surface. Thus, 

LT-PEMFC needs expert supervision to be operated. 

 It is observed that the anodic hydrogen oxidation reaction (HOR) is relatively easier 

compared to the oxygen reduction reaction (ORR). [16] Thus, attempts are made to improve 

the reaction kinetics by increasing the operating temperature of the fuel cell. This also helps 

in better water management, which is crucial for the fuel cell performance, besides 

improving the catalyst resistance to fuel impurities like carbon monoxide (CO) etc. [17] The 

high temperature variant of PEMFC (HT-PEMFC) utilizes phosphoric acid doped PBI 

(polybenzimidazole) membrane for conducting protons across the electrodes. Most 

importantly, as this membrane does not need humidification to conducts proton, the 

temperature as high as 160 ˚C could be used for operating HT-PEMFCs. The high 

temperature operation results in better efficiency, higher power density of HT-PEMFC. It 

also enables relatively easy cooling of the cell and reduces the sensitivity of the platinum 

catalyst to CO poisoning. [18] 

2.2.2. Supercapacitor 

An electrochemical double layer capacitor (EDLC) is an energy storage device which stores 

energy by accumulating charges at the electrode-electrolyte interface, whose capacitance can 

be defined using the following relation, 

� =
�

�
 

wherein, C is the capacitance, q is the charge stored and V is the voltage across the 

electrodes. [19] The capacitance is also related to the area of the electrode (A) and charge 

separation distance (d) as given by the relation, 

� = ����

�

�
 

 wherein, εo is the “permittivity” of free space and εr is the charge separating material’s 

dielectric constant. 
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It could be observed that the EDLC is governed by the same basic equations as that of a 

conventional capacitor except that it utilizes electrodes with higher surface area and with 

much thinner dielectrics to achieve greater capacitances. [20] 

 The energy E stored in a capacitor is directly proportional to its capacitance (C) and 

voltage (V) across the electrodes, given by the relation � =
�

�
���. The power density is the 

energy density per unit time, which is represented by the relation: � =
��

��
, wherein, R is the 

resistance of the capacitor. 

 

Figure 2.8. Schematic representation of an electrical double layer capacitor and its 

advantages. 

 By the virtue of their facile reversible ion adsorption way of storing energy, the 

EDLCs possess the highest power density among all the energy devices. However, these 

systems suffer from low energy density. [21] Therefore, attempts are made to improve the 

capacitance by incorporating pseudo-capacitive materials like metal oxides, conducting 

polymers into these EDLC systems. The pseudo-capacitive materials store charge 

electrochemically by means of fast reversible redox reactions at the electrode-electrolyte 

interface. Thus, a material which can store charges both electrostatically (non-faradically via 

reversible ion adsorption) and electrochemically (faradically via redox reaction) is termed as 

a ‘supercapacitor’. [22] The power and energy density of supercapacitors could be enhanced 
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by (i) improving the specific capacitance of material, (ii) using high surface area 

nanostructured electrodes and (iii) employing non aqueous electrolyte, which provides high 

voltage window for operation. The supercapacitors have several advantages over the 

conventional battery and fuel cell systems viz., infinite cycle life, rapid charging time, low 

equivalent series resistance (ESR) compared to batteries and is more environment-friendly, 

safe and cost effective compared to the other energy devices. [23]  
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Chapter 3 

Fe-based coordination polymer gels as proton conductors and 

their typical transformation into Fe-metal organic frameworks* 

The present chapter discusses two effectual ways of utilizing lesser known Fe-based 

metallogels: one towards effective synthesis of otherwise difficult Fe-MOFs via Pd2+ induced 

gel degradation; second as a proton conducting solid electrolyte by utilizing a protogenic 

ligand namely phytic acid molecule for gelation with Fe3+ ions. The first part of the chapter# 

verbosely explains a simple yet efficient conversion of viable Fe3+ based metallogels into Fe-

MOFs by PdCl2 interceded 

gel degradation. The 

oxidation of the metallogel 

constituents namely, formic 

acid/formamide by Pd2+, is 

believed to be the plausible 

reason for the disruption of 

the metallogel network, thereby driving the system towards more thermodynamically 

controlled pathway yielding Fe-MOF crystals, as elucidated by the Gas Chromatography 

(GC) and Powder X-Ray Diffraction (PXRD) studies. In the second part of the chapter##, a 

xerogel obtained upon slow drying of the phytic acid based Fe-metallogel is tested for its 

anhydrous proton conducting ability. The xerogel shows high proton conductivity of 2.4× 10-

2 S.cm-1. The xerogel pellet is used for fabricating a Membrane Electrode Assembly (MEA) 

of a Proton Exchange Membrane Fuel Cell (PEMFC) and in situ impedance measurements 

and linear polarization studies are performed on the as fabricated single cell.  

 

 

 

 

*The content of this chapter has been published in #Cryst. Growth Des., 2014, 14, 3434 and 

##Chem. Sci., 2015, 6, 603. 

Reprinted with permission from the #American Chemical Society and ##The Royal Society of 

Chemistry. 
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3.1. Introduction 

Over past few years, metal organic materials namely metal organic frameworks (MOFs) and 

metal organic gels/metallogels have emerged as promising materials for multitude of 

applications namely, gas adsorption, separation and storage, catalysis, sensing, drug delivery 

etc.[1] due to their tuneable chemical composition, controllable surface area, and pore size. 

Metallogels belong to an important group of supramolecular materials, whose inherent 

properties arise from the non-covalent interaction between the metallic entity (metal or metal 

ion), and the organic connectors (polymeric or other small organic molecules) yielding a 

stable extended network with capacious immobilization of solvent molecules within. [2] The 

majority of these metallogels result from non-covalent interactions, mainly hydrogen 

bonding, apart from metal-ligand coordination. [3] Most of these metallogels therefore do not 

possess permanent porosity. Henceforth, they cannot be used explicitly for applications like 

gas adsorption, storage, catalysis etc. like their crystalline MOF counterparts.[4] The literature 

review reveals that Co, Ni, Cu and Zn based MOFs mainly dominate the list of the most 

widely studied MOFs, followed by Ca, Mn and Mg based MOFs. [5] Despite being cheap and 

abundantly available ion, reports of Fe-based MOFs are limited owing to the ready oxidation 

of Fe2+ and easy hydrolysis of Fe3+ under hydrothermal conditions. [6] It is important to note 

that most of the mixtures containing Fe3+ ions often gelate in most of the regularly used 

organic solvents like DMF, ethanol, methanol etc.[7] The sol-gel technique has been one of 

the well known wet-chemical techniques used for growing crystals.[8] However, this concept 

has been hardly demonstrated for synthesizing MOFs. The first part of the chapter describes 

one such proof of concept of use of supramolecular gels as media for the growth of molecular 

crystals. Herein, chemically induced metallogel degradation results in the transformation of 

Fe-metallogels into Fe-MOFs. 

 The second part of this chapter reports the immobilization of a protogenic phytic acid 

(each molecule contains six phosphate ester (-H2PO4) groups, and thus, twelve replaceable 

protons) using Fe3+ in N, N’-dimethyformamide (DMF) resulting in a stable metallogel. The 

FNPA xerogel (obtained upon slow drying of FNPA metallogel) is found to exhibit a high 

proton conductivity of 2.4× 10-2 S.cm-1 at 120 °C without any assistance of external agent 

(acid, moisture or any other heterocycle dopants), which establishes it as a distinctive proton 

conducting supramolecular material.  
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Part A 

3A. Conversion of Fe-metallogel into Fe-MOFs via PdCl2 

mediated gel degradation 

Currently, there exists handful of protocols for the large-scale synthesis of Fe-MOFs, 

particularly the MIL-n (Fe) series. However, most of these procedures suffer from synthetic 

constraints like use of toxic HF/HNO3 and most of their crystal structures are determined 

from the PXRD patterns owing to the difficulty in the formation of mountable single crystals. 
[9] This demands a lookout for a facile method to improve the scalability as well as size of 

such MOFs to make the crystal structure determination easier, essentially needed to 

understand the MOF structure-property relationship. The sol-gel technique is one of the 

traditional ways used to improve the crystal size and growth. [8] The technique uses an inert 

gel matrix to hold the growing crystal nuclei in its position of formation and growth. On 

attainment of a mountable size, the crystals are recovered on dissolution of the gel matrix, 

which may be induced by external physical or chemical factors.[10] However, in case of 

MOFs, which essentially needs an inorganic metal ion along with an organic strut, screening 

an inert matrix that could be dissolved leaving the MOFs unharmed, would not be easy. It is 

equally imperative to note that the chemical composition of metallogels is identical to that of 

the MOFs, except that the latter is a more thermodynamically favored product while gelation 

is often considered a metastable phase of any transforming system. [11] It is therefore very 

likely that, if stimulated, such metallogel system could very much act as a reservoir for 

furnishing the needed metal ions as well as organic linker for in situ MOF formation. 

However, MOF synthesis by means of gel to MOF conversion remains largely unexplored. 

Moreover, inducing crystallization in such stable metallogel systems would be challenging.  

 In this part of the chapter, a new strategy for the synthesis of Fe-based MOFs via 

PdCl2 mediated gel-to-crystal transformation from substituted formamide analogues namely 

NMF (N-Methylformamide), DMF (N, N'-Dimethylformamide) and DEF (N, N'-

Diethylformamide) is presented (Figure 3A.1). 
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Figure 3A.1. Schematic representation of conversion of Fe-metallogel into Fe-MOFs via 

PdCl2 interceded gel degradation. 

3A.1. Experimental Section 

In a simple one pot procedure followed, 1 ml of 0.1 mmol of Fe (NO3)3.9H2O and 3 ml of 0.1 

mmol of 1, 3, 5-benzene tricarboxylic acid solutions in NMF, DMF and DEF respectively is 

mixed well and heated. The gelation results within 6 h of heating at 90 ºC, following which, 

1ml of 0.1 mmol of PdCl2 (dissolved in each of the corresponding solvent) is added on the 

top of the metallogel layer. The heating of the vials is continued at 90˚C. The degradation of 

gel begins after 24 h of PdCl2 addition and the MOF formation results after 48 h (Figure 

3A.1). Once complete, the crystals are separated by gentle sonication followed by repeated 

washing with the solvent used for its synthesis. The yield obtained amounts to ~80% in each 

case. 
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3A.2. Results and Discussion 

3A.2.1. Rheology study 

Initially, a simple inversion-tube test is used to verify the gelation of Fe-BTC ligand mixture. 

The resulting gel is found to be robust with no noticeable weakening observed over weeks. 

The opaque gels thus obtained are further examined using oscillatory rheology studies.  

 
Figure 3A.2. Combined dynamic strain (DSS) and frequency (DFS) dependent studies of Fe-

BTC-DMF, Fe-BTC-DEF and Fe-BTC-NMF metallogels. 

The rheological measurements establish the inherent viscoelastic and fragile nature of the 

metallogel. The Dynamic Strain Sweep (DSS) and Dynamic Frequency Sweep (DFS) results 

in Figure 3A.2 show that the average storage modulus (G') is one order magnitude higher 

than the loss modulus (G") within the linear viscoelastic regime (for Fe-BTC-NMF and Fe-

BTC-DMF gels) and consistent over the whole range of frequency. DFS and DSS results also 

inform the weaker nature of the Fe-BTC-DEF gel compared to the rest of the two (i.e., Fe-

BTC-NMF and Fe-BTC-DMF). 

3A.2.2. Electron microscopic studies 

The structural morphology of the Fe-metallogels has been studied using environmental SEM 

(E-SEM). The E-SEM images of the Fe-BTC-NMF gels show the presence of long fibrillar 

network, while that of Fe-Pd-BTC-DEF and Fe-BTC-DMF exhibited aggregation of thick gel 

fibers (Figure 3A.3).  
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Figure 3A.3. E-SEM images of (a) Fe-BTC-NMF, (b) Fe-Pd-BTC-DEF and (c) Fe-BTC-

DMF metallogels, respectively. 

 The SEM images of all the as synthesized Fe-MOFs reveal the formation of crystals 

with well-defined faces and size varying between 10 to 40 µm (Figure 3A.4).  

 
Figure 3A.4. SEM images of (a) Fe-BTC-NMF, (b) Fe-Pd-BTC-DEF and (c) Fe-BTC-DMF 

MOF crystals respectively. 

 The chemical nature of the residue has been confirmed using the data obtained from spot 

EDX analysis (Figure 3A.5).  
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Figure 3A.5. EDX analysis of the reduced palladium residue on the Fe-Pd-BTC-DEF MOF 

surface.  

3A.2.3. Single crystal XRD analysis 

The Fe-MOFs resulting from the degradation of the metal-organic gel have been investigated 

using single crystal X-ray diffraction analysis. For the single crystal X-ray diffraction 

experiment, the as synthesized crystals were taken out of the solution and layered with 

paratone-N oil. It is then placed in a nylon cryoloop (Hampton research) of 0.7 mm diameter 

and then mounted in the diffractometer. The data collection was done at 293 K. The crystals 

were mounted on a Super Nova Dual source X-ray Diffractometer system (Agilent 

Technologies) equipped with a CCD area detector and operated at 250 W power (50 kV, 0.8 

mA) to generate Mo Kα radiation (λ = 0.71073 Å) and Cu Kα radiation (λ = 1.54178 Å) at 

298(2) K. The initial scans of each specimen are executed to obtain the preliminary unit cell 

parameters and to evaluate the mosaicity (i.e., breadth of spots between frames) of the crystal 

and the required frame width for data collection is selected. CrysAlisPro program software has 
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been used suite to carry out the overlapping φ and ω scans at detector (2θ) settings (2θ = 28). 

Following the data collection, reflections are sampled from all regions of the Ewald sphere to 

predetermine unit cell parameters for data integration. The resolution of the data set is judged 

following an exhaustive review of the collected frames. The data is then integrated using 

CrysAlisPro software with a narrow frame algorithm. The data is subsequently corrected for 

absorption by the program SCALE3 ABSPACK scaling algorithm. 

 In the present work, the crystal structures have been solved using direct method and 

refined using the SHELXTL 97 [12b] software suite. The atoms are located following an 

iterative examination of the difference F-maps using the least squares refinements of the 

previous models. The final model has been refined anisotropically (if the number of data 

permitted) unless complete convergence is achieved. The hydrogen atoms are placed in their 

calculated positions (C-H = 0.93 Å) and incorporated as riding atoms with isotropic 

displacement parameters 1.2-1.5 times Ueq of the attached C atoms. In some cases, the 

modeling of the electron density within the framework voids did not lead to the identification 

of recognizable solvent molecules in these structures, most likely due to the highly 

disordered contents within the large pores in the frameworks. Highly porous crystals 

containing pores filled with solvents often yield raw data wherein observed strong (high 

intensity) scattering gets limited to ~1.0 Å at best, with higher resolution data present at low 

intensity. In addition, the diffused scattering from the highly disordered solvent within the 

void spaces of the framework and also from the capillary used for mounting the crystal also 

contributes to the background and towards ‘washing out’ of the weaker data. The electron 

density within the void spaces have not been assigned to any guest entity but instead modeled 

as isolated oxygen and/or carbon atoms. The foremost errors in all the models are believed to 

lie in the assignment of guest electron density. The structure has been examined using the 

ADSYM subroutine of PLATON5 to ensure that no additional symmetry could be applied to 

the models. The ellipsoids in ORTEP diagrams have been displayed at 50% probability level 

unless noted otherwise. For all structures, it is important to note that the elevated R-values 

are commonly encountered figures in MOF crystallography for the reasons discussed above. 

[12] 

The CCDC 983264 and CCDC 983263 contain the crystallographic data for Fe-Pd-BTC-

DEF and Fe-BTC-NMF respectively. 
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Figure 3A.6. Single crystal structure of Fe-BTC-DMF, Fe-Pd-BTC-DEF and Fe-BTC-NMF 

systems, respectively. (Colour code: Fe: orange, O: red, C: grey, N: blue, Pd: green). 

In the study, the data is collected at 293 K. Here, in addition to the known Fe-BTC-DMF [6a], 

we report two new crystal structures, Fe-Pd-BTC-DEF (3D) and Fe-BTC-NMF (2D).  

Crystallographic information of Fe-Pd-BTC-DEF 

Fe-Pd-BTC-DEF crystallizes in hexagonal space group P63/mmc [a= 19.97, c=26.056Å, 

α=900, β=1200, V=9001.4 Å3] (see Table 3A.1 for details). The SBU (Secondary Binding 

Unit) comprises of two metal centers, Fe (II) and Pd (II) (Figure 3A.6). Of the two Fe 

centres, one Fe is tetrahedrally coordinated to four O atoms and second Fe is coordinated to 

five O atoms, thereby effecting a square pyramidal geometry (Figure 3A.7). The Pd (II) 

takes up a square planar geometry and is coordinated with four C atoms of the CO molecules. 

In the crystal structure, the CO molecules found are possibly produced along the pathway of 

the presumed formic/formamide oxidation as confirmed from the gas chromatography 

analysis. 

Table 3A.1. Crystal data and structure refinement for Fe-Pd-BTC-DEF: 

Empirical formula C22 H4 Fe4 O17 Pd 

Formula weight 870.05 

Temperature 293 (2) K 

Wavelength 0.71073 Å 

Crystal system hexagonal 

Space group P 63/m m c 

Unit cell dimensions a = 19.9724(9) Å  α = 90° 
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b = 19.9724(9) Å  β = 90° 

c = 26.0567(9) Å  γ = 120° 

Volume 9001.4(7) 

Z 6 

Density (calculated) 0.963 

Absorption coefficient 1.275 

F(000) 2536.1 

Crystal size 0.34 × 0.29 × 0.12 mm3 

Theta range for data collection 3.13 – 29.11 

Index ranges -23 <= h <= 14,  -11 <= k <= 25,  -35 <= l <= 30 

Reflections collected 19912 

Independent reflections 4090 

Completeness to theta = 26.02° 91.6 % 

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4090 / 0/ 116 

Goodness-of-fit on F2 1.0710 

Final R indices [I>2sigma(I)] R1 = 0.1344, wR2 = 0.1231 

R indices (all data) R1 = 0.1912, wR2 = 0.1472 

Largest diff. peak and hole 0.413 and  -0.471 e.Å-3 

 

 
Figure 3A.7. ORTEP diagram of Fe-Pd-BTC-DEF. 
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Crystallographic information of Fe-BTC-NMF 

The Fe-BTC-NMF crystallizes in trigonal space group R-3 [a=14.03, c=21.27 Å, α=900, 

β=1200, V=3628.5Å3] (see Table 3A.2 for details) into a 2-D network. From the crystal 

study, it can be established that in the crystal structure of Fe-BTC-NMF, Fe3+ assumes an 

octahedral geometry in which it is coordinated to five oxygens from µ2-CO2
-functionalities of 

one NMF oxygen atom and four BTC molecules (Figure 3A.6). 

Table 3A.2. Crystal data and structure refinement for Fe-BTC-NMF: 

Empirical formula C6 H7 Fe N O5 

Formula weight 228.98 

Temperature 293 (2) K 

Wavelength 0.71073 Å 

Crystal system trigonal 

Space group R -3 

Unit cell dimensions 

a = 14.0339(6) Å  α = 90° 

b = 14.0339(6) Å  β = 90° 

c = 21.2738(10) Å γ = 120° 

Volume 3628.5(3) 

Z 18 

Density (calculated) 1.886 

Absorption coefficient 1.275 

F(000) 1788 

Crystal size 0.34 × 0.29 × 0.12 mm3 

Theta range for data collection 3.85-27.85 

Index ranges -11<= h <= 17,  -16 <= k <= 12,  -14 <= l <= 28 

Reflections collected 2205 

Independent reflections 1841 

Completeness to theta = 26.32° 99.76 % 

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1841/ 0/ 119 
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Goodness-of-fit on F2 0.930 

Final R indices [I>2sigma(I)] R1 = 0.0349, wR2 = 0.1150 

R indices (all data) R1 = 0.0478, wR2 = 0.1363 

Largest diff. peak and hole 0.535 and  -0.371 e.Å-3 

 

 
Figure 3A.8. ORTEP diagram of Fe-BTC-NMF. 

3A.2.4. PXRD analysis 

 The powder XRD technique has also been employed to determine the bulk purity of 

the resulting MOF phases. Of the three Fe-MOF synthesized, Fe-BTC-DMF is already 

reported one, while the other two, i.e., Fe-Pd-BTC-DEF and Fe-BTC-NMF, are newly found 

forms. However, the Fe-Pd-BTC-DEF crystals were found to be very unstable and hence its 

PXRD pattern could not be obtained. Once taken out of the mother solution, these crystals 

are observed to immediately transform into unidentifiable precipitates.  

 The PXRD patterns of the other two MOFs match well with their simulated ones that 

confirm that the product obtained are in their pure crystalline forms (Figure 3A.9). 
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Figure 3A.9. Simulated and experimental PXRD patterns of a) Fe-BTC-DMF and b)Fe-

BTC-NMF. 

The PXRD analysis of the residue left behind after completion of the gel degradation is 

indicative of the formation of reduced palladium black (Figure 3A.10). 

 
Figure 3A.10. PXRD of reduced palladium residue isolated after metallogel degradation 

(JCPDS file no. 87-0638). (Inset) SEM image of reduced palladium residues. 

3A.2.5. FTIR analysis 

The presence of Fe3+-ligand coordination during the metallogel formation is confirmed by IR 

spectroscopic investigation.  
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Figure 3A.11. FT-IR spectra of Fe-metallogels and the resulting Fe-MOFs. 

In the FT-IR spectra of Fe-BTC-DMF metallogel, a red shift in the bond strength of the 

ligand C=O stretching from 1690 cm-1 to 1650 cm-1 could be observed which indicates the 

formation of Fe←C-O bonding during gelation followed by crystallization of MOF (Figure 

3A.11).  

3A.2.6. TGA analysis  

 

Figure 3A.12. TGA plots of a) Fe-metallogels and b) the corresponding Fe-MOFs. 
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hydrolytic decomposition into corresponding amines and formic acid at higher temperature. 

It is also interesting to note that such in situ generated amines have proven to deprotonate the 

ligand, in turn facilitating their coordination to the positive metal ion (Fe 3+ here) and thereby 

ruling out the need for an additional base. [13] On the contrary, the role and the fate of the 

other product, i.e., formate /formic acid, also evidenced to be formed during the course of the 

reaction have been hardly studied, except in few cases where the formate ion is found 

coordinated to the metal ion in the crystal structure. [14] An easy way to analyze the formate 

ion intervention would be its removal from the gelating system. A case study on the formic 

acid chemistry substantiates the use of precious noble metal ions viz., Ag+, Pd2+, Pt4+ etc. for 

its oxidation. On addition of PdCl2, the metallogels have been observed to develop turbidity 

and later degrade into a sol. 

 
Figure 3A.14. Schematic representation of mechanism illustrating the conversion of Fe-

metallogel into Fe-metal organic frameworks. 

The gel degradation is also accompanied by the alongside formation of palladium black 

residues. The degradation of gel is observed to complete within 2-3 days following which 

large sized crystals could be obtained. The presence of formic acid oxidation products CO2, 

CO, H2 [15] along with palladium black confirms that PdCl2 reduces in turn mediating the 

degradation/oxidation of solvent DMF in the metallogels (Figure 3A.14). However, a direct 
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evidence to detect the presence of formic acid/formate ion in the system failed as DMF also 

gives positive results to the usually tried test reaction viz., the silver mirror test. This is a 

possible influence of the Lewis acid nature of Ag+, which brings about DMF degradation. 

The breakdown of DMF results in the in situ generation of formic acid that eventually 

reduces Ag+ to Ag. The gel degradation could be observed using all known formic acid 

oxidation reagents namely Pd (OAc)2, AgNO3 and H2PtCl4 addition too. However, it is 

notable that the quality of the obtained crystals was the best with PdCl2, for reasons 

unknown. It is remarkable to also observe that the phenomenon did not repeat when tried 

with chloride salts of other metals namely NaCl, NiCl2. This hints the presence of an 

oxidative pathway and its involvement in bringing about the degradation of the metallogel 

(Figure 3A.14). It is however intricate to exactly determine the usefulness of formic acid and 

the role of DMF (apart from being a solvent) in furnishing formic acid in gelation. As noted 

earlier, the hydrogen-bonding interactions are one of the most important non-covalent forces 

(apart from metal-ligand co-ordination bonds) in supramolecular gels, a metastable 

system.[3,16] Thus, the facile formation of Fe-based metallogels could be associated with the 

presence of formamide along with in situ resulting formic acid, which are well-known 

hydrogen bond donors. The removal of such species via oxidation is observed to disrupt the 

gel network, which consequently results in the complete gel degradation as observed in the 

present case. This possibly drives the system to follow a more thermodynamically controlled 

pathway, which eventually results in the formation of MOF crystals, a thermodynamically 

favored product. [11] 
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Part B 

 3B. Fe-phytate metallogel as a proton conducting solid electrolyte 

for PEM Fuel Cells 

Ideally, a PEMFC electrolyte should desirably be able to conduct protons at high temperature 

(>100 ˚C) under dry conditions besides possessing high mechanical stability. [17] The high 

temperature performance would essentially improve the fuel cell performance by increasing 

the cell resistance to fuel impurities like CO, escalate the electrode kinetics along with 

resolving the water flooding issues, which are of primary concerns of a Nafion® based 

PEMFC operation. [18] The solid electrolyte often used in case of the commercial High 

Temperature Proton Exchange Membrane Fuel Cells (HT-PEMFCs) is the phosphoric acid 

doped-polybenzimidazole (PBI) membrane having high proton conductivity up to 0.1 S/cm at 

temperatures up to 200 °C. [19] However, during the course of operation, one of the problems 

affecting the performance of the PA-doped PBI membrane is the leaching of the doped acid 

thereby decreasing its conductivity. [20]  It is important to note that, to be used as a solid 

electrolyte in a proton exchange membrane fuel cell, the prospective material needs to satisfy 

two criteria (1) space out the electrode components (mainly the reactant gases) (2) conduct 

ions (H+ here) across the electrodes and ultimately complete the electrical circuit. Thus, in 

order to operate a fuel cell, there is an imperative need of an intrinsically proton-conducting 

electrolyte, which could perform faster and selective proton transport at preferably 100-200 

˚C and more specifically at anhydrous conditions. It should also alongside be able to separate 

the anode and cathode components, most importantly prevent the cross diffusion of the 

reactant gases for an optimal fuel cell performance. [21]   

 At this outlook, thermally as well as chemically stable metallogels offer a perfect 

platform to immobilize the proton-conducting entities via their coordination to the metal 

centres. However, one finds very few reports of such metallogels used as proton conductors, 

one being a CuA-Ox xerogel, which displays a proton conductivity of 1.4×10-5 S/cm at 65 ˚C 

under anhydrous conditions. [22] It is well understood that the proton conductivity depends on 

the quantity and mobility of the protons present in the system. [23] 
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Figure 3B.1. Schematic representation of the synthesis of FNPA metallogel. 

Among the recognized protogenic molecules, phosphoric acid based phytic acid 

(inositol hexakisphosphate) contains 12 replaceable protons and is thus competent of easily 

coordinating to multivalent ions. Furthermore, each phytic acid (PA) molecule contains six 

phosphate ester (-H2PO4) groups, recognized for their amphoteric nature that allows proton 

conduction without any assistance from external proton carriers. [24] This part of the chapter 

introduces a novel strategy for the immobilization of phytic acid using Fe3+ in N, N’-

dimethyformamide (DMF) which results in a stable metallogel (FNPA, FN= ferric nitrate 

nonahydrate; PA = phytic acid).  

3B.1. Experimental Section 

The synthesis of FNPA metallogel is also performed using a simple one pot procedure at 

90˚C, wherein 0.1 mmol of Fe (NO3)3. 9H2O (FN) and 0.1 mmol of phytic acid (PA) solution 

(2:1 v/v) in DMF were mixed together to form a pale yellow colour solution (Figure 3B.1). 
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The gelation is found to result within 30 min of heating at 90 ˚C, but aging of the metallogel 

was continued for another 12 h in order to further increase the cross-linking of the gelator 

fibers. A similar FNPA metallogel is also obtained at room temperature when the pale-yellow 

colour solution was left undisturbed for ~6 days (Figure 3B.2).  

 
Figure 3B.2. (a) HRTEM of FNPA metallogel synthesized at (b) 90˚C, (c) RT after 6 days. 

The off-white colour metallogel obtained is slow evaporated at 70-80 °C. The resulting 

FNPA xerogel is then powdered and later pelletized for proton conductivity studies. 

3B.2. Results and Discussion 

3B.2.1. Material Characterization 

3B.2.1.1. Rheology study 

The gel nature of FNPA is at first verified by a simple inversion-tube test (Figure 3B.1). The 

rheological study of FNPA metallogel indicates that the metal-ligand coordination forces are 

crucial for determining the rate of gelation as the gel strength varied depending on the metal-

to-ligand ratio. It is worth mentioning that the precursor solution having metal-to-ligand ratio 

= 2:1 gelates faster at room temperature and shows better mechanical property (Figure 3B.3) 

compared to the other compositions. 
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Figure 3B.3. Combined strain dependent studies of the FNPA metallogel (FN: PA (v/v) in 

DMF); b) comparative Strain sweep plot of FNPA metallogel after six months and after acid 

treatment. 

The viscoelastic nature of the opaque metallogel is further measured by oscillatory 

rheological studies. The dynamic strain sweep (DSS) test carried at a constant frequency of 1 

rad/s shows that the average storage modulus (G') was one order magnitude higher than the 

loss modulus (G") within the linear viscoelastic regime (Figure 3B.3a). At a constant strain 

value of 1%, the storage modulus indicates almost null dependence on the frequency. The 

FNPA metallogel could be found to be water as well as acid stable, devoid of any observable 

changes over a period of 6 months (Figure 3B.3b). 

3B.2.1.2. Electron microscopic studies 

The gelation and morphology of the Fe-metallogels is monitored using transmission electron 

microscopic (TEM) study. The high resolution TEM images of the FNPA metallogel 

collected within 30 min of mixing of Fe 3+ and phytic acid solutions indicates the initial 

formation of the gel nanospheres. The fusion of 20-40 nm-sized spheres into a one-

dimensional nanofibre is gradually followed, which finally interweaves into a three 

dimensional metallogel network (Figure 3B.4). The presence of nanospheres in the early 

phase of gelation indicates the ready complexation of Fe3+ with the multidentate three 

dimensional phytic acid molecules in DMF. The presence of identical phosphate ester groups 

in the phytic acid molecules gives all sites an equal opportunity to bind with the metal ion 
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and initiate a non-directional supramolecular assembly of the gelating components (viz. Fe-

Phytate complex, DMF, water etc.). 

 
Figure 3B.4. HRTEM images of the gel collected at different time interval evidencing the 

formation of the FNPA metallogel nanospheres and their eventual assembly into a 3D 

metallogel network. 

These amassing of the nanospheres is then driven by the supramolecular forces (H-bonding 

or coordinate bond) giving rise to nanofibrillar metallogel network structure which 

eventually results in a monolithic gel structure. [24] 

3B.2.1.3. MALDI-TOF study 

The MALDI –TOF study is carried out to determine the molecular weight of the possible 

gelator unit in case of FNPA metallogel (2:1), which is indicated to have the best mechanical 

strength of all the other FN-PA compositions. The matrix assisted laser desorption 

ionization-time of flight (MALDI-TOF) is performed using dithranol as the matrix. The 

sample concentration is ca. 1.0 µM in DMF solvent. 1mg/mL concentration of the matrix 

solution (in THF) is made and added to the sample solution in 1:1 ratio. The resulting 

solution has been deposited on a stainless steel sample holder and then dried under vacuum. 

The sample is then scanned with the N2 laser (intensity = 4500) at a scan rate of 150 

shots/spectrum. The sample is tested under optimized conditions in a positive reflectance 

mode. The MALDI-TOF spectra of the FNPA metallogel as well as the FNPA xerogel 

displays many peaks in the low m/z region (m/z < 1000) suggesting non-covalent self-

assembly of gelator units (Figure 3B.5). However, a prominent peak at m/z = 781.93 (two 
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Fe3+ + one phytic acid + eight H+) strongly hints at the presence of the 2:1 complex (Fe3+: 

Phytic acid) as the possible gelator unit. 

 
Figure 3B.5. MALDI-TOF MS spectra of FNPA metallogel indicating presence of prominent 

peak at m/z value ~781. 

3B.2.1.4. PXRD analysis 

The PXRD spectrum of the synthesized FNPA metallogel as well as FNPA xerogel is 

indicative of the amorphous nature of the material. The spectra showed presence of a broad 

hump at ~25 ˚, substantiating the absence of long range ordering in the FNPA metallogel 

(Figure 3B.6a). 

3B.2.1.5. FTIR analysis 

The FTIR study of the xerogel derived after slow drying FNPA metallogel (2:1) indicates the 

presence of P-OH, P=O, C-O-P, C-C bond stretching frequencies in the spectra (Figure 

3B.6b). 
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Figure 3B.6. Combined plots indicating a) PXRD patterns of FNPA metallogel and xerogel, 

b) FT-IR spectra of FNPA xerogel. 

3B.2.1.6. Surface area analysis 

In general, the process of xerogel formation is known to result in the collapsing of the pores, 

especially in case of soft supramolecular materials like metallogel. However, as one of the 

desirable features of a solid electrolyte is its ability to prevent gas diffusion across it, in the 

present work, this pore collapsible process is taken advantage of. The BET (Brunauer, 

Emmett and Teller) surface area measurements of FNPA xerogel also confirm the poor 

porosity in the resulting xerogel. The N2 adsorption isotherm reveals a very low BET surface 

area of 124 m2/g (Figure 3B.7b) only. 

 
Figure 3B.7. Combined plots indicating a) TGA curves of FNPA xerogel before and after the 

proton conductivity test and b) N2 adsorption isotherm of FNPA xerogel. 
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 From the impedance studies, the material is observed to exhibit high proton 

conductivity up to 1.2 × 10-2 S/cm at 130 ˚C. However, on continued heating at 150 ˚C, the 

ionic conductivity decreases to 3.6×10-3 S/cm, indicating a change in the material 

composition thereafter (as indicated by TGA analysis). However, when tried at 130 ˚C, the 

sample is observed to retain its conductivity on cooling down to 30 ˚C and recycling back 

(Figure 3B.9c). 

3B.2.2.2. PEMFC single cell assembly using FNPA as a solid electrolyte 

As a validation of the proton conducting nature and its potential as a separating membrane 

for PEMFC, another set of experiments has been carried out at standard dry H2/O2 fuel cell 

conditions. The direct current measurements are carried out by fabricating a gas tight [2×2 

cm2 MEA] using dry H2, dry O2 gaseous reactants, FNPA xerogel pellet as solid electrolyte 

and Pt-C gas-diffusion electrodes (loading of 1 mg of Pt/cm2) cold pressed at 1000 kg N for 

two minutes (Figure 3B.10). In the study, standard PEMFC procedure is employed for the 

MEA fabrication. Initially, about 800 mg of the xerogel powder is added into a 2.5 mm 

diameter die and then pelletized. The platinized electrodes are prepared by uniformly brush 

coating the Pt catalyst ink onto the carbon paper support (35CC-SGL with 15% PTFE 

content). The pellet is placed amid the two platinized carbon electrodes [each containing 

Johnson Matthey Pt catalyst + Vulcan carbon support (VX 72) + 20% Nafion binder] using 

Kapton gasket and eventually cold pressed by applying 1000 KgN pressure for 2 min.  

 
Figure 3B.10. Schematic representation of the MEA making using pelletized FNPA xerogel 

as the solid electrolyte. 

The MEA is then arranged onto graphite plates using FRT gasket to enable their single cell 

assembly (active area = 4 cm2, Fuel cell Tech). 
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The single cell test fixture used for the fuel cell polarization study consists of the following 

components: 

• Aluminium end-plates 

• Graphite mono polar plates provided with integrated O-ring gasket and serpentine 

gas flow field 

• Cathode loading: 1 mg/ cm2; N/C: 0.4; electrode thickness: 320 μm 

• Anode loading: 1 mg/ cm2; N/C: 0.4; electrode thickness: 324 μm 

• Gas flow: 0.5 slpm for anode as well as cathode.  

• Operating temperature:  RT-120 ˚C   

• Membrane pellet thickness: 1615 μm 

• Uncompressed MEA thickness: 2259 μm  

• Compressed MEA thickness: 1848 μm 

• % of the compression: 18 % 

• Thickness of the gasket use : 714 μm 

3B.2.2.3. Electromotive Force (emf) measurement  

During the electromotive force (emf) measurements, the cell is fed with 99.999 % pure dry 

hydrogen at the anode and 99.9 % pure dry O2 at the cathode. Indicative of the cell being 

functional, the MEA shows a starting Open Circuit Voltage (OCV) of 0.807 V at 30 ˚C 

followed by an increment to a maximum of 1.02 V ± 0.02 at 100 ˚C due to the consequential 

thermal activation of the catalyst.  

 
Figure 3B.11. a) OCV measurement of the fabricated MEA at different temperatures and b) 

OCV lifetime measurement at 120 ˚C. 
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On further rise in temperature, the OCV remained constant thereafter up to 120 ˚C (Figure 

3B.11a). The OCV is observed to remain stable for the next five hours, which clearly 

divulges the denser nature of the pellet. Yet, on further rising the temperature to 130 ˚C, the 

OCV decreases rapidly to 0.85 V and thereafter the study has been terminated (Figure 

3B.11b). The sudden decrease in the OCV is attributed to the cross flow of the reactant gases 

across the membrane electrolyte. [26] 

3B.2.2.4. In situ impedance study  

The in situ impedance measurements are carried out via two the electrode arrangement in the 

frequency range of 1 MHz – 100 Hz using BioLogic VPM3 electrochemical work station and 

10 mV input voltage amplitude. In the study, O2 passing cathode is used as the working 

electrode and H2 passing anode is employed as the counter and reference electrodes. The 

results are studied using Nyquist plots obtained at each temperature (from RT to 120 ˚C). A 

PEMFC equivalent circuit has been used to fit the plots and the membrane resistance is 

calculated using the intercept in the complex impedance plane at the high frequency regime. 

It is important to note that the observed impedance response includes a combination of the 

responses from the two half-cells: cathode (Pt/C, O2) and anode (Pt/C, H2). 

 
Figure 3B.12. a) Nyquist plots obtained at different temperatures and b) variation of the 

MEA membrane conductivity with temperature. 

The presence of a single semicircle is indicative of the comparable time constants (interfacial 

resistance × capacitance) for the two half-cells (Figure 3B.12a). At 30 ˚C, the Nyquist plot 

clearly shows the presence of a distinctive charge transfer resistance (R2) at the low 

frequency region associated with the catalyst layer. From the high frequency intercept, the 
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proton conductivity of 8.6×10-3 S/cm is measured. With increase in the MEA temperature, an 

escalation in the interfacial charge transfer could be observed which decreases the time 

constant, as supported by the disappearance of the semicircle. A high proton conductivity 

value of 2.4×10-2 S/cm is read at 120 ˚C before the OCV started decreasing due to the fuel 

cross flow (Figure 3B.13). The following equivalent circuit has been used to fit the 

experimental data: 

 
Figure 3B.13. Equivalent circuit used for fitting the Nyquist plots obtained from the MEA 

impedance analysis. 

wherein,   

  L1  = Inductance 

  R1  = Membrane electrolyte resistance, 

  C1, C2  = Double layer capacitance at anode and cathode respectively, 

  R2, R3  = Charge transfer resistance at the anode-electrolyte and cathode -  

       electrolyte interface respectively, 

  W  = Warburg Diffusion impedance, 

  CPE = Constant Phase Element. 

3B.2.2.5. Calculation of Activation Energy (Ea) involved in proton conduction 

The activation energy calculated using the following Arrhenius equation, 

σT = σ0 exp(-Ea / kBT) 

wherein, σ - proton conductivity (S/cm), σ0 – pre-exponential factor, kB - Boltzmann 

constant,T-temperature (K).  

 The activation energy was determined using the slope of the straight line obtained 

using the above equation. In the present work, the Ea is found to be 0.19 eV, indicative of a 

highly efficient Grotthuss pathway for proton conduction (Figure 3B.14). [27] 
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Figure 3B.14. Arrhenius-type plot obtained at different temperatures. 

3B.2.2.6. Single-cell polarization study 

Using FNPA xerogel as the solid electrolyte (with a pellet thickness of 1615 µm) and Pt/C 

coated porous carbon as electrodes, for the first time, the polarization of the metallogel 

fabricated PEMFC single cell has been attempted in the present study. The polarization is 

carried out using the standard PEMFC operating protocol, after passing 35-50 sccm of dry, 

pure hydrogen and 35-50 sccm dry, pure oxygen gases at the anode and cathode respectively. 

At 80 ˚C, a power density of 0.55 mW/cm2 is achieved at 0.6 V, which happens to be the 

standard operating potential for a PEMFC fuel cell (Figure 3B.15a). A parallel polarization 

test is also carried out using a pellet with lesser thickness (735 µm). On polarizing it, a power 

density of 0.94 mW/cm2 is obtained at 0.6 V, which verifies the decisive role of the 

electrolyte thickness in influencing the MEA performance (Figure 3B.15b,c).  

 It is thus observed that, for a finest performance, the pellet should be adequately 

dense to avert the undesired fuel cross flow and alongside be thin enough to maintain the cell 

resistance at its nominal limit (as Power Density= Current Density × Voltage; V = 0.6 V). 

Meanwhile, it could also be observed that the FNPA metallogel (without xerogel formation) 

is itself a good proton conductor and shows conductivity up to 2.5×10-3 S/cm at 90 ˚C. 

However, the conductivity of the FNPA xerogel is found to be better at least by an order of 

magnitude than the metallogel as such. This observation demonstrates the effect of the 

dilution of proton conducting units due to the copious amount of solvent molecules, which 

decreases the connectivity among the phosphate ester functions inside the metallogel 

network. 
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Figure 3B.15. a) Fuel cell polarization plot obtained at 80˚C and b) plot of the power 

density as a function of temperature indicating the influence of the pellet thickness 

(thicknesses of the two pellets used are 1615 µm and 735 µm). 

3.2. Conclusion 

The present chapter deals with the effective utilization of the otherwise laid back Fe-based 

metallogels; firstly, as self sacrificial precursors for one-pot synthesis of single crystalline 

Fe-MOFs via Pd2+ tempted metallogel degradation; secondly, as potential proton conducting 

solid electrolytes in PEMFC application. 

 In the first part of this chapter, a simple and competent route for the synthesis of 

single crystalline Fe-based MOF crystals via PdCl2 mediated gel degradation is discussed. 

The study hints at the possible conversion of Fe-based metallogel into Fe-MOFs instigated 

by the oxidation of formic acid/DMF. This route demonstrates a classic example for a sol-gel 

technique based synthesis of single crystal structures. Most importantly, the study highlights 

the use of a Fe-metallogel as self-sacrificial precursor for effectively synthesizing Fe-MOFs 

that are otherwise hard to make and insist high-resolution powder X-ray diffraction data for 

determining their structure through the cumbersome Rietveld refinement techniques. 
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 The second part of the chapter presents a directed proposal for the synthesis of a 

highly proton conducting PEMFC solid electrolyte by immobilizing protogenic, phosphate 

ester based ligand via gelation with Fe 3+ ion using high boiling solvent namely, DMF. The 

FNPA metallogel carries distinct proton conducting ability due to the presence of one-

dimensional nanofibrillar structure, which favors proton propagation using minimum 

activation energy. The xerogel obtained from slow drying of the metallogel is then tested for 

its gas separating capacity and proton transport ability in dry PEMFC fuel cell operating 

conditions. At 120 ˚C, the solid electrolyte constituted MEA results in an OCV of 1.02 V ± 

0.02 with an inherent proton conductivity of 2.4× 10-2 S/cm. Most convincingly, the present 

work is believed to mark an opening bid to understand the performance of such metallogel-

derived solid electrolyte using fuel cell polarization studies. The electrical circuit completion 

of the PEMFC single cell is confirmed on achievement of 0.94 mW/cm2 power density at 0.6 

V. Although further enhancement in the power density could be still anticipated with the 

optimization of the pellet thickness, these studies undeniably prove the intrinsic ability of the 

metallogel derived materials to transport protons at high temperature under anhydrous 

conditions, which is an urgent requisite for high temperature PEMFC’s. 
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Chapter 4 

Covalent Organic Framework (COF) as prototype solid 

electrolyte  in Proton Exchange Membrane Fuel Cells* 

Mechanochemistry is often deemed as a judicious, green, and fast synthetic route for 

effective realization of a waste-free environment. However, the poor physical properties viz., 

low specific surface area, poor crystallinity etc. of the as synthesised materials has been a 

major bottleneck for their realistic applications. This chapter# introduces a new way of using 

such mechanochemically synthesized covalent organic framework (COF) to fabricate 

Membrane Electrode 

Assembly (MEA) of 

Proton Exchange 

Membrane Fuel Cell 

(PEMFC), a concept 

rarely realized using 

such materials. Herein a 

less porous mechanochemically synthesized COF (TpBpy-MC) is used to accommodate 

phosphoric acid molecules, a notable proton conducting dopant. On integrating such proton 

conducting functionalities into the less porous COFs, they could be readily employed as gas 

separators and solid electrolytes in a real fuel cell. Accordingly, the mechanochemically 

synthesized COF inhibits the undesired fuel crossover and makes up a stable OCV of 0.93 V 

at 50 °C, besides exhibiting a high proton conductivity of 1.4 × 10-2 S cm-1. Most 

importantly, the COF backbone remains intact upon acid doping, thereby permitting a long 

time PEMFC operation. These studies unequivocally prove the inherent ability of such 

materials to conduct protons at dry conditions, which is an immediate requisite for low 

temperature PEMFCs.  

 

 

*The content of this chapter has been published in # J. Mater. Chem. A, 2016, 4, 2682 

and is reprinted with permission from #The Royal Society of Chemistry. 
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4.1. Introduction 

The mounting need of regular chemicals and synthetic materials has led to a startling rise in 

the production of perilous trade contaminants. [1] This has instigated the researchers to bring 

in newer synthetic routes with cheaper, cleaner, and proficient protocols to be used in the 

contemporary day processes. Amongst all the greener methods, mechanochemistry has 

received outspread response from the time it has been recognized to effect metal-metal bond 

formation in metal alloys.[2] This procedure usually entails use of nominal amount of reaction 

solvents, with alongside being time efficient, when compared with the other conventional 

used techniques. Recently, momentous steps have been taken to mechanochemically effect 

the formation of coordination bonds and thereby synthesize industrially significant materials 

like the microporous zeolites.[3] The mechanochemical approach is also extended to realize 

multiple bond formation between metal ions/clusters and organic linkers and construct open 

framework structures like MOFs.[4] 

 Covalent organic frameworks (COFs) are structured, lightweight, organic, open 

frameworks containing intrinsic porosity and crystallinity that make them functional for 

applications such as gas adsorption and storage, sensing, catalysis etc. [5]  These materials can 

be functionalized as per the requirement, which they are needed for. Most importantly, the 

COFs are chemically robust and are have been proven to retain their chemical stability up to 

12 M H3PO4 loading, unlike their other porous component, the MOFs, which fail to endure 

such chemical stress. Yet, unlike the MOFs, which are easily synthesised using simple 

scalable methods viz., simple mixing (at room temperature), solvothermal, microwave, etc., 

the COF synthesis is challenging.[6] It involves use of cumbersome sealed tube method, 

which is time consuming and demanding need of profuse amount of solvents for processing 

them. This necessitates an imperative need for a simpler, quicker, and neater route of COF 

synthesis from both energy expending and environment taxing point of view. Although, there 

are reports of covalent bond formation using mechanical energy in polymers and 0-D organic 

cages [7], their use towards construction of multiple covalent bonds like in case of the ordered 

COFs is not well explored. [8] Moreover, COFs synthesized in this way are bound to suffer 

from low porosity and poor crystallinity considering to the limitations of the technique. [9] 

Therefore, the solvothermal method has always been chosen over the mechanochemical route 

for synthesizing COFs with practical applications. 
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 It is noteworthy that although many MOFs are recognized for their proton conducting 

ability, but strikingly, there exist very few examples of proton conducting COFs. [10] In fact, 

the performance of such materials under real fuel cell operating conditions has not been 

demonstrated till date. The present chapter highlights the usefulness of such 

mechanochemically derived bipyridine functionalized COF (TpBpy-MC) as a solid 

electrolyte for Proton Exchange Membrane Fuel Cell (PEMFC). The work shows a 

pioneering way to integrate COFs into the PEMFC assembly and in situ monitor its proton 

conducting ability. The less porous, mechanochemically synthesized TpBpy-MC is found to 

effectively separate the reactant gases, besides showing high intrinsic proton conduction 

under the PEMFC operating conditions (Figure 4.1). 

 

Figure 4.1. Schematic representation of the loading of phosphoric acid (PA) into TpBpy 

COF and later its integration as a solid electrolyte in PEMFCs. 

4.2. Experimental Section 

4.2.1. Synthesis of TpBpy-MC by mechanochemical route: 1,3,5-triformylphloroglucinol 

Tp (63 mg, 0.3 mmol) and 2,2'-bipyridine-5,5'-diamine Bpy (83.7 mg, 0.45 mmol) are taken 

in a 5 mL stainless steel jar (containing one 7 mm diameter stainless steel ball) holding a 
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solvent mixture of 60 μL of DMAc + 30 μL of o-DCB + 15 μL of 6 M acetic acid. The 

procedure is optimized with respect to the reaction time and milling frequency. In the typical 

procedure followed, the reaction mixture is ground for 90 min. at 30 Hz. Then the resulting 

TpBpy-MC powder is washed using minimal amount of DMAc, water and acetone 

successively. (Isolated yield= ~84 %).  

4.2.2. Synthesis of TpBpy-ST by solvothermal route: The solvothermal synthesis of 

TpBpy-ST is achieved by charging a pyrex tube with 1,3,5-triformylphloroglucinol (Tp) 

(63.0 mg, 0.3 mmol) and 2,2'-bipyridine-5,5'-diamine(Bpy) (83.7 mg, 0.45 mmol) in a 

solvent combination containing 4.5 mL of dimethylacetamide (DMAc), 1.5 mL of o-

dichlorobenzene (o-DCB) and 0.6 mL of 6 M aqueous acetic acid (AcOH). This mixture is 

sonicated for 10-15 min. for homogenous dispersion of contents. The tube is sealed off and 

then heated at 120 °C for 3 days. 

4.2.3. Loading experiment of phosphoric acid into TpBpy-MC: The phosphoric acid is 

loaded into the bipyridine functionalized COFs by soaking a known amount of TpBpy-MC/ 

TpBpy-ST powder (300 mg) of in 50 mL of 12 M H3PO4 for 2 h. The as treated material is 

filtered, washed with water, and finally dried under vacuum for 4 h at room temperature. 

4.3. Results and Discussion 

4.3.1. Material Characterization 

4.3.1.1. Electron microscopic study 

The SEM and TEM images of TpBpy-ST point at the interwoven fiber like morphology with 

visible signs of crystallite aggregation and size ranging between 100-300 nm (Figure 4.2a). 

On the other hand, the microscopic images of TpBpy-MC reveal sheet-like morphology with 

particle dimensions lesser than the solvothermally derived one. The decrease in the particle 

dimension is a characteristic result of the mechanochemical delamination process (Figure 

4.2a). [11] 

 The SEM imaging of the pellets used for the proton conduction test is also performed 

to understand the effect of pelletization on the COF morphology. In case of PA@TpBpy-MC, 

the cross section of the COF pellet reveals compact packing of the crystallites, while in case 
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of the solvothermally synthesized PA@TpBpy-ST; the pellet seems to be fluffily packed 

(Figure 4.2c). 

 

Figure 4.2. Corresponding a) TEM images, b) SEM images of TpBpy-ST and TpBpy-MC and 

c) SEM images of PA@TpBpy-ST and PA@TpBpy-MC pellets. 

4.3.1.2. PXRD analysis 

The PXRD spectrum of TpBpy-MC shows a prominent first peak corresponding to the 

characteristic (100) plane of the 2-D COF. However, the intensity of this peak is less 

compared to the solvothermally synthesized TpBpy-ST (Figure 4.3). This is a result of the 

haphazard displacing of the COF layers enforced by the mechanical energy applied to COF 

during its synthesis. This favors the partially eclipsed configuration of TpBpy-MC, with 

poorly accessible pore features. This diffuses the reflections from the (100) plane thereby 

weakening the peak intensity.  

 The peak at ∼26° corresponds to the (001) plane, whose broadening indicates the 

irregular π−π stacking of the COF layers.  
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Figure 4.3. Comparative PXRD patterns of the as-synthesized TpBpy-ST (Black) and 

TpBpy-MC (Green) COFs. 

4.3.1.3. FTIR analysis 

The FTIR spectra of both the COFs indicate no left over traces of the starting materials.  

 

Figure 4.4. Comparative FTIR spectra of TpBpy-MC, TpBpy-ST and the monomer. 
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 It also confirms the removal of the N–H stretching bands (3112-3317 cm-1) 

(corresponding to Bpy) and the C=O stretching frequency (1637 cm-1) (corresponding to Tp) 

(Figure 4.4) which are otherwise clearly observed in case of the starting materials. 

Additionally, the spectra show introduction of two new, strong peaks corresponding to the 

C=O (1607 cm-1) and C=C (1579 cm-1) stretching frequencies, thereby confirming the keto 

form of the COFs. 

4.3.1.4. TGA analysis 

The Thermogravimetric Analysis (TGA) of the activated TpBpy-ST and -MC indicates the 

high thermal stability of the frameworks up to 350 °C.  After 360 °C, a gradual weight loss of 

30-40% is observed, indicative of the frameworks’ decomposition after that (Figure 4.5). 

 

Figure 4.5. Combined TGA profiles of a) TpBpy-ST and PA@TpBpy-ST; b) TpBpy-MC and 

PA@TpBpy-MC. 

4.3.1.5. Surface area analysis 

The surface area of the COFs is calculated using BET model. The activated TpBpy-ST and 

TpBpy-MC are found to possess BET surface areas of 1746 and 293 m2g-1, respectively 

(Figure 4.6). The lower surface area of TpBpy-MC compared to its solvothermal equivalent 

is most likely due to the decreased particle dimensions and sheet-like structure, contrasting 

the TpBpy-ST’s fiber like morphology. This accordingly obstructs the long-range ordering of 

the pores in TpBpy-MC, which eventually limits the adsorption to the reachable pores in the 

framework.  
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Figure 4.6. N2 adsorption isotherms of TpBpy-ST (red) and TpBpy-MC (blue). 

4.3.2. Chemical Stability test post acid doping  

4.3.2.1. PXRD analysis 

The PXRD spectra of the COF pellet post conductivity study matches well with that of the 

fresh one, which confirms the chemical stability of the material (Figure 4.7). 

 

Figure 4.7. Comparative PXRD spectra of TpBpy-ST and TpBpy-MC before and after the 

phosphoric acid loading. 

4.3.2.2. FTIR analysis 

The comparative FTIR spectra of the COFs post acid treatment also confirm the chemical 

stability of the material (Figure 4.8). 



Ph.D Thesis Chapter 4 AcSIR 

Harshitha B A 87 

 

Figure 4.8. Comparative FTIR spectra of TpBpy-ST and TpBpy-MC before and after the 

phosphoric acid loading. 

4.3.2.3. Surface area analysis 

The surface area of the COFs has been found to decrease drastically up to 80 m2 g-1 on 

loading phosphoric acid (Figure 4.9). This predominantly hints at the blockage of the COF 

pores by the incoming phosphoric acid molecules. 

 

Figure 4.9. Comparative N2 adsorption isotherms of TpBpy-ST and TpBpy-MC before and 

after phosphoric acid loading. 
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4.3.3. Proton conductivity study 

4.3.3.1. AC impedance measurements 

The proton conduction ability of the bare and phosphoric acid loaded COFs is measured 

using quasi-four-probe configuration, using the Frequency Response Analyzer equipped 

Solartron 1286 Electrochemical Interface, under anhydrous environment. Each time, the 

conductivity value is determined using the semicircle in the Nyquist plot, in which the high 

frequency intercept is considered as the contribution from the pellet resistance. The pristine 

COF as such does not exhibit any proton conducting behavior. This verifies the role of the 

COF as the support matrix, and the necessity to add the proton carriers’ in order to conduct 

protons across it.  

 

Figure 4.10. Temperature dependent Nyquist plots and corresponding Arrhenius plots of 

PA@TpBpy-ST and PA@TpBpy-MC. 

 The conductivity study further reveals that the proton conducting ability of the 

phosphoric acid doped COF improves with increasing temperature from 233 to 393 K 

(Figure 4.10). At 393 K, a highest proton conductivity of 1.98 × 10-3 and 2.5 × 10-3 S cm-1 is 

measured for PA@TpBpy-ST and PA@TpBpy-ST-MC, respectively (Figure 4.10). The 
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performance of the present phosphoric acid doped COFs is equivalent to their MOF 

counterpart, i.e., PA@MIL-101 (1.3 x 10-3 S cm-1 at 120 °C, 0% RH). [12] It is also important 

to note that comparatively, the conductivity of the phosphoric acid doped COF reported here 

is at least two orders of magnitude higher than the reported PA@Tp-Azo (6.7 x 10-5 S cm-1 at 

120 °C and 0% RH).  

4.3.3.2. Calculation of Activation Energy (Ea) involved in proton conduction 

The activation energy is  calculated using the following Arrhenius equation: 

σT = σ0 exp(-Ea / kBT) 

wherein, σ is the proton conductivity (S/cm), σ0 is the pre-exponential factor, kB is the 

Boltzmann constant and Tis the temperature (K).  

 The activation energy is determined using the slope of the straight line obtained using 

the above equation. In the present work, the activation energy value is calculated to be 0.12 

and 0.11 eV for PA@TpBpy-ST and –MC, respectively (Figure 4.10). This verifies the 

operating of Grotthuss proton hopping mechanism in both the materials. [13] The structural 

resemblance and similar activation energy in both PA@TpBpy-ST and -MC hints that the 

proton conduction results from the structural diffusion of protons along the phosphoric units 

that are held to the bipyridine units via hydrogen bonding.[14] 

4.3.3.3. Membrane Electrode Assembly (MEA) fabrication using PA@TpBpy-MC as a 

solid electrolyte 

 The proton conducting ability of the phosphoric acid doped COFs is further verified 

by utilizing these materials as solid-state electrolytes under H2/O2 fuel cell operating 

conditions (Figure 4.11). [15] Initially, the electrodes are prepared by spraying 40 wt. % Pt/C 

catalyst ink onto the porous carbon paper (35 CC-SGL containing 15% PTFE).Then COF 

pellet is prepared using ca. ~250 mg of powder and 2.5 mm diameter die. The pellet is placed 

in between the two platinized electrodes [Pt catalyst (Johnson Matthey) + Vulcan carbon 

support (VX 72) + 20% Nafion binder] using Kapton gasket. The entire assembly is then 

cold pressed applying 1000 KgN pressure for 2 min. The MEA is then arranged onto the 

graphite plates using an FRT gasket for single cell assembly (active area = 4 cm2, procured 

from Fuel Cell Tech., USA). 
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The single cell test fixture used for fuel cell polarization study consists of the following 

components: 

Aluminium end plates  

Graphite mono polar plates provided with integrated O-ring gasket and serpentine gas flow 

field 

Cathode loading: 1.0 mg/cm2; N/C: 0.4; electrode thickness: 349 μm 

Anode loading: 1.0 mg/cm2; N/C: 0.4; electrode thickness: 351 μm 

Gas flow: 0.5 slpm for anode as well as cathode.  

Operating temperature:  RT-50 ˚C  

Membrane pellet thickness: 850± 5 μm 

MEA thickness: 1558 ± 5 μm 

Thickness of Gasket used: 630 μm  

 

Figure 4.11. Optical photograph of the fuel cell assembly using the fabricated MEA with 

pelletized PA@TpBpy COF as the solid electrolyte. 

4.3.3.4. Open Circuit Voltage (OCV) measurement 

Initially, the flow rate of the H2 and O2 reactant gases is optimized to maximize the OCV 

build up. It is observed that the OCV initially increases with increase in the flow rate up to a 

maximum of 80 sccm. A rapid decrease in the OCV results thereafter, possibly due to the 
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mechanical breakdown of the pellet. Thus, the OCV lifetime test is performed at 50-sccm 

flow rate for both H2 and O2 to maximize the OCV lifetime (Figure 4.12).  

 

Figure 4.12. Study of the effect of flow rate on OCV of the PA@TpBpy-ST constituted MEA 

at 50 oC. 

 During the OCV measurement, the cell is fed with pure dry H2 (99.999%) at the 

anode and pure dry O2 (99.9%) at the cathode. In case of solvothermally synthesized COF 

derived pellet, the cell is found to show a starting OCV of 0.66 V at 30 °C.  On  increasing  

the  temperature  to 50 ˚C, the OCV increased slightly  to  0.68 V,  before  decreasing  

rapidly  thereby  forcing  the  operation  shut  down (Figure 4.13). On the other hand, in case 

of the mechanochemically derived COF, the cell is found to show a starting OCV of 0.86 ± 

0.02 V at 30 ˚C (Figure 4.13). On further increasing the temperature, OCV shoots up to 0.92 

± 0.02 V at 50 ˚C and remained constant thereafter.  

 The OCV is observed to remain stable  for  the  next  2.5  h,  which confirms  the  

denser  nature  of  the  mechanochemically synthesized COF pellet. 
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Figure 4.13. Lifetime measurement of OCV obtained using the fabricated MEA.  

4.3.3.5. H2 crossover study 

The hydrogen gas crossing over from the anode to cathode, because of the fuel leak, has been 

estimated by analyzing the in situ Linear Sweep Voltammogram (LSV) profile of the 

PA@TpBpy-ST constituting single cell (Figure 4.14).  

 

Figure 4.14. LSV profile for the hydrogen crossover in the PA@TpBpy-ST constituted 

PEMFC after 1.2 h of OCV life test measurement. 
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In the study, the cathode potential is scanned linearly from its OCV (found to be 0.10 V) at 2 

mV/s scan rate of until 0.5 V. This scan enables instant oxidization of the H2 molecules that 

could have probably diffused from the anode under the limited mass transfer conditions. At 

50 oC, the cell is found to exhibit a mass transfer limited current density (Jlim) of 8 mA/cm2. 

This limiting current is proportional to the rate of H2 crossover from the anode to cathode as 

given by the relation, 

J x-over, H2 = J lim / nF 

where, n = 2 for the H2 oxidation reaction and F is the Faraday’s constant (96485 C/electron-

mole). 

 Using this relation, the H2 crossover flux at the cathode is calculated to be 4.1 X 10-8 

mol cm-2 s-1 at 50 ºC. This value is found to be nearly one order higher than that reported for 

the pristine MEAs derived from Nafion as the proton conducting membrane (normally, in the 

order of 10-9 mol cm-2 s-1). 

4.3.3.6. In situ Impedance study  

The in situ impedance measurements are carried out via two-electrode configuration in the 

frequency range of 1 MHz – 100 Hz and 10 mV input voltage amplitude, using O2 passing 

cathode as the working electrode and H2 passing anode as the counter and reference 

electrodes. The results are studied using Nyquist plots obtained at each temperature (from 30-

50 ˚C).  

 The plots are fitted using a PEMFC fuel cell equivalent circuit and the electrolyte 

resistance is calculated by determining the intercept made on the real axis at the high 

frequency regime in the complex impedance plane (Figure 4.15). On measuring, the Nyquist 

plot reveals a high frequency resistance corresponding to a solid-state electrolyte 

conductivity of 1.4 × 10-2 S cm-1 along with a distinctive catalyst charge-transfer resistance 

(R2) at the low frequency region (Figure 4.15). With further increase in temperature, the R2 

is found to decrease, due to the possible thermal activation of the catalyst. However, the 

solid-state electrolyte resistance is found to remain largely unaffected by the rise in the cell 

temperature.  
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Figure 4.15. Nyquist plots obtained at different temperatures (in ˚C) with the equivalent 

circuit used for fitting (inset). 

4.3.3.7. Single-cell polarization study 

Using PA@TpBpy-MC as the solid electrolyte, the PEMFC fuel cell reaction is driven by 

carrying out the single cell polarization study. It is noteworthy that as the OCV lifetime test 

of the MEA fabricated pellet indicated the effective reactants gas separation only till 50 oC, 

the temperature in the present operation has been limited to 50 oC. Prior to the polarization, 

the H2 and O2 flow rates have been increased to prevent the MEA from fuel starving under 

this stress. This fortuitously incites increase in the OCV from 0.90 to 0.92 V. Once 

achievement of a steady OCV, the MEA polarization is initiated. The single cell is observed 

to provide a maximum current density of 29 mA cm-2 and a maximum power density of 7 

mW cm-2. This study ascertains the fuel cell circuit completion besides validating the proton 

conducting ability of the phosphoric acid loaded COF (Figure 4.16). It is important to note 

that though the performance of PA@TpBpy-MC pellet is lesser than the conventional 

Nafion® membrane, the difference could be seen as a consequence of the massive disparity 

in the thickness of the electrolyte used in both the cases (50 μm in Nafion vs. 900 μm in 

COFs). 
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Figure 4.16. Fuel cell polarization plot obtained at 50 ˚C using dry H2, Pt, C/COF pellet/Pt, 

C, dry O2 electrochemical cell. 

4.4. Conclusion 

In summary, the present chapter introduces covalent organic frameworks (COFs) as proton 

conducting solid electrolytes for anhydrous PEMFC operation. By integrating proton-

conducting functionalities into stable mechanosynthesized COFs, a unique way is hereby 

demonstrated  to enable effective utilization of such less porous COFs as solid electrolytes in 

PEMFC. In the work, a bipyridine functionalized covalent organic frameworks (TpBpy) is 

used for loading phosphoric acid molecules. The acid doped COF is found to retain its 

crystallinity and stability, which makes it a prospective candidate for proton conduction 

applications. On acid doping, the mechanochemically derived COF backbone is found to 

outperform its solvothermal counterparts in terms of gas separation efficacy under real fuel 

cell operating conditions. Interestingly, although the bare COFs are found to exhibit 

negligible proton conductivity, on phosphoric acid loading, the COFs drastically show the 

onset of proton conducting activity at anhydrous conditions. This demonstration is thus 

believed to unravel more avenues to employ such mechanochemically synthesized materials 

for acute applications such as ion conductors in high temperature fuel cells and batteries. 
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Chapter 5 

Covalent Organic Framework (COF) as catalysts for water 

splitting half-cell reactions* 

The covalent organic frameworks (COFs) have tunable porosity and large specific surface 

area, in view of which, they can be designed to hold to the veracity of both molecular as well 

as the heterogeneous catalysts. The first 

part of the chapter# discusses the 

development of a steady, proficient 

Oxygen Evolution Reaction (OER) 

catalyst for water oxidation. In this 

work, a bipyridine functionalized COF 

(TpBpy) is used as an electrochemical 

water oxidation catalyst by assimilating 

Co (II) ions into its framework. Co-

TpBpy shows high OER activity and 

excellent stability even after 24 h of activity and 1000 OER cycles at neutral pH. This 

exceptional catalytic constancy of Co-TpBpy comes from the collegial effect of the intrinsic 

porosity and coordinating bipyridinic units imbibed in the COF skeleton. The second part of 

the chapter## illustrates a route in which COFs can be used as effective photocatalysts for 

generating hydrogen from water. In the study, CdS nanoparticles are in situ grown on a stable 

COF (TpPa-2) substrate and the resulting photocatalytic activity of the as synthesised 

composite is investigated. The π conjugated skeleton, high surface area, and abundant two-

dimensional hetero interfaces furnished by the COF are believed to stabilize the generated 

photoelectrons high photocatalytic activity of the composite. 

 

 

 

 

*The content of this chapter has been published in #Chem. Mater., 2016, 28, 4375 and 

##Chem Eur. J., 2014, 20, 15961. 

Reprinted with permission from the #American Chemical Society and ##Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 
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5.1. Introduction 

Covalent Organic Frameworks (COFs) belong to the topical class of crystalline organic 

polymers having well defined molecular structures involving atomic level assembly of 

organic structural units through strong covalent bonds.[1] This structure, also termed as 

‘organic zeolite’, is an explicit ‘brainchild’ of the reticular chemistry. They can be 

ingeniously constructed in order to precisely control the nature, quantity, and spatial 

organization of the active sites in the porous framework. The COFs derived via modified 

Schiff base reaction are stabilized by the proton tautomerism and are found to be thermally as 

well as chemically stable. [2] The liberty to tune the porosity and functionalities in the 

framework renders them the potential to be employed for various applications viz., gas 

adsorption, and storage, as substrate for organic catalysis, optoelectronics, proton conduction 

etc. The development of a stable, efficient Oxygen Evolution Reaction (OER) catalyst 

capable of oxidizing water is one of the premier challenges in the conversion of solar energy 

to electrical energy, owing to its poor kinetics. [3] An easy way of improving the catalytic 

ability of COFs is introduction of heteroatom rich, in particular, N-type monomers such as 

bipyridine containing units, which would improve their interaction with the metal centers, 

which are considered to form vital active sites in many molecular OER catalysts. [4] Herein, a 

bipyridine functionalized covalent organic framework (TpBpy) is employed as a 

heterogeneous OER catalyst by coordinating active Co (II) ions into its porous framework. 

The high water oxidation activity, catalytic constancy, and strong durability of Co-TpBpy 

arise from the concerted effect of the inherent porosity and functional bipyridine units in the 

COF matrix.  

 The presence of high density of heteroatoms apart from high stability makes COF a 

suitable support for anchoring the nanoparticles. The second part of the chapter discusses 

another efficient way of utilizing a highly stable COF, TpPa-2, as a support matrix for the in 

situ deposition of photocatalytic CdS nanoparticles. The CdS-COF hybrid is found to show 

enhanced absorption of the visible photons in comparison to that of bulk CdS, indicating its 

superior visible light harvesting ability. The high surface area, in addition to its crystallinity, 

stability and light absorption ability, is found to increase the photo stability of the hybrid 

apart from suppressing the recombination of the generated photoelectrons thereby resulting 

in a remarkably high photocatalytic activity. 
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Part A 

5A. Co (II) modified COF as a robust electrocatalyst for Oxygen 

Evolution Reaction (OER)  

Water electrolysis forms a dependable link connecting the primary renewable energy and 

stable hydrogen economy. Electrochemical reactions are one of the conceptually easy 

pathways for implementing effective inter-switching of chemical and electrical energy 

through bond breaking as well as bond formation. This in particular has been successfully 

realized in mining power capital like water by means of its splitting into hydrogen (H2) and 

oxygen (O2) and their ultimate revival into water itself, rendering the whole process 

renewable, green and clean. [5] Although about 97% of the water available in the earth is 

saline, very few oxygen evolution reaction (OER) catalysts are known to operate in neutral 

water under ambient conditions. The development of an earth-abundant, stable catalyst 

operating at neutral conditions at low overpotential thus remains a deep-seated chemical 

challenge. Amidst the two half-cell reactions, the reductive hydrogen evolution reaction is 

quicker while the oxidative oxygen evolution reaction is held back by the intricacy brought 

by its mechanistic complexity. This reaction demands four-electron assisted oxidation of two 

water molecules coupled with the elimination of four protons to form energy intensive 

oxygen-oxygen bond.[3,6] As the above process inevitably involves the mediation of many 

electrons and protons, the transition metal ions with variable valences are successfully tried 

as Oxygen Evolving Catalysts (OECs). Amongst all, RuO2 and IrO2 are listed as the most 

effective OECs catalyzing water oxidation. [7] However, being expensive and limitedly 

available, they cannot be commercially employed for larger scale development of OECs. 

This sets an upsurge research interest to develop inexpensive catalysts that can effectively 

catalyze water oxidation with minimum overpotential. The water splitting reaction 

customarily engages two half-cell reactions; a proton reduction reaction, which is favored at 

low pH, and a water oxidation reaction, which is favored at higher pH. Thus, an ideal 

integrated water-splitting device should be capable of working in neutral pH medium with 

the purpose of harmonizing the effects of these opposing reaction conditions.[8] Until now, 

owing to the sluggish kinetics, very few OER catalysts are reported to catalyze water 

oxidation at neutral pH conditions. Of late, the earth abundant cobalt containing molecular 
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OECs particularly their phthalocyanine, porphyrin, salophen, phosphonate complexes are 

extensively tested for water oxidation activity.[9] A key drawback of molecular WOCs is their 

eventual solubilization as homogeneous species during the course of the catalytic process. [10] 

Among the cobalt based OECs, electrodeposited Co-Pi films, Co-Fe Prussian blue polymers 

etc. have been verified to effect water oxidation in neutral medium.[11] These OECs belong to 

the group of heterogeneous catalysts and are thereby advantageous compared to their 

homogeneous counterparts. However, one of the limitations of such catalysts is the 

imperative necessity to impart structural control inorder to realize their optimal activity. 

Moreover, as the water oxidation reaction involves liberation of molecular oxygen, 

continuous catalytic cycles often result in the leaching out of the catalyst.[12] This instates a 

need to develop highly porous, large specific surface area catalyst substrates to aid easy 

passage of evolving O2 molecules and improve their long term stability. The studies on metal 

containing OECs reveal that the active site is centered on coordination entities, wherein the 

metal is coordinated to organic molecules often ligated to it via heteroatoms like nitrogen. 

Utilizing the inherent high surface area and tunable electronic structure, the COFs could be 

designed to combine the advantage of both heterogeneous as well as molecular OECs. [13] In 

the present work, a cobalt coordinated bipyridine based covalent organic framework (Co-

TpBpy) is designed and examined for its performance as an OEC under neutral pH 

conditions (Figure 5A.1). 

 

Figure 5A.1.  Schematic representation for the synthesis of TpBpy and Co-TpBpy via Co (II) 

impregnation. 
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5A.1. Experimental Section 

5A.1.1. Synthesis of TpBpy 

In this work, a previously described reaction protocol is employed to synthesize bipyridine 

functionalized TpBpy COF.[2b] The  synthesis  is  carried out via  Schiff-base  condensation  

of 0.06 mmol of 1,  3,  5, triformylphloroglucinol (Tp) and 0.06 mmol of 2,2‘ bipyridyl 5,5‘ 

diamine in DMAc: DCB (3:1) solvent mixture using 0.5 ml of 6 M acetic acid. The mixture 

is transferred into using a Teflon lined autoclave. The mixture is homogenized using 

sonication and then heated at 120 °C for 3 days. Once the reaction time is complete, the as 

obtained COF is washed using copious amount of 3M acetic acid (to remove any un-reacted 

amines), water and finally with warm ethanol. 

5A.1.2. Co (II) loading into the TpBpy framework 

In a typical procedure followed, 50 mg of the TpBpy COF powder is treated with an 

estimated amount of Co(OAc)2.4H2O (varied from 5-30 mg), which is solubilized in 20 ml of 

dry methanol. The mixture is stirred for about 4 h at RT, and subsequently washed using dry 

methanol. The as obtained material (termed as Co-TpBpy) is vacuum dried overnight at 60 

˚C. As expected, the amount of cobalt (II) content in the COF matrix is found to increase 

with the increasing amount of Co(OAc)2.4H2O taken. However, the cobalt content 

coordinating into the COF matrix remains constant when treated with 20 mg and 30 mg of 

the cobalt salt (as observed from the TGA spectral analysis, Figure XX). This highlights the 

saturation of the COF coordinating sites with cobalt (II) ions after 20 mg loading of cobalt 

acetate. The optimized synthetic protocol is further used for synthesizing Co-TpBpy and for 

the subsequent characterizations and catalytic study. 

5A.2. Result and Discussion 

5A.2.1. Material Characterization 

5A.2.1.1. Electron microscopic study and EDX analysis 

The transmission as well as the scanning microscopic image of TpBpy reveals the 

103ibrillary nature of the COF. On cobalt impregnation, the 103ibrillary morphology is 

found to be largely preserved (Figure 5A.2). In addition, the TEM images further do not 

indicate the formation of any metal nanoparticles or oxide residues in the COF framework 
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(Figure 5A.2c). The TEM and SEM images of Co

that the matrix is largely intact. However, a slig

observed (Figure 5A.2d). 

Figure 5A.2. SEM and TEM images of 

 However, the spot EDX mapping verifies the homogeneous distribution of Co and N 

content within the Co-TpBpy matrix 

Figure 5A.3. Elemental mapping of Co

the TpBpy matrix. 

5A.2.1.2. PXRD analysis 

The PXRD spectrum of Co-TpBby 

which corresponds to the 100 plane 
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The TEM and SEM images of Co-TpBpy after the OER stability test reveal 

that the matrix is largely intact. However, a slight increase in the surface roughness is also 

SEM and TEM images of (a, b) TpBpy and (c, d) Co-TpBpy. 

However, the spot EDX mapping verifies the homogeneous distribution of Co and N 

TpBpy matrix (Figure 5A. 3). 

Elemental mapping of Co-TpBpy showing uniform impregnation of cobalt into 

TpBby reveals the presence of an intense first peak at 2θ ~3.6°

100 plane reflections of TpBpy besides indicating the retention of 
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TpBpy after the OER stability test reveal 
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However, the spot EDX mapping verifies the homogeneous distribution of Co and N 

 

TpBpy showing uniform impregnation of cobalt into 

intense first peak at 2θ ~3.6°, 

the retention of 
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the other peaks as found in the pristine COF matrix (Figure 5A.4a). The similar PXRD 

pattern with no extraneous peaks intimates the absence of any undesired moieties in the 

cobalt-modified TpBpy. It thereby highlights the retention of the robust TpBPy framework 

after cobalt impregnation. It also rules out the formation of any undesirable moieties (like 

starting metal precursor salt, metallic Co or cobalt oxide residues) in the cobalt-modified 

TpBpy framework. 

 

Figure 5A.4. Comparative (a) PXRD and b) FTIR spectra of TpBpy and the cobalt modified 

TpBpy (Co-TpBpy). 

5A.2.1.3. FTIR analysis 

The FTIR spectrum of TpBpy notably indicates the disappearance of bands corresponding to 

the νN–H stretching (3112-3317 cm-1) of the Bpy ligand and νC=O stretching (1637 cm-1) of the 

Tp ligand (Figure 5A.4b). Conversely, the spectrum indicates the presence of strong peaks 

corresponding to the stretching frequency of νC=O (1607 cm-1) and νC=C (1579 cm-1), thereby 

verifying the existence of the COF in the stable keto-form. On cobalt modification, the FTIR 

spectrum of Co-TpBpy indicates a red shift in the νC=N stretching frequency (from 1579 to 

1563 cm-1). The pronounced broadening in the νC-N peak indicates the coordination of the 

cobalt ions to the bipyridinic nitrogen atoms in the COF framework. In addition, after ther 

cobalt modification, the νC=O peak at 1608 cm-1 remains unaffected implying that Co(II) ion 

does not bind to the -C=O bond present in the COF, which also happens to be one of the 

potential sites for ion coordination (Figure 5A.4b). 
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5A.2.1.4. TGA analysis 

The cobalt content in Co-TpBpy is analyzed using TGA under oxidizing conditions (in O2 

atm.). The PXRD pattern of the deposit left behind is found to be largely Co3O4 phase (~15.5 

%), which accounts to an estimate amount of ~12 % cobalt content (the molar mass of Co3O4 

being 240.7972 g/mol) (Figure 5A.5a). The TGA analysis of Co-TpBpy in air thereby 

reveals that the framework contains ~12% cobalt content. The loading estimation matches 

well with the Inductively Coupled Plasma (ICP) analysis result (13% cobalt content). 

 

Figure 5A.5. a) TGA profile of Co-TpBpy in O2; b) PXRD of the residue left behind. 

5A.2.1.5. 13C NMR spectral study 

The 13C NMR of TpBpy is inspected before and after the cobalt impregnation to check the 

impact of the chemical modification on the support matrix. The 13C CP-MAS solid-state 

NMR spectra of both TpBpy and Co-TpBpy show carbonyl (C=O) carbon signals at δ 182.8 

and 181.5 ppm respectively. The spectrum is found to remain largely unaffected after the 

chemical treatment, which indicates that the COF framework is undisturbed (Figure 5A.6a). 

5A.2.1.6. Surface area analysis 

The N2 adsorption isotherm of the as synthesised TpBpy performed at 77 K shows the 

features of a reversible Type-IV adsorption isotherm. The analysis shows that the pristine 

COF possesses a very high BET surface area of 1600 m2/g. The N2 isotherm analysis after 

cobalt impregnation estimates that the COF retains a BET surface area of 450 m2/g after the 

chemical modification (Figure 5A.6b). 
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Figure 5A.6. Combined a) Solid State 13C NMR spectra and b) N2 adsorption isotherms of 

TpBpy before and after cobalt modification.  

5A.2.1.7. XPS spectral analysis 

The survey scan XPS profile of pristine TpBpy highlights the presence of N, O and C 

elements only (Figure 5A.7a). The deconvoluted N 1s spectrum of TpBpy indicates the 

presence of two distinctive peaks, of which, 400.92 eV is associated with the secondary N 

and 399.82 eV corresponds to the pyridinic N in the TpBpy framework (Figure 5A.7c,d). [14] 

After cobalt coordination, the XPS spectrum of Co-TpBpy shows two broad  sets  of  signals  

corresponding  to core  levels  of  cobalt ions (2p 3/2 at 781.7  eV  and  2p 1/2 at 797.1 eV). [15] 

The Co 2p spectrum clearly specifies the presence of the shake-up satellite signal verifying 

the existence of Co (II) ions in the matrix (Figure 5A.7b). Further, on cobalt modification, a 

noticeable shift in the binding energy from 399.82 to 400.04 eV is observed, which is 

associated with that of the pyridinic N (Figure 5A.c,d). However, no shift is observed in the 

position of the peak corresponding to that of secondary N (400.92 eV), which hints at the 

complexation of the cobalt ions to the TpBpy framework by means of its bipyridinic entities 

only. [15b]  Besides it, a distinct shift in the Co 2p 3/2 binding energy (781.7 eV) compared to 

that of pure cobalt acetate (784.3 eV) also confirms the Co-N interaction between Co (II) and 

N in the TpBpy framework (Figure 5A.7b).  
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Figure 5A.7. Comparative Co 2p XPS spectra of TpBpy COF before and after the cobalt 

modification. 

 

Figure 5A.8.  Co 2p XPS spectra recorded before and after the stability test. 

 The Co 2p XPS spectra is also inspected post OER activity. The spectral inspection 

confirms that the oxidation state of the cobalt remains mostly unchanged after the tests 
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(Figure 5A.8). A slight shift in the Co 2p peak position is observed which is possibly due to 

the creation of tiny CoOx realms during the extended water oxidation cycles. However, the 

broad shoulder in the spectra validates that most of the Co ions are in the Co (II) oxidation 

state. 

5A.2.1.8. UV-Visible spectral analysis  

The solid-state UV Visible spectra of TpBpy indicates the presence of peaks at 276 and 323 

nm which corresponds to the  bipyridinic  π-π*  and  n- π*  transitions, whereas the broad 

band at 520 nm signatures the existence of the delocalised π electron cloud in TpBpy. On 

complexation with cobalt ions, two intense absorption bands appear at 470 nm and 510 nm 

(which is found overlapping with the 520 nm TpBpy peak) (Figure 5A.9b). These bands 

correspond to the charge transfer transitions, usually observed in case of the Co (II)-

bipyridine complexes. [16] 

 

Figure 5A.9. Comparative UV-Vis spectra of a) Bpy and Co (II)-Bpy complex; b) TpBpy and 

Co-TpBpy. 

5A.2.1.9. Estimation of the coverage of Co (II) per bipyridine unit 

In order to estimate the coverage of Co2+ per bipyridine unit, the total percentage of Co2+ that  

can  ideally  coordinate  to  the  TpBpy  backbone  is  calculated  based  on  the asymmetric 

unit of TpBpy (as it is difficult to calculate the molecular weight of an extended 2D 

framework like COF). It is important to note that the asymmetric unit of TpBpy (C8H6N2O6) 

contains one secondary N and one pyridinic N (blue) (Figure 5A.10). 
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Figure 5A.10. Asymmetric unit of TpBpy and eclipsed stacking model of TpBpy. 

The following calculations are made based on the information obtained from the FTIR 

spectra and XPS analysis, which indicate that the Co (II) ions bind only to the bipyridine 

units of the framework. 

 One asymmetric unit of TpBpy contains one pyridine N. It is usually observed that in the 

presence of a chelating metal  ion  like  Co2+, the  bipyridine  unit  resumes  trans  

configuration resulting  in  1:1  coordination  with  Co2+. 

 Likewise, in  the  present  case,  ideally  one asymmetric unit (containing ½ bipyridine unit) 

could coordinate to ½ Co2+ ion --------------(1) 

 The molecular weight of each asymmetric unit amounts to 146.05 g/mol. Therefore, ideally 

100 g of TpBpy contains 0.684 moles of asymmetric units. 

 Thus, 100 g of TpBpy could ideally coordinate to 0.684 /2 moles of Co2+ ions [----from (1)] 

i.e., 100  g  of  TpBpy  ideally  coordinates  to  20.15  g  of  Co2+ ions  (molecular  weight  

of  Co taken as 58.93 g/mol). 

 Experimentally, the TGA plots as  well  as  the  ICP  results  indicate  that  TpBpy  

could  uptake  a maximum of about 12% Co2+ ions. Thus, on an average, it is observed that 

60% (12/20) of the bipyridine units in TpBpy is coordinated to the Co2+ ions. From the 

simulated structure, it is observed that out of the six-bipyridine units, three face towards the 

pore and remaining three face away from it. In spite of several efforts, Co2+ coordinated 

monomer could not be crystallized and thus it is intricate to visualize the coordination of Co-

bpy units within the COF. However, we believe that the coordination of Co (OAc)2 to the 
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bipyridine unit supposedly instigates steric hindrance within the COF layers, which limits the 

coverage of Co2+ to 60% in the COF. 

5A.2.2. Electrochemical characterizations 

5A.2.2.1. Preparation of the working electrode 

The electrochemical catalytic activity of Co-TpBpy is extensively studied using a three -

electrode system with glassy carbon as the working electrode, Ag/AgCl (3M) as the reference 

electrode and a graphite rod as the counter electrode. Co-TpBpy and acetylene black (9 mg: 1 

mg) are dispersed in isopropanol:water (3:2) to prepare the catalytic ink mixture. 

Subsequently, 10 µl of this mixture is coated onto the freshly polished glassy carbon 

electrode surface (geometrical area=0.196 cm2) following which 5 µl of 0.5% Nafion binder 

solution is added. The electrode is dried at 60 oC for ~1 h. The electrochemical studies are 

performed at ambient temperature (298 K) using 0.1 M phosphate buffer solution (pH 7) and 

the electrode potentials are converted to the RHE scale using the relation  E(RHE) = 

E(Ag/AgCl) + Eo (Ag/AgCl + 0.0591 ×7 (pH correction factor).  

5A.2.2.2. Cyclic voltammetry (CV) analysis  

The electrochemical analysis of  Co-TpBpy  is  performed using  Co-TpBpy  coated  glassy  

carbon  (as working  electrode)  in 0.1  M  aqueous  phosphate  buffer solution at  pH  7.   

 

Figure 5A.11. Comparative CV profiles of Co-TpBPy, bare glassy carbon electrode and 

Co(OAc)2.4H2O salt solution in 0.1 M phosphate buffer solution. 
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The cyclic voltammogram of Co-TpBpy clearly indicates the onset of an intense water 

oxidation activity at ca. 1.63 V (vs. RHE). The comparative CV profiles also show a marked 

difference in the OER activity of the cobalt modified TpBpy in comparison to that of the 

pristine unmodified TpBpy and bare glassy carbon electrode (Figure 5A.11).  The CV 

profile of Co-TpBpy also indicates a characteristic redox couple at a peak potential of ca. 

1.57 V vs. RHE, which verifies the involvement of the quasi-reversible Co2+/3+ couple in the 

water oxidizing activity.  

5A.2.2.3. Linear Sweep Voltammetry (LSV) and Tafel slope study  

The rotating disk electrode (RDE) measurement is carried out in order to understand the OER 

kinetics and stability of the catalyst. During the RDE experiment, the Co-TpBpy coated GC 

electrode is kept under a constant rotation rate of 1600 rpm. This ensures the preservation of 

a uniform ion concentration around the working electrode besides concurrently preventing 

the buildup of the evolving O2 bubbles, the product of water oxidation activity. From the 

LSV analysis, it is observed that a minimum overpotential of 400 mV is needed to produce a 

current density of 1 mA/cm2 (Figure 5A.12a). The catalytic performance of Co-TpBpy is 

found comparable with the other well-accepted Co-based OER catalysts. The LSV stability 

test from 0.6 to 1.8 V (vs. RHE) further denotes the remarkable cyclic stability of Co-TpBpy, 

wherein ~94 % of the OER current is observed to be retention after 1000 scans (Figure 

5A.12a). 

 

Figure 5A.12. (a) LSV stability test profile of Co-TpBpy before and after 1000 cycles (inset: 

zoomed in LSV profile and (b) Tafel plot of Co-TpBpy at neutral pH. 
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The Tafel slope is then determined to relate the OER kinetic current with the reaction 

overpotential. The plot is found to be linear with a corresponding slope of 59 mV/ decade 

(Figure 5A.12b). This indicates the possibility of reversible one-electron transfer mechanism 

being followed for oxidizing water in the present case. [17]  

5A.2.2.4. Chronoamperometry study 

The chronoamperometry measurement is also carried out to determine the long term 

operational stability of Co-TpBpy catalyst. On applying a constant potential of 1.74 V vs. 

RHE, a nearly constant anodic current of 15 ± 3 mA/cm2 is obtained up to 24 h (Figure 

5A.13). In the study, an initial increase in the OER current is observed, which indicates the 

stage of catalyst activation. It is important to note that during the OER activity, the working 

electrode surface is constantly covered with the non-conducting gas bubbles. This apparently 

blocks the active sites, eventually decreasing the current density, as observed in case of other 

gas evolution reactions. However, the high specific surface area of Co-TpBpy minimizes this 

detrimental effect, and at the  end  of  24  h  of operation,  just  ~10%  decrease in the  current  

density is observed, which thereby explicates the  high  stability  of  the  material.  

 

Figure 5A.13. Chronoamperometric stability profile of Co-TpBpy at 1.74 V (vs. RHE). 

 The post Inductive Coupled Plasma (ICP) analysis of electrolyte did not show any 

detectable cobalt traces, which preclude the possibility of Co (II) leaching from the catalyst 

during the course of its operation. Equally, the ICP test of Co-TpBpy indicates the retention 

of 10.5% of Co2+ content at the end of 24 h. The consistent water oxidation activity of Co-

TpBpy can be mainly accredited to the stability instilled by the porous COF matrix. The high 
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surface nature helps in the easy passage of the evolving O2 molecules and resists the catalyst 

leaching during the course of O2 evolution.  

5A.2.2.5. Estimation of the Electrochemical Assessable Surface Area (EASA) of the Co-

TpBpy coated electrode  

 In each case, a 0.1 V potential window centered at the Open Circuit Voltage (OCV), 

with non-faradaic response is chosen and the potential is swept across it (positive to negative 

direction scan) at different scan rates. The double layer capacitance is then calculated by 

estimating the slope of  the  straight  line  part  of  the  capacitive  current  vs.  scan rate   in 

each case, i.e., bare GC and Co-TpBpy coated GC.[18] The double layer capacitance of the 

bare carbon electrode is calculated to be Ca= 4.63×10-6 F/cm2 and that of Co-TpBpy coated 

GC was Cb =1.286 ×10-5 F/cm2. In order to determine the EASA of the Co-TpBpy coated 

GC, the EASAa of bare GC is first determined by running a CV with 1 mM solution of 

potassium ferricyanide K3[Fe(CN)6] in 0.1 M pH 7 phosphate buffer solution (Figure 

5A.14). 

 

Figure 5A.14. Cyclic voltammetry of (a) bare Glassy Carbon (GC) and (b) Co-TpBpy at 

different scan rates in the non-faradaic potential region. 

 The slope of the ip vs. (scan rate) 1/2 is used to determine the diffusion coefficient (D) 

(Figure 5A.15). The EASAb is further calculated using the Randles-Sevick equation: ip = 

0.4463 nFAC (nFvD/RT)1/2, where ip  = maximum current (in A); n = number of electrons 

transferred in the redox event; F =Faraday Constant in C/mol; D = diffusion coefficient in 

cm2/s; C = concentration in mol/cm3; ν = scan rate in V/s; R = gas constant in VC K−1 mol−1; 

T = temperature in K. 
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Figure 5A.15. a) CV profiles of Fe2+/3+ couple at various scan rates in the phosphate buffer; 

b) plot of ip vs. scan rate 0.1 M phosphate buffer solution. 

As capacitance, C = EASA × ( ɛr ×ɛ0 /d); wherein, ɛr  is the dielectric constant of the 

electrolyte, ɛ0 is the vacuum dielectric constant and d is the charge separation distance 

(double layer effective thickness). The EASAb is therefore calculated using the now known 

Ca, Cb and EASAa (0.1015 cm2) values and is calculated to be 0.282 cm2. 

5A.2.2.6. Calculation of the Roughness Factor (Rf) 

The roughness factor of Co-TpBpy catalyst is determined using the electrochemically 

accessible surface area (EASAb) of Co-TpBpy. From the relation EASAb = Roughness factor 

× geometrical area (0.196 cm2), the Rf is estimated to be 1.44. The EASAb is also similarly 

calculated at the end of 1000 stability cycle test (Figure 5A.16). 

 

Figure 5A.16. Plots of current density vs. scan rate of (a) 1st cycle and (b) 1000th cycle in 0.1 

M phosphate buffer solution.  
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The EASAb is found to be consistent even after the LSV cycling (0.286 cm2). The roughness 

factor after the test is calculated as 1.46. The slight increase in the Rf value could be a result 

of the pore activation during the course of the O2 evolution. However, the retention of the Rf 

value (1.46) after 1000 LSV cycles evidences the pronounced catalytic stability of the 

material. 

5A.2.2.7. Calculation of Surface Coverage (τo) and number of active cobalt atoms/m2 in 

Co-TpBpy 

 The active Co atoms/cm2 on the Co-TpBpy coated GC surface is calculated by 

measuring the surface coverage (τo). The Co2+/3+ redox current (i) corresponding to different 

scan rates is measured (Figure 5A.17). The surface coverage is eventually determined from 

the slope of the anodic peak current (ip) vs. scan rate using the following equation: slope = 

n2F2Aτo/4RT, wherein, n is the number of electrons involved, F is the Faraday Constant in 

C/mol,  A is the geometrical surface area (0.196 cm2),  τo is the surface coverage, R  is the  

gas constant in VC K−1 mol−1 and T is the temperature in K. 

 

Figure 5A.17. Plot of ip versus scan rate. 

The surface coverage of the cobalt atoms is calculated to be 4.506 × 1015 cobalt atoms/cm2, 

i.e., 7.482 nmol/cm2.  

5A.2.2.8. Turn Over Frequency (TOF) calculation 

The Turn Over Frequency (TOF) is calculated using the relation, TOF = [Current Density 

(1mA/cm2) × Avogadro Constant]/[4 F× Roughness Factor × surface cobalt atoms/cm2]. The 

TOF is found to be 0.23/s. It is important to note that the TOF value here is the lower limit of 
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the catalyst as it is calculated based on the number of surface-active Co atoms supposedly 

involved in the water oxidation reaction. 

5A.2.2.9. Calculation of Faradaic Efficiency (ɛ) using Rotating Ring Disk Electrode 

(RRDE)study 

The faradaic efficiency (ε) of Co-TpBpy for water oxidation reaction is measured by 

applying a current step from 1 to 15 mA/cm2 to the Co-TpBpy coated GC disk electrode and 

then measuring the corresponding voltage. [19] The RRDE working electrode is kept at 

constant rotation of 1600 rotation per minute (rpm) throughout the study. The ring potential 

is set at a constant potential of 1.2 V vs. RHE throughout the study (Figure 5A.18). The 

collection efficiency (N) of the RRDE electrode is calculated using the ferrocene redox 

couple and is determined to be 0.37 in the present case. 

 

Figure 5A.18. Rotating-ring disk electrode (RRDE) study for OER of Co-TpBpy, recorded in 

nitrogen saturated 0.1 M phosphate buffer solution at 1600 rpm. 

The Faradaic efficiency is then calculated using the equation, Faradaic efficiency (ε) = 2*Ir/ 

Id*N where,  Ir is  the  ring  current, Id is  2.7  mA,  which is  the  constant  disk  current  for  

a  0.2646 cm2 disk electrode to give a minimum current density of 10 mA/cm2 and N is the 

collection efficiency (0.37). 

 The RRDE study indicates that the faradaic efficiency (ε) of Co-TpBpy is 0.95, which 

demonstrates the significance of Co-TpBpy as an efficient water oxidation catalyst. 
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5A.2.3. Gas chromatography studies 

The quantification of the O2 evolved during water oxidation reaction is carried out using 

three electrode system using glassy carbon (geometrical area= 0.07 cm2) coated with Co-

TpBpy (mixed with acetylene black, 9:1) as the working electrode, graphite rod as the 

counter electrode and Ag/AgCl (3M) as the reference electrode. A catalyst loading of 50 

µg/cm2 is maintained and the electrolyte used is 0.1 M phosphate buffer solution. The 

headspace of the electrolysis cell is purged with nitrogen gas (99.99%) prior to electrolysis. 

The water oxidation is carried out by applying a constant current density of 1 mA cm-2 for a 

period of 60 min. A portion of the gas mixture from the headspace of the electrochemical cell 

is directly  injected  into  the Agilent 7890 B  GC  system  (equipped  with  TCD  ). The 

increase in the peak area corresponding to the oxygen gas clearly indicates the O2 evolution 

during the electrocatalytic reaction (Figure 5A.19). 

 

Figure 5A.19. a) Gas chromatogram before and after the electrolysis and b) GC analysis of 

the evolved oxygen and evaluation of the cyclic stability. 

 In order to further ascertain the catalytic stability, the headspace is evacuated and re-

purged with high quality nitrogen gas. About two such consecutive evacuation-purging 

cycles are carried out to remove O2 trace in the system. Then constant current density of 1 

mA cm-2 is applied for a period of 60 min and the amount of O2 evolved is monitored by 

sampling out the gas from the reaction vessel headspace after every 10 minutes. The cyclic 

stability is further confirmed by evacuating the headspace at the end of each OER cycle 

(Figure 5A.19b). 
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Part B 

5B. CdS-COF composite as a visible light photocatalyst for 

hydrogen production from water 

In the present state, fossil fuels and biomass fulfil most of the global energy demands 

ultimately contributing to the undesired CO2 emission. This necessitates an immediate need 

to recognize cleaner and efficient energy substitutes. Water splitting is regarded as one of the 

most competent ways of conversion of the renewable solar energy into chemical energy in 

the form of cleaner hydrogen fuel. [5] At a power level of 1000 W/m2, the solar energy 

incident on the earth's surface is theoretically sufficient to cover all human energy needs. 

Using suitable catalysts, this solar energy can be effectively used to split water, yielding fuels 

of a hydrogen-based economy. In this direction, a large number of H2 producing photo 

catalysts are being reported. [20] However, in the current state of art, visible light (which 

constitutes a dominating ca. 46% of the solar spectrum) photocatalysts find poor mentioning. 

This is due to the limited availability of low band gap materials with inherent capacity to 

prevent electron-hole recombination in addition to the needed chemical stability. [21] Hence, 

there is a need for the development of visible light active catalysts with high photo-stability 

in order to realise a practical and large scale production of hydrogen from the solar energy. 

An effort in this regard has led to the growth of nanoparticles based photocatalysts which 

have proven to be prospective candidates for H2 production, due to their tuneable size and 

band structure. [22] Among all, CdS systems have shown potential photocatalytic activity for 

hydrogen production due to their ability to absorb visible photons, except for their photo 

corrosive nature and quick agglomeration that decrease the conversion efficiency. [23] A smart 

way of stabilising these nanoparticles is loading them on nanosheets in order to enhance the 

photocatalytic activity. These sheet structures provide high surface area and abundant hetero-

interface which effectively reduce the electron-hole recombination. However, most of such 

structures suffer from acute limitations like shielding effect in case of graphene, poor visible 

light absorption and low stability in case of TiO2 sheets which render them practically less 

useful and demand precise optimisation of the systems before being put to use.[21] Till date, 

there exist few reports on use of highly porous materials like MOFs being used as photo 

sensitizers and substrates for loading of CdS nanoparticles resulting in an appreciable H2 
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production. But, these systems cannot be extended to any operating conditions due to the 

limited stability of the MOFs in these conditions. [24]  

 In this perspective, covalent organic frameworks (COFs) seem to be an attractive 

option as substrates for nanoparticles synthesis owing their high stability in acidic and basic 

pH and high specific surface area.[1,25] Although the COFs are reported to be semiconductors 

with ability to show absorption in visible light, their potential as photocatalysts in particular 

for water splitting remains unexplored.[26] The second part of this chapter discusses the 

advantages of COF as a support for depositing CdS nanoparticles (Figure 5B.1). The two-

dimensional framework of COF has an array of π clouds which helps in an efficient charge 

transfer thereby stabilising the nanoparticles and ultimately suppressing the rate of 

recombination. The synthesised CdS-COF composites show enhanced photocatalytic H2 

evolution. Upon addition of just 1 wt % of COF, a drastic tenfold increase in the H2 

production amounting to 1320 µmolh-1g-1 is observed. The observed activity is 10 times 

higher than that of the bulk CdS and 55 times improved to that of the plain COF. The 

significant improvement in H2 evolution of the composites over that of bulk CdS lies in the 

goodness of the structural features of COF like stability and π conjugation which imparts 

semiconductor character to it.  

 

Figure 5B.1. Schematic representation of the synthesis of CdS-COF composite. 
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5B.1. Experimental Section 

5B.1.1. Synthesis of COF (TpPa2): The syntheses of COF is carried out in Schleck tube 

using Schiff-base reactions of 1,3,5-triformylphloroglucinol (63 mg, 0.3 mmol) with 2,5-

dimethyl-p-phenylenediamine (61 mg, 0.45 mmol) respectively, in the presence of 3 M acetic 

acid (0.5 mL) using 1:1 mesitylene/dioxane (3 mL) solvent mixture. The reaction is 

performed at 120 oC for 72 h. The tube is allowed to cool down to RT and the product is 

recovered and washed with ethanol. The synthesized COF is dried at 60 oC for 12 h. 

5B.1.2. Synthesis of CdS-COF composites: The CdS particle loaded COFs are 

hydrothermally synthesized, wherein different wt. % of the synthesized COF and 1.6 mmol 

of Cd (OAc) 2 .2H2O are dissolved in 160 mL of DMSO solvent. Different weight ratios of 

COF: CdS ranging from 0 to 50% (referred to COF proportion) are synthesised and named as 

CdS, CdS-COF (99:1), CdS-COF (95:5), CdS- COF (90:10), and CdS-COF (50:50), 

respectively. The solution is vigorously stirred and transferred into a Teflon-lined autoclave 

and heated at 180 oC for 12 h. The autoclave is then allowed to cool naturally to RT and the 

hybrid collected is washed with acetone followed by ethanol to remove the residual DMSO. 

The hybrid is dried at 60 oC for 12 h. 

5B.2. Result and Discussion 

5B.2.1. Material Characterization 

5B.2.1.1. Electron microscopy analysis 

The TEM images of TpPa 2 COF show sheet like structure, formed because of the π−π 

stacking of the COF layers. In absence of the support material (COF in this case), the CdS 

particle size is very large (>200 nm) and agglomeration of the particles is prominent (Figure 

Figure 5B.2a). On introduction of COF matrix, uniform distribution of the CdS 

nanoparticles results along with scaling down in their particle size with observable degree of 

exfoliation of COF (20–25 nm; Figure 5B.2a).  The fringes with lattice spacing of 0.35 nm, 

corresponding to the (111) plane of cubic phase CdS nanoparticles, can be distinctly 

observed in the high-resolution TEM image of the CdS-COF (90:10) hybrid (Figure 5B.2a).  
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Figure 5B.2. a) Combined TEM and b) SEM images of bulk CdS, TpPa-2 COF and CdS-

COF (90:10) hybrid. 

The SEM micrograph of COF further confirms the sheet like nature of COF, while the CdS-

COF (90:10) hybrid shows well-distributed CdS nanoparticles on the TpPa-2 matrix (Figure 

5B.2b). The loading of COF in CdS-COF is confirmed using EDX and CHNS analysis 

(Table 5B.1). The amount of C, Cd and S (in %) is found to be comparable with the amount 

of COF approximately used during the composite synthesis. The EDX analysis is carried at 

various spots on the hybrid surface to confirm the homogenous concentration of Cd and S 

content in the hybrid. 

Table 5B.1. EDX and CHNS analysis results of COF and synthesised composites. 

 C (%) Cd (%) S (%) 

 EDX CHNS EDX EDX CHNS 

CdS-COF (99:1) 2.7 2.1 75.98 19.69 19.3 

CdS-COF (95:5) 6.2 5.4 70.50 19.34 19.8 

CdS-COF (90:10) 9.0 7.2 67.42 19.41 19.2 

CdS-COF (50:50) 49.9 47.3 29.14 9.20 8.3 

COF 74.6 --- --- --- --- 
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5B.2.1.2. PXRD analysis 

The PXRD spectra of the synthesised CdS-COF composites predominantly show peaks 

corresponding to (111), (220), and (311) planes of the CdS nanoparticles. Interestingly, in the 

spectra, the diffraction peaks corresponding to the COF matrix could not be observed 

(Figure 5B.3a). This is probably due to the relatively lower amount and inherently poor 

diffraction intensity of COF in CdS-COF hybrid. It is worthy to note that unlike that of bulk 

CdS particles, the diffraction peaks of the composites are broader and less intense. This is a 

result of the decreased CdS particle size in the CdS-COF composite, as evident from the 

electron microscopic studies. 

 

Figure 5B.3. Combined a) PXRD and b) FTIR spectra of the synthesized composites along 

with bulk CdS and COF. 

5B.2.1.3. FTIR analysis 

In contrast to the PXRD spectra, the comparative FTIR spectra of the composites show 

predominant resemblance to that of the COF matrix (Figure 5B.3b). The peaks 

corresponding to the characteristic C=C (1578 cm−1) and C−N (1251 cm-1) stretching of COF 

is observed in all the synthesised CdS-COF composites. Most importantly, the spectra remain 

the same after the composite formation. This indicates that COF is highly stable after the 

hydrothermal synthesis and in presence of the CdS particles deposited on its surface. 

5B.2.1.4. Surface area analysis 

The N2 adsorption analysis of the bulk CdS indicates that it possesses a BET surface area of 

93 m2 g-1 (Figure 5B.4a). On synthesizing CdS on COF, the surface area of the hybrids is 
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found to gradually enhance with the increasing COF content (up to 280 m2 g-1). This behavior 

could be credited to the input from the COF support, which itself has a BET surface area of 

866 m2 g-1 (Figure 5B.4a). The high specific surface area of the composites increases the 

number of catalytic sites besides promoting faster charge transport kinetics.  

 

Figure 5B.4. Combined a) N2 adsorption isotherms and b) UV-Visible DRS spectra of bulk 

CdS, pristine COF, and CdS-COF (90:10) hybrid. 

5B.2.1.5. UV-Visible spectral analysis 

The UV/Vis spectrum of TpPa-2 shows a broad absorption band over the visible region 

(Figure 5B.4b), which verifies the superior visible absorption ability of the COF matrix and 

suggests its variable band nature. It can be observed that on introducing COF, the absorption 

rim of the CdS:COF (90:10) hybrid largely shifts towards the visible light region (>535 nm) 

when compared to that of the bulk CdS spectra. This was also evident from the change in the 

composite color (yellow to reddish brown) with addition of COF (Figure 5B.4b). The shift in 

the absorption spectra thereby confirms the enhanced visible light absorption ability of the 

synthesised CdS-COF hybrids.  

5B.2.1.6. TGA analysis 

The thermo gravimetric (TGA) analysis is carried out to determine the thermal stability of the 

hybrids (Figure 5B.5). The TpPa-2 COF is found to be thermally stable up to 350 ˚C, while 

the bulk CdS shows thermal stability up to 220 ˚C. Interestingly, the thermal strength of the 
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hybrids is found to increase with the COF content. This indicates the enhanced stability of 

CdS in the presence of the stable COF matrix.  

 

Figure 5B.5. Combined TGA profiles of bulk CdS, pristine COF and CdS-COF hybrids. 

5B.2.2. Photocatalytic study 

5B.2.2.1. Gas chromatography experimental set-up 

The glass reactor is initially ensured to be completely clean and 9 mL of deionized water is 

used each time. The experiments are carried out using 0.5 wt % Pt co-catalyst, lactic acid 

(sacrificial agent), and a 400 W xenon arc lamp with a UV cut-off filter (λ= ≥420 nm) as a 

visible light source. Each time, a known amount of photocatalyst (30 mg) is used for the 

study. The reaction solution is continuously stirred to keep the entire mixture homogeneous. 

The whole assembly is thoroughly evacuated before irradiating the mixture using a Xenon 

light source. The reaction is carried out for 1 h after which the gas collected in it is analyzed 

using a GC equipped with molecular sieve 5A column and a TCD detector. 

5B.2.2.2. Gas chromatography study  

In order to examine the photocatalytic behaviour of the CdS-COF composites, the GC 

analysis of the evolving gases is carried out. The bare COF is observed to show very poor 

photocatalytic activity resulting in just 28 mmol h-1 g-1 of H2 production. The poor activity of 

the bare COF could be attributed to its band gap (2.52 eV), which is adequately large to split 

water during band gap excitation, but small enough to wrap the entire visible-light spectrum. 

This makes them poor visible photon absorbers. In addition, the stacked nature of the COF 

further restricts the number of sheets being illuminated, which eventually decreases the 
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photocatalytic activity. On visible-light illumination, the bulk CdS shows moderate 

photocatalytic activity amounting to 128 mmol h-1 g-1 of hydrogen production (Figure 

5B.6a). Surprisingly, on introducing mere 1 wt. % of COF, a striking increase in the 

photocatalytic activity amounting to 1320 mmol h-1 g-1 of hydrogen production is observed. 

This performance is notably ten times that of the bulk CdS (Figure 5B.6b).  

 

Figure 5B.6. Comparison of the H2 yield obtained in the present work; b) photocatalytic 

stability test. 

 Of all, CdS-COF (90:10) is found to show the highest photocatalytic activity with 

3678 µmol h-1 g-1 of constant H2 production without any apparent decrease in the activity 

until three consecutive cycles with an apparent quantum yield reaching 4.2 % at 420 nm 

(Figure 5B.6b). The controlled experiment under dark conditions reveals negligible H2 

production, which confirms the role of illumination in effecting the catalytic activity. The 

photocatalytic activity is found to increase up to certain extent of COF addition (10 wt. %) 

and eventually decrease further.  

5B.2.2.3. Quantum Efficiency 

The quantum efficiency is calculated by following a procedure previously reported in the 

literature. The set-up has four LEDs (of 420 nm) that are positioned 1 cm away from the 

reactor along the four directions. The flux meter reading is noted (39 mW/cm2).  

�. � =
������ �� ������� �� ��������� × �

������ �� �������� �������
× ��� 

Using 39 mW/cm2 as the power density, the quantum efficiency is calculated as 4.2% using 

the above equation. 
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Table 5B.2.  The H2 production activity correlation with the BET surface area and weight 

percentage of COF. 

Sample COF content (wt. %) SBET (m2/g) Activity (µmol/ h/ g) 

Nano CdS 0 93 124 

CdS – COF (99:1) 1.0 103 1320 

CdS – COF (95:5) 5.0 107 2332 

CdS – COF (90:10) 10 174 3677 

CdS – COF (50:50) 50 280 162 

bare COF 100 445 28 

As the synthesised hybrids vary only in terms of the weight percentage of the COF added, 

this behavior is likely an outcome of the matrix shielding effect. After a threshold limit, the 

COF (which is a poor visible-light absorber) begins to drape the visible-light-active CdS 

nanoparticles. This eventually ceases the photocatalytic activity in the resulting hybrids, as 

they can now no longer absorb visible photons efficiently.  

5B.2.3. Probable mechanism for the observed photocatalytic activity 

5B.2.3.1. Mott Schottky (MS) experiment 

To understand the nature of the coupling interfaces after composite making, the Mott-

Schottky (MS) measurements are carried out using AC-impedance technique. The 

experiment is carried under dark conditions in actual hydrogen producing conditions as used 

for the photocatalytic experiments, i.e., in water-lactic acid-Pt solution. Prior to the 

measurements, the working electrode is prepared by making thin films of the materials under 

study on a fluorinated tin oxide (FTO) substrate using doctor blade method. The MS analysis 

reveals a flat band potential of -0.54 V (vs. NHE) for bulk CdS. The value is found to be 

higher than that of plain TpPa-2 (-0.45 V, vs. NHE). This implies that the bulk CdS has a 

higher lying Fermi level with respect to that of the COF. On the contrary, the best performing 

CdS:COF (90:10) composite is found to possess a flat band potential of -0.49 V vs. NHE 

(Figure 5B.7a). This indicates the formation of a new Fermi level between those of bulk CdS 

and TpPa-2 on the composite making. This suggests a high chance of transfer of 

photogenerated electrons from CdS to the COF matrix on illumination of visible light. [27b] 
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Figure 5B.7. a) Combined MS plots, b) photoluminescence spectra of bulk CdS and CdS-

COF (90:10) hybrid at 460 nm; c) schematic representation of the energy-level of the hybrid 

system. 

5B.2.3.2. Photoluminescence (PL) study 

In conjunction with the MS study, the photoluminescence spectrum of CdS shows decrease 

in the PL peak intensity when compared to that of CdS:COF (90:10) (Figure 5B.7b). The 

decrease in the PL intensity is another typical feature of charge transfer from the CdS. This 

transfer is believed to efficiently suppress the recombination of the photogenerated e-hole 

pair in CdS, thereby increasing the longetivity of the photo activity. [27a] 

 Thus, from the MS and PL analysis, it is unstated that the presence of high surface 

area of COF apart from the abundantly available ordered two-dimensional hetero-interface, 

facilitates the stabilization of CdS photoelectrons onto the extended COF surface, which in 

turn decreases the chances of recombination of the generated electron-hole pair. 

5.2. Conclusion 

The first part of this chapter effectively highlights the utilization of a bipyridine unit 

enriched, chemically stable, crystalline COF, TpBpy, as a heterogeneous OER catalyst by 

coordinating active Co (II) ions into its high surface area framework. Co-TpBpy shows 

excellent stability with a low overpotential (400 mV at 1 mA /cm2) even after 24 h of water 

oxidation activity in neutral medium. The cobalt modified TpBpy is also observed to display 

a high faradaic efficiency of 95 % and a consistent turn-over frequency (TOF) of 0.23/s at pH 

7. It thereby pioneers a way for the synthesis and utilization of electrochemically active 

COFs as highly stable, molecularly tunable, heterogeneous catalysts for important reactions 
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involved in a variety of realizable energy devices such as water splitting, supercapacitors, 

batteries etc. The second part of the chapter explores the use of highly stable COFs for 

developing stable and efficient photocatalysts. A composite formation with TpPa-2 COF is 

observed to improve the stability of the photogenerated CdS electrons apart from suppressing 

the recombination of the as generated electron hole pair. This results in an amazingly high 

photocatalytic activity of the composite when compared to that of the bare CdS. It thereby 

demonstrates the authenticity of such highly stable COFs as effective substrates towards 

development of more efficient and stable visible light-active photo catalysts. Above all, this 

study highlights a successful amalgamation of the organic and inorganic entities within a 

hybrid with improvised activity. 
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Chapter 6 

Metal Organic Framework (MOF)-derived porous carbons as 

electrode materials towards fabrication of energy devices* 

This chapter discusses the role of metal organic frameworks (MOFs) as self-sacrificial 

templates for porous carbon synthesis. The first part of the chapter# reports an effective 

way of converting the less employed non-porous Zn-MOFs into more useful porous 

carbons. In the study, the self-sacrificial nature of MOFs has been exploited to convert 

non-porous MOFs into porous carbons without using any additional carbon source. The 

influence of ligands in the MOF architecture on the properties of carbons resulting from 

their direct carbonization is established. The as-synthesized MOF-derived carbons have 

been exclusively studied for gas adsorption properties and electrochemical applications. 

The second part of the chapter# # discusses a unique route through which the porous 

MOF-derived carbons 

are further activated 

for Oxygen Reduction 

Reaction (ORR) in 

PEMFCs. Herein, a 

MOF-derived carbon 

is used as a 

conductive matrix for anchoring heteroatoms, a feature known to improve the carbon’s 

intrinsic activity towards ORR. The macro porosity of the MOF carbon is effectively used 

as a nitrogen reservoir for plugging nitrogen rich g-C3N4 units by means of in situ 

polymerization of the melamine. This route thereby opens a new conduit to design and 

develop metal-free electrodes with enhanced ORR activity and better mass diffusion 

characteristics optimal for PEMFC applications. 

 

 

 

 

*The content of this chapter has been published in #Cryst. Growth Des. 2013, 13, 

4195 and ##Chem Commun. 2014, 50, 3363. 

Reprinted with permission from the #American Chemical Society and ##The Royal 

Society of Chemistry. 
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6.1. Introduction 

The topical carbon research suggests that the nature of the carbon precursor primarily 

determines the properties of the resulting carbon. [1] Several hard inorganic templates viz., 

meso-structured silica, zeolites, alumina membranes, etc. impregnated with carbon 

precursors such as sucrose[2], furfuryl alcohol[3], phenol resins[4] etc. are being used for the 

synthesis of nanoporous carbons. A vigilant search for an ideal starting carbonizing 

material ends in one that could act as both template as well as a carbon precursor. This 

will not only abet the preservation of the original morphology but also facilitate 

predicting the nature of the resulting end carbon. Furthermore, the use of such self-

dedicated template will also help evade the tedious post-synthetic procedures like 

removal of residual template materials from the carbon matrix, use of copious amounts of 

washing solvents and rigorous activation conditions to remove the residual solvent 

molecules and activate the pores before use.[5] Metal Organic Frameworks (MOFs) have 

recently gained scientific interest as contenders for deriving porous carbon structures 

owing to their tunable and permanent porosity, high stability and low framework 

density.[6] By the virtue of the metal ions and carbonaceous ligands already present in the 

framework, these structures are known to act as ‘self-sacrificial templates’ for carbon 

making.[7] Therefore, the synthesis of porous carbon by means of direct carbonization of 

MOFs has been a straightforward approach to synthesize nano structured carbons. 

Interestingly, most of these MOFs possess intrinsic porosity, which on carbonization are 

observed to result into spongy carbons with porosity comparable to that of the parent 

MOF.[8] This observation has often led to a notion that only porous MOFs potentially 

produce porous carbons. Hitherto, very few works defy this logic and in particular, the 

concept of conversion of non-porous MOFs to porous carbons could be found hardly 

worked on.  

 The first part of this chapter reports the synthesis of porous carbons by directly 

carbonizing non-porous Zn-based MOFs, without using any supplementary carbon 

precursor. It intends to provide an exclusive fundamental study on the pore characteristics 

and relative properties of the MOF-derived carbons. The porosity imbibed in the resulting 

carbons is related to the MOF’s Zn/C ratio, which is further correlated with the 

microporosity and surface area of the resulting carbon. The capacitive behavior of the 

carbons has been assessed by using cyclic voltammetry and charge-discharge studies.  
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Part A 

6A. Synthesis of Porous Carbons from Non-Porous MOFs: 

Study of the Influence of the MOF Ligand Characteristics on 

the Nature of the End Carbon  

MOFs are crystalline, metal ion-ligand coordinated, long range ordered frameworks with 

exceptionally good stability, which make them potential, robust, sacrificial templates for 

carbon synthesis. [9] Interestingly, most of the MOF based carbon syntheses reportedly use 

an additional carbon source, which on heating results in the formation of in situ porous 

carbon with alongside decomposition of the MOF framework. However, recent findings 

show that MOFs do not need an additional carbon source due to the presence of organic 

linkers in its architecture. [10]  

 
Figure 6A.1. Schematic representation of the porous carbon synthesis from a) porous 

MOF and b) non-porous MOFs at 1000 oC with their N2 adsorption isotherms. The non-

porous MOF structures are shown inside the green frame. The solvent molecules in the 

MOF structures are omitted for clarity. (Color code: Zn: green, O: red, C: grey). 
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The synthesis of porous carbon via carbonization of MOFs can be used as a shortest 

approach to obtain nano-structured carbons with improved surface area along with 

retention of exceptional stability as that of parent MOFs. However, it is equally important 

to note that there are numerous MOFs, which do not have any intrinsic porosity and are 

thus not potentially capable to be used for the routine porosity dependent applications like 

gas storage, gas separation etc. [11] However, as these architectures contain the needed 

organic content, they could still be potential self-sacrificial templates for carbon making. 

These results lead to an opinion that only porous MOFs are required to produce porous 

carbons. Hitherto, the concept based on the conversion of non-porous MOFs to porous 

carbon is not explicitly realized. It is well known that the property of a MOF depends on 

its constituting metal ions and ligands apart from their eventual self-assembly into long-

range framework. However, during their carbonization, the influence of the MOF’s ligand 

properties on the final carbon is not well understood. The effect of the nature of the pores 

on the gas uptake properties as well as energy storage behavior, i.e., the capacitive nature, 

of such MOF-derived porous carbons could thus be of large interest. The first part of this 

chapter reports the synthesis of porous carbons from six Zn-based non-porous MOFs and 

demonstrates their application as potential electrode materials towards fabrication of 

supercapacitors (Figure 6A.1).  

6A.1. Experimental Section 

6A.1.1. Materials 

1,4-Benzene dicarboxylic acid, 1,3,5-benzene tricarboxylic acid, 2,6-naphthalene 

dicarboxylic acid, 1,3-adamantanediacetic acid, 1,4-phenylenediacetic, Zn(NO3)2.6H2O, 

Zn(ClO4)2 .2H2O used for the MOF synthesis were purchased from Sigma Aldrich 

Chemicals and used as received without further purifications. The solvents used like N,N-

dimethyl formamide, N,N-diethyl formamide and methanol used for the synthesis of 

MOFs were purchased from Rankem and Avra Chemicals and used without distillation. 

HPLC grade dichloromethane and methanol used for the solvent exchange were 

purchased from Sigma Aldrich Chemicals and used as received.  

6A.1.2. MOFs synthetic protocol 

1. MOF-5: The standard procedure reported elsewhere was used for synthesizing MOF-5. 

In brief, 0.4 g of zinc nitrate hexahydrate and 0.1 g of terephthalic acid were added to a 

glass vial (15 ml capacity) containing 10 ml diethylformamide (DEF). The contents were 
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sonicated until a clear solution was obtained following which, the vials were heated at 90 
˚C for 3 days using a temperature controlled oven. The resulting transparent cubic crystals 

were later filtered and dried at 60 oC. 

2. MOF-2: The standard procedure reported elsewhere was used for synthesizing MOF-2.  

In brief, 0.1 g of zinc nitrate hexahydrate and 0.4 g of terephthalic acid were dissolved in 

10 ml DEF solution was heated at 90 oC for 3 days. The transparent crystals obtained 

were separated by filtration and dried at 60 oC. 

3. Zn-BTC: The standard procedure reported elsewhere was used for synthesizing Zn-

BTC. In brief, 0.66 g zinc acetate dihydrate and 0.42 g of 1, 3, 5 benzene tricarboxylic 

acid were dissolved in 8 ml DMSO solution and heated at 100 oC for 3 days. The whitish 

crystals obtained were later filtered and dried at 60 oC. 

4. Zn-NDC: The standard procedure reported elsewhere was used for synthesizing Zn-

NDC. A mixture of zinc nitrate hexahydrate, 2.6-naphthalene dicarboxylic acid dissolved 

in ethanol and water (1.5:1:60: 196) were treated under hydrothermal condition at 125 °C 

for 12 h using Teflon-lined steel autoclave. The transparent crystals obtained were later 

filtered and dried at 60 oC. 

5. Zn-PAA: The standard procedure reported elsewhere with slight modification was 

used for synthesizing Zn-PAA. 0.17 g of zinc acetate dihydrate and 0.08 g of 1, 4, 

phenylene diacetic acid were added to 15 ml de-ionized water with pH adjusted to 5.0 

using 1 mmol NaOH solution. The contents were then sealed and treated under 

hydrothermal conditions at 180 oC for 2 days. 

6. Zn-ADA: 0.1 mmol of Zn(ClO4)2. 2H2O and 0.1 mmol 1, 3 adamantane dicarboxylic 

acid were dissolved in DMF: CH3OH (2:1) solvent mixture followed by heating at 90 oC 

for 3 days. The structure of the colorless, flower-like crystals obtained was confirmed by 

single crystal XRD. A PXRD spectrum was also recorded to confirm the purity of the 

bulk material (Figure 6A.3). 

6A.1.3. Experimental and Refinement Details for Zn-ADA 

 A colorless plate-like Zn-ADA crystal (of dimension 0.34 × 0.29 × 0.12 mm3) is 

taken in a 0.7 mm diameter nylon CryoLoops (Hampton Research) with Paraton-N 

(Hampton Research). The loop is mounted on a SMART APEX three-circle 

diffractometer. A total of 6407 reflections have been collected of which 6407 were unique 

and 4801 of these were greater than 2ó(I). The range of è was from 2.91 to 27.17º. All 
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non-hydrogen atoms are refined anisotropically. It should be noted that other supporting 

characterization data (vide infra) are consistent with the crystal structure (Figure 6A.2). 

The final full matrix least-squares refinement on F2 
converged to R1 

= 0.0410 (F >2óF)) 

and wR2 
= 0.1231 (all data) with GOF = 0.858. 

 

Figure 6A.2. ORTEP diagram of Zn-ADA MOF. 

Table 6A.1. Crystal data and structure refinement for Zn-ADA MOF: 

Empirical formula C28 H36 O8 Zn2 

Formula weight 631.35 

Temperature 293 (2) K 

Wavelength 0.71073 Å 

Crystal system Monoclinic 

Space group P21/c 

Unit cell dimensions 

a = 14.3611(5) Å  á = 90° 

b = 12.8622(4) Å  â =  96.862(3)° 

c = 15.1403(5) Å  ã = 90° 

Volume 2776.62(15) 

Z 4 

Density (calculated) 1.510 

Absorption coefficient 1.775 

F(000) 1539 
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Crystal size 0.34 × 0.29 × 0.12 mm3 

Theta range for data collection 2.91 – 27.17 

Index ranges -19 <= h <= 19,  -16 <= k <= 17,  -20 <= l <= 19 

Reflections collected 6407 

Independent reflections 4801 

Completeness to theta = 26.02° 98.4 % 

Absorption correction Semi-empirical from equivalents 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6407 / 0/ 343 

Goodness-of-fit on F2 0.858 

Final R indices [I>2sigma(I)] R1 = 0.0410, wR2 = 0.1231 

R indices (all data) R1 = 0.0608, wR2 = 0.1472 

Largest diff. peak and hole 0.413 and  -0.471 e.Å-3 

 
Figure 6A.3. Simulated and experimental PXRD patterns of Zn-ADA. 

The bulk purity of the as synthesised Zn-ADA MOFs has been verified by comparing the 

simulated and the experimental PXRD patterns. 

6A.1.4. Carbonization of Zn-MOFs 

Five non-porous MOFs, i.e., MOF-2 [(H2NEt2)2[Zn3(BDC)4]·3DEF],Zn-BTC 

[Zn3(BTC)2(DMSO)4], Zn-NDC [Zn(NDC)(H2O)], Zn-PAA [Zn2(PAA)2] and Zn-ADA 
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along with the porous MOF-5[Zn4O(BDC)3] (for comparison) are chosen for the present 

study. In each case, MOF crystals are evenly spread inside an alumina boat and heated 

gradually till 1000 °C using a tube furnace under argon flow for 3 h at a ramp of 5 

°C/min. After carbonization, the contents are allowed to cool naturally to room 

temperature. 

6A.2. Result and Discussion 

6A.2.1. Material Characterization 

6A.2.1.1. Electron microscopic study 

The Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) are used to study the effect of MOF porosity on the final carbon morphology.  

 
Figure 6A.4.  SEM images of the bare MOFs and corresponding MOF-derived carbons 

indicating the self-sacrificial of the synthesised MOFs except that of -Zn-ADA. 

The SEM analyses of the MOFs carbonized at 1000 °C indicate retention of the 

original MOF’s morphology in all the MOF-derived carbons except that of C-Zn-ADA 

(Figure 6A.4). The MOFs containing aromatic linkers are observed to show better degree 

of rigidity during the carbonization (Figure 6A.5). On the other hand, this doesn’t seem 
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to be the case of C-Zn-PAA and C-Zn-ADA, wherein 2D sheet phase is observed. The 

SEM images show that the MOF morphology is destroyed on thermal treatment at 1000 

°C (e.g. Zn-PAA and Zn-ADA MOFs) (Figure 6A.5c). 

 

Figure 6A.5. a)Chemical structure of the ligands used and b) the Secondary Binding 

Units (SBUs) of MOFs, c) SEM and d) TEM images of their corresponding porous 

carbons attained on directly carbonizing MOFs at 1000 °C. The constituting 

rigid/flexible ligands are placed based on the quantity of the sp2/sp3 type of carbons 

present in the ligand skeleton. 

 In order to further verify this effect, the TEM analyses of all the carbons have 

been carried out. In comparison, C-MOF-5, C-MOF-2, C-Zn-NDC and C-Zn-BTC have 

much more prominent and larger sized pores than that of C-Zn-PAA and C-Zn-ADA. The 

high resolution TEM images clearly reveal the presence of well structured, periodic 

arranged carbon sheets with pores ranging from 5−10 nm in the carbon matrix of C-MOF-

5, C-MOF-2, C-Zn-NDC and C-Zn-BTC (Figure 6A.5d). On the contrary, C-Zn-PAA 

and C-Zn-ADA are found to have less ordered, sheet–like arrangement in the carbon 

matrix. From the study, it is clear that the structural arrangement within the MOF 

architecture is a decisive factor for the development of ordered pores in the forming 

carbon. It is generally believed that, at very high temperature, the carbonizing structure 
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breaks down resulting in the loss of its intrinsic porosity.[12] However, these studies 

clearly specify the presence of pores along with the retention of original MOF 

morphology with few exceptions, thereby substantiating the role of these MOFs as the 

‘self-sacrificial’ templates for the carbon synthesis. 

6A.2.1.2. PXRD and Raman analysis 

The PXRD spectra of the MOF-derived carbons have been recorded for a better 

understanding of the degree of crystallinity and graphitic nature of the obtained carbons. 

At 2θ values of ~26 and ~44° , broad peaks observed in all of the spectra corresponds to 

the diffractions from (002) and (100) planes of the carbons, which indicate the existence 

of long range ordering in the matrix (Figure 6A.6a). The purity of the resulting 

nanoporous carbons is confirmed by the absence of peaks corresponding to ZnO, as Zinc 

(Zn) distills out of the system at ~907 oC (its  boiling point), thereby leaving behind pure 

carbon.[13]    

 

Figure 6A.6.  Combined (a) PXRD spectra and (b) Raman spectra of the as synthesised 

MOF-derived carbons. 

The MOF to carbon conversion is further confirmed using Raman analysis. The Raman 

spectra of all the carbons display two characteristic peaks, one at ∼1330 cm-1 

(corresponding to the disordered, or D band) and second at ∼1580 cm-1 (corresponding to 

the graphitic, or G band), respectively (Figure 6A.6b). Thus both PXRD and Raman 

results consistently indicate the existence of graphitic domains in the carbon matrix.  
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6A.2.1.3. Surface area analysis and porosity study 
The BET surface area study of the activated MOFs indicate that apart from MOF-5 [with 

a BET surface area ~2385 m2/g], the rest of the MOFs have little/no porosity with surface 

area ranging between 20−65 m2/g (Figure 6A.7). 

 
Figure 6A.7. N2 adsorption isotherms of the as syntheised porous MOF: a) MOF-5, non 

porous b) MOF-2, c) Zn-BTC, d) Zn-NDC, e) Zn-PAA and f) Zn-ADA MOFs. 

On carbonization, the gas adsorption profiles of the MOF-derived carbons show features 

characteristic of a Type-I isotherm without any hysteresis. This implies a dominating 
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microporous environment in the carbon matrix (Figure 6A.8). The BET surface areas 

have been calculated between a pressure range of 0.1−0.3 atm. The carbons obtained on 

carbonizing MOFs having rigid aromatic linkers (C-MOF-5, C-MOF-2, C-Zn-BTC and 

C-Zn-NDC) possess the BET surface areas of 2184, 1378, 1326 and 920 m2/g 

respectively. Conversely, the surface areas of carbons obtained on carbonizing MOFs 

with flexible linkers (C-Zn-PAA and C-Zn-ADA) are found to be 495 and 513 m2/g, 

respectively (Figure 6A.8b). This observation complies with the earlier reported 

phenomenon.[14] However, in the present study, it could be additionally observed that the 

linear relation between the Zn/C ratio and surface area holds good only in the case of 

MOFs constituting rigid ligands, i.e., benzene derivatives like 1,4-BDC, 1,3,5-BTC, 2,6-

NDC. However, the MOFs containing flexible ligands like 1, 3-ADA and 1, 4-PAA effect 

low surface area carbons and, therefore, do not fall in the linear regime (Figure 6A.9). 

 
Figure 6A.8. N2 adsorption analyses of carbons obtained on direct carbonization of a) 

porous MOF and b) non-porous MOFs. 

  A close observation reveals the chemical resemblance of the MOF’s alicyclic 

linkers (the adamantane-based ligand) with the pitch-like compounds. This hints at the 

formation of a favourable mesophase intermediate state prior to the carbon formation.[15] 

In cases of C- MOF-2, C-Zn-NDC and C-Zn-BTC, the surface areas of the resulting 

carbons are nearly 22, 26 and 30 times, respectively, higher compared to their parent 

MOFs, while for C-Zn-PAA and C-Zn-ADA, 13 to 15 fold increase is observed. The 

surface area studies thereby reveal the influence of the presence of pure sp3 (Zn-ADA) or 

sp2 with some sp3 (Zn-PAA) hybrid carbons in the MOF architecture.   
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Figure 6A.9. Plot indicating the relation between the MOF-derived carbon’s surface 

area and the MOFs’ Zn/C ratio.  

With increasing the sp3 character (i.e., with increasing ligand flexibility) the surface area 

of the resulting carbon is observed to decrease to a large extent, with regard to the 

carbons synthesized using MOFs with ligands having more sp2 character (i.e., using rigid 

linkers) (Figure 6A.9). 

 
Figure 6A.10. Pore size distribution plots the MOF-derived carbons. 
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The study thereby implies that the linear relationship between the Zn/C ratio of MOF and 

surface area of the resulting carbon holds good only for the carbons obtained from the 

MOFs having rigid linkers. 

6A.2.1.4. H2 and CO2 adsorption study 

The H2 and CO2 adsorption properties of the carbons have been studied to understand the 

effect of the carbon microporosity on its adsorption properties. The H2 (at 77 K) and CO2 

(at 273 K) adsorption isotherms illustrate characteristic Type−I isotherms without any 

hysteresis. As seen in (Figure 6A.11), H2 uptake of C-MOF-5, C-MOF-2, C-Zn-NDC 

and C-Zn-BTC is 260, 223, 209 and 184 cc/g respectively, at 77 K and 1 atm pressure. 

Alternatively, C-Zn-PAA and C-Zn-ADA carbons are observed to adsorb 136 and 151 

cc/g of H2 at similar conditions (Figure 6A.11a).  

 

Figure 6A.11. a) H2 adsorption isotherms of the as synthesised MOF-derived carbons 

and b) plot of their H2 uptake vs. % microporosity (obtained using the pore size 

distribution plots). 

It is well known that in a microporous solid, the adsorption potential increases with 

improved number of adsorption sites owing to the comparable pore size and kinetic 

diameter of the adsorbing gas molecules. [16] 

 The CO2 adsorption study of C-MOF-5, C-MOF-2, C-Zn-NDC and C-Zn-BTC 

indicates 107, 100, 80 and 88 cc/g of CO2 adsorption at 273 K and 1 atm pressure. Under 

similar conditions, C-Zn-PAA and C-Zn-ADA display only 95 and 73 cc/g of CO2 

adsorption (Figure 6A.12).The high rate of H2 and CO2 uptake is accounted to the 

substantial microporous nature of the carbons.  
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Figure 6A.12. CO2 uptake isotherms for porous a) C-MOF-5, C-MOF-2 and C-Zn-BTC 

and b) C-Zn-NDC, C-Zn-PAA and C-Zn-ADA collected at 273 K and 1 atm pressure. 

6A.2.2. Electrochemical study 

The potential of the MOF-derived carbon as electrode materials for fabricating 

supercapacitor has been tested electrochemically. The electrochemical studies have been 

carried out by means of symmetric two-electrode cell assembly at 25 ˚C. BioLogic SP-

300 Potentio-Galvanostat is used to carry out the cyclic voltammetry and galvanostatic 

charge-discharge tests in 1 M H2SO4 electrolyte. A potential window of 1.0 V is chosen 

to inspect the capacitive behavior of the carbon at various scan rates. The working 

electrode has been fabricated using the active material which consists of 85 % MOF-

derived active carbon, 5 % PTFE (binder) and 10 % carbon black (used as conductive 

filler) onto a porous Toray® carbon paper (as catalyst support and current collector). A 

loading of 1 mg/cm2 loading is maintained each time. The electrodes are dried at 60 °C 

overnight. Prior to their testing, they are soaked in the electrolyte solution for about 30 

mins to ensure sufficient electrolyte infiltration into the electrode.  

 The cyclic voltammetry and charge-discharge measurements are carried out at a 

scan rate of 10 mV/s and different current densities (varying from 0.5 to 10 mA/cm2). 

From Figure 6A.13, the specific capacitance at 1 A g-1 current density for C-MOF-2, C-

MOF-5, C-Zn-BTC, C-Zn-NDC, C-Zn-PAA and C-Zn-ADA is calculated to be 170, 150, 

134, 114, 110 and 95 F g-1, respectively. The capacitance values calculated from the 

charge-discharge tests are in close agreement with those from the CV studies. The study 

clearly implies that the carbons show increased capacitance with increasing surface area 

(Figure 6A.13a). This validates the surface area-capacitance dependence concept in case 

of electrical double layer capacitor (EDLC), wherein, the ability of the carbon to amass 
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charges increases with increasing in the available surface area. [17] It also indicates the 

compatibility of the pore size of the carbons with that of the solvated ionic size.  

 The capacitance retention ability of the carbons is also studied to understand the 

amount of charge retained by the carbons despite the increasing limitations (diffusion and 

charge transfer resistance) with increasing current load. Figure 6A.13b indicates the 

capacitance retention plot with current density varying from 1 to 10 A/g. The carbons 

derived from MOFs with rigid linkers, i.e., C-MOF-5,C-MOF-2, C-Zn-BTC and C-Zn-

NDC, are observed to show capacitive retention of 79, 81, 84 and 80 %, respectively, 

while the one from MOFs with flexible linkers, i.e., C-Zn-PAA, and C-Zn-ADA show 

capacitance retention of 74 and 63 % respectively. The superior retention ability of 

carbons derived from MOF containing rigid linkers could be credited to the presence of 

ordered pores and comparatively higher mesoporous content. [18]  

 
Figure 6A.13. a) Cyclic voltammograms and b) charge-discharge profiles of C-MOF-2, 

C-MOF-5, C-Zn-BTC, C-Zn-NDC, C-Zn-PAA and C-Zn-ADA in 1M H2SO4  

The presence of hetero atoms like sulphur is known to perk up the wettability of the 

electrode surface and assist the electrode kinetics. [19] It is most likely that the lower 

retention in cases of carbons derived from flexible linkers, i.e., C-Zn-PAA and C-Zn-

ADA, due to the presence of smaller sized pores, which restricts rapid diffusion of ions. 

MOF-derived carbons have also been previously tested for their capacitive behavior. In 

the present work, of all the MOF-derived carbons, C-MOF-2 with a BET surface area of 

1378 m2/g is found to exhibit the highest capacitance of 170 F/g at 1 A/g current density 

(Table 6A.2). 
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Figure 6A.14. Plots indicating a) % specific capacitance retention ability at different 

current density values and b) variation of specific capacitance vs. surface area. 

The linear dependence of the specific capacitance with the surface area of the carbons can 

be explained based on the understanding of the role of micropores in facilitating the 

formation of double layer. Thus, an adequate balance in both micro and meso pore 

content is observed to render the surface area accessible for the formation of double layer 

at the electrode-electrolyte interface. [20] 

Table 6A.2. Summary of the MOF-derived carbons’ pore parameters and their relative 

gas uptake and capacitance values as observed in the present study. 

Sample Name BET 
Surface 

Area (m2/g) 

Zn/C 
Ratio 

H2 uptake 

(cc/g) 

CO2 uptake 

(cc/g) 

Capacitance 

(F/g) 

C-MOF-5 2119 0.167 260 107 150 

C-MOF-2 1378 0.094 223 100 170 

C-Zn-BTC 1326 0.1 184 88 134 

C-Zn-NDC 920 0.115 209 80 114 

C-Zn-PAA 495 0.084 136 95 110 

C-Zn-ADA 513 0.072 151 73 95 
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Part B 

6B. g-C3N4 modified MOF-derived carbon as an efficient 

metal-free ORR electrocatalyst 

High surface area-hetero atom containing carbon materials have received significant 

attention due to their substantial application in energy fields, such as supercapacitors, fuel 

cells, lithium ion batteries etc.[21] These heteroatom doped carbon materials namely 

nitrogen doped graphene, nitrogen doped CNTs etc. have been explicitly tried as non-

precious ORR catalysts in fuel cell systems, considering their additional CO tolerance and 

fuel selectivity under the PEMFC (Polymer Electrolyte Membrane Fuel Cell) operating 

conditions.[22] The nitrogen doping is thought to alter the electron density of the basal 

carbon, thereby creating the active sites obligatory for catalyzing ORR. However, the 

methods used for synthesizing these highly conductive nitrogen doped carbon often suffer 

from severe disadvantages viz., use of toxic precursors, harsh acid post-treatment 

procedure, demand of specially designed equipments besides rigorous and trained 

handling etc.[5] Most importantly, despite being cumbersome, these methods still cannot 

precisely control the extent of heteroatom doping. In particular, the high temperature 

annealing treatment induces easy escape of the precursors during the course of the 

reaction. [23] This results in ineffective doping and minimizes the number of active sites. 

Thus, the challenge is to develop new generation electrocatalysts using an approach that 

could not only increase the ORR kinetics by creating more active sites, but also alongside 

maintain high surface area, a feature needed to facilitate faster mass transfer under the 

operating conditions. Through their inherent porosity and presence of high carbon 

content, MOFs have gained popularity as self-sacrificial templates to derive highly porous 

carbon structures. [7] The organic matter present in their robust architecture rules out the 

need for any supplementary carbon sources. [10] Interestingly, one of the as-synthesized 

carbons (derived from porous MOF-5), is observed to exhibit decent ORR activity under 

alkaline conditions. In order to improve its catalytic activity, the porous carbon derived 

from MOF is used to anchor nitrogen heteroatoms, a concept used to break the electro 

neutrality of carbons and in turn increase their catalytic activity. [24] Among the 

heteroatoms used for carbon doping, nitrogen (N), sulphur (S) and phosphorus (P) 

elements are often tried, owing to comparable atomic size with the basal carbon atoms. [25] 

Among the nitrogen precursors, due to its high N content, the graphitic carbon nitride (g-
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C3N4) is extensively tried as an effective catalyst for numerous reactions, in particular, 

photo catalytic hydrogen generation, water splitting etc.[26] However, low surface area and 

poor electrical conductivity is believed to restrict the catalytic activity of the pristine g-

C3N4.[27] The second part of this chapter thereby proposes one of the ways to overcome 

this limitation by incorporating g-C3N4 into a largely mesoporous, electrically conductive 

and ORR active MOF-derived carbon backbone in an attempt to create a superior catalyst 

for catalyzing ORR (Figure 6B.1). 

 
Figure 6B.1. Schematic representation of the synthesis of N-doped porous carbon from 

g-C3N4 on impregnating melamine into the pores of MOF-5 derived carbon followed by 

the second carbonization at higher temperature (> 600 oC). 

6B.1. Experimental Section 

6B.1.1. Materials 

In the present work, the reagents namely melamine, potassium hydroxide (KOH), zinc 

nitrate hexahydrate, terephthalic acid and diethylformamide (DEF) are acquired from 

Sigma Aldrich. The solvents isopropyl alcohol (IPA) and ethanol are procured from 

Rankem Chemicals. The chemicals have been used as received without any additional 

purification.  
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6B.1.2. Synthesis of ORR active MOFCN catalysts 

In the first approach followed, the as synthesized MOF-5 crystals are carbonized at 1000 

°C in inert argon atmosphere for 3 h at a heating rate of 5 °C/min using an alumina boat. 

The resulting carbons are collected, washed in deionized water and finally dried overnight 

at 60 °C. The carbon, named MOFC, is further used for the melamine impregnation. A 

calculated amount of MOFC and melamine is ground together using mortar and pestle 

(mass ratio 1:3) to get a uniform mixture. The mixture dispersed in ethanol is further 

sonicated for 30 min using a bath type sonicator followed by 12 h stirring at room 

temperature until homogeneous mixture was obtained. The mixture is then heated to 

instigate solvent evaporation by stirring at 60 °C. The solid material as obtained is again 

fired at 550 ºC for 3 h under Ar atmosphere at a rate of 5 ºC/min. The final product, 

thereby named MOFCN550, is used for further studies. During the double heat treatment 

procedure followed, the as synthesized MOFCN550 composite is pyrolyzed at 800, 900 

and 1000 °C temperatures each time. The samples there after obtained are referred as 

MOFCN800, MOFCN900 and MOFCN1000, respectively.  

 In the second approach followed, the nitrogen source melamine is directly 

impregnated into the MOF crystal matrix. Here the MOF-5 crystals and melamine 

precursors are dispersed in ethanol and stirred overnight. The mixture is then similarly 

pyrolysed under argon flow at 900 °C. The resulting sample is denoted as MOF5CN.  

6B.2. Results and Discussion 

6B.2.1. Material characterization 

6B.2.1.1. Electron microscopic analysis 

The imaging has been carried to study the morphology of the resulting carbons. The TEM 

image of MOFC indicates the presence of structured pores in the carbon matrix (Figure 

6B.2). MOFCN550 shows the presence of slate like g-C3N4 particles within the carbon 

matrix (Figure 6B.2b). Conversely, the TEM image of the resulting MOFCN900 

indicates the formation of microporous sheets and confirms the retention of the sheet 

morphology during the transformation of g-C3N4 into nitrogen doped porous carbon 

(Figure 6B.2c).  
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Figure 6B.2. TEM images of a) MOFC, b) MOFCN550 and c) MOFCN900. 

 The EDX analysis is also performed to analyze the elemental composition of the 

MOFC (Figure 6B.3a). The profile analysis evidently indicates the presence of C, O 

elements, without any traces of metal impurities. On the other hand, the EDX analysis of 

MOF5-CN indicates the presence of 1.2% nitrogen content with detectable Zn impurities, 

revealing the presence of the metal remains in the carbon matrix. However, after 

carbonization, the profile of the resulting electrocatalyst, i.e., MOFCN900, verifies the 

retention of the nitrogen element and removal of the metal residues from the carbon 

matrix (Figure 6B.3b). Through the EDX analysis a total of 7.18 % of nitrogen content is 

observed. 

 
Figure 6B.3. Energy dispersive X-ray (EDX) plots of MOFC and MOFCN900.  

6B.2.1.2. PXRD analysis 
A strong diffraction peak at 27° in case of g-C3N4 corresponds to the interlayer stacking 

of the aromatic melamine units. The peaks corresponding to both g-C3N4 and MOFC 

could be observed in case of MOFCN550, which further confirms the melamine 

polymerization within the MOFC pores and its subsequent in situ formation of g-C3N4 at 

550 °C. On annealing at higher temperatures, the spectra showed only one peak at 26.2°, 

indicating the breakdown of g-C3N4 moieties (Figure 6B.4). 
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Figure 6B.4.  Combined PXRD spectra of the samples heated at different temperatures. 

 The shift in the peak position indicates the probable intercalation of nitrogen 

atoms inside the carbon matrix, thereby confirming the successful introduction of the 

heteroatom into the carbon matrix. [28] On the other hand, the MOF5-CN spectrum shows 

peaks at 26° and 44°, similar to other carbons.  

6B.2.1.3. FTIR and Thermogravimetric analysis of MOFCN550 

The FTIR spectrum of the MOFCN550 has been recorded to determine the nature of 

functionalities present in it. The spectrum shows band at 810 corresponding to the C=N 

stretching frequency. The spectrum of MOFCN550 also indicates the presence of tri-s-

triazine units at 1050–1600 cm−1, which matches with that of the g-C3N4 (Figure 6B.5a) 

 
Figure 6B.5.  a) Comparative FTIR spectra of MOFCN550 and g-C3N4 and b) TGA 

curve of MOFCN550 in N2 atm. 

 The TGA analysis of the synthesised electrocatalysts has been carried out to 

determine their thermal stability. The thermo-gravimetric analysis of MOFCN550 reveals 

an initial weight loss at 70 ˚C, corresponding to the loss of the solvent molecules. This is 
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in turn followed by a major weight loss region from 600 to 900 oC, indicating the 

decomposition of the g-C3N4 units plugged inside the carbon pores which begins at 

around 550 ºC (Figure 6B.5b). On completion of the g-C3N4 decomposition, a total of 80 

% weight loss is observed. 

6B.2.1.4. Raman analysis 

The Raman spectra of all the carbons show two characteristic peaks centered around 

∼1330 cm-1 (the disordered, or D band) and ∼1580 cm-1 (the graphitic, or G band), 

respectively (Figure 6B.6).  

 
Figure 6B.6. Combined Raman spectra of the prepared samples: MOFC, MOFCN800, 

MOFCN900 and MOFCN1000 respectively. 

On calculating the ID/IG ratios, it could be observed that MOFCN800 shows the highest 

ID/IG ratio of 1.28, followed by MOFCN900 (1.22) and MOFCN1000 (1.13). The study 

implies the effect of increasing carbonization temperature on graphitization. It is also 

noteworthy that with increase in temperature, the extent of nitrogen doping also 

decreases. Thus, an optimal carbonization temperature should be able to substantially 

graphitize carbon (in order to make it more conductive) and also allow sufficient retention 

of the dopants (in order to preserve its active sites).  

6B.2.1.5. XPS analysis 

In conjunction with the EDX analysis, the XPS spectral analysis also discloses a decline 

in the total nitrogen content with increasing the carbonization temperature. It is 

apparently observed that on increasing the temperature from 800 to 900 oC, the 

MOFCN800 shows a nitrogen content (8.26%) trailed by MOFCN900 (7.0 %) and 

MOFCN1000 (4.74 %). The study also verifies the conversion of pyridinic-N into 



Ph.D Thesis Chapter 6 AcSIR 

Harshitha B A 156 

graphitic-N (Figure 6B.7 and Table 6B.1) [29]. The ineffective heteroatom doping is 

supposedly caused by the rapid decomposition of g-C3N4 with increasing temperature.  

 
Figure 6B.7. The deconvoluted XPS N1s spectra of MOFCN800, MOFCN900 and 

MOFCN1000, respectively. 

Table 6B.1. Summary of the elemental composition of the prepared samples. 

6B.2.1.6. Surface area analysis 

The surface area analysis of the MOF-derived carbons has been carried out to understand 

the effect of the post treatment procedures on the carbon porosity. The MOFC carbon 

(derived from MOF-5) has been observed to possess a BET surface area of 2184 m2/g.  

The surface area of the MOFC is observed to drastically decrease on g-C3N4 assimilation, 

from 2184 to 276 m²/g (Figure 6B.8). The abrupt decrease indicates the probable 

plugging of the g-C3N4 units inside the carbon pores. However, on carbonizing the 

MOFC-g-C3N4 composite at 900 oC, the surface area gets restored to 765 m2/g. This 

 

Sample Name 

 

Element 

Atomic 

Percentage

(%) 

 

Graphitic 

 

 

Pyridinic 

 

 

Pyrrolic 

MOFCN800 C 73.1    

 N 8.26 41.68 36.12 21.88 

 O 18.0    

MOFCN900 C 83.09    

 N 7.0 47.53 27.97 24.48 

 O 9.45    

MOFCN1000 C 80.73    

 N 4.74 25.6 12.46 62.1 

 O 14.52    
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indicates that on decomposition of the g-C3N4 units, there is a revival of porosity in the 

carbon system.[28] 

 
Figure 6B.8. Comparative N2 adsorption isotherms of MOFC, MOFCN550 and 

MOFCN900. 

6B.2.2. Electrochemical study 

In order to verify the ORR activity of the post modified MOF-5 derived carbon, the 

electrochemical experiments are carried using a three-electrode system using Autolab 

PGSTAT 30 (Ecochemie). The Glassy carbon (GC) electrode (5 mm diameter) embedded 

in Teflon is used as the working, Ag/AgCl (saturated KCl) as the reference and high 

purity graphite rod as the counter electrodes correspondingly. Prior to the catalyst 

loading, the glassy carbon electrode is polished using 0.3 μm alumina slurry and then 

rinsed well with deionized water. The protocol used for sample is as follows: 1 ml of 

ethanol in water (3:2) solution is used to disperse 5 mg of the catalyst by sonication for 1 

h. Once a homogenous ink is obtained, 10 μl of the aliquot is drop-casted on the GC 

electrode using a micro syringe. 3 μl of 0.1 % Nafion® binder ethanolic solution is 

subsequently coated onto the catalyst surface. In all the electrochemical studies, 0.1 M 

KOH is used as the electrolyte. The Rotating Ring Disk Electrode (RRDE) experiments 

are performed using a platinum ring disk electrode as a working electrode in a BioLogic 

VPM3 instrument. During the cyclic voltammetry and RDE experiments, highly pure 

(99.99%) O2 and N2 gases are used to achieve oxygen saturated and oxygen-free 

environments, respectively. 
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6B.2.2.1. Cyclic Voltammetry (CV)  analysis 

In the present work, the electrocatalyst coated GC electrode is initially dipped in 0.1 M 

KOH solution. The study begins with the saturation of the KOH electrolyte by bubbling 

N2 gas into the solution. This displaces the oxygen molecules previously dissolved in the 

electrolyte. The resulting CV profile does not show any characteristic faradic peaks. 

However, on purging oxygen gas into the solution, a well defined cathodic peak appears 

which confirms the onset of the oxygen reduction reaction (Figure 6B.9a). A comparison 

of the CV profiles of all the synthesised electrocatalysts at 10 mV/s scan rate testifies the 

superior ORR activity of the MOFCN900 sample, in terms of both onset potential and 

current density (Figure 6B.9b). 

 
Figure 6B.9. Cyclic voltammograms of a) in N2 and O2 saturated electrolyte and b) the 

MOF prepared electrocatalysts in 0.1 M KOH electrolyte, with a scan rate of 10 mV/s. 

6B.2.2.2. Linear Sweep Voltammetry (LSV) 

On achieving O2 saturation, the LSV studies have been carried out for a better estimation 

of the catalytic activity of the synthesised electrocatalysts. The study reveals the catalytic 

superiority of MOFC over the commercial Vulcan carbon with respect to both onset 

potential and the limiting current density ((Figure 6B.10a). This is mainly attributed to 

the high surface area and intrinsic porosity of MOFC, which is known to improve the 

mass transfer and facilitate rapid diffusion of the ions towards the catalytic sites. With the 

introduction of the heteroatoms into the carbon matrix, a notable shift in the ORR onset 

potential is observed, indicating an advance in the intrinsic activity of MOFC after N-

doping (Figure 6B.10). In the study, the RDE experiments are carried out at 10 mV/s 

scan rate. The LSV study of MOFCN800 shows an onset potential of 0.0 V and a current 

density of 3.74 mA/cm2, which is relatively higher than MOFC. 
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Figure 6B.10. a) Comparative LSV plots of the homemade catalysts with the commercial 

Vulcan carbon and b) combined steady state polarization plots under O2 saturated 

conditions in 0.1 M KOH at 10 mV/s scan rate and with electrode rotation of 1600 rpm. 

  In case of MOFCN900, which is obtained on carbonization at 900 ˚C, the onset 

potential is observed to be positively shifted towards 0.035 V with an enhanced current 

density of 4.2 mA/cm2. But with further increase in the carbonization temperature, the 

catalytic performance is found to abruptly decrease (Figure 6B.10). Thus among all the 

composites prepared, MOFCN900 is found to show the best electrochemical 

performance.  This observation hints at the possible reduction in the catalytic sites, which 

in turn could be related to the decrease in the nitrogen content in the system, as found 

from the XPS and EDX analysis. The LSV comparison of MOFCN900 with 40 wt. % 

Pt/C catalyst verifies that the former fares comparably with the latter state-of-the-art 

catalyst by an overpotential difference of just 65 mV. The catalytic activity of 

MOFCN900 is also found to be better than most of the hetero atom doped carbon 

materials reported in the literature.[30] It is interesting to note that MOF5-CN as such is 

also found to be ORR active, with an onset at - 0.095 V. But the activity is far lesser than 

MOFCN900. The decrease in the catalytic activity ascertains the negative influence of the 

Zn impurities present in MOF5-CN, is believed to minimize the extent of nitrogen doping 

in the resulting carbon.  

6B.2.2.3. K-L plot analysis and Rotating Ring Disc Electrode (RRDE) study  

The reaction kinetics of the synthesised electrocatalysts is studied using the RRDE 

technique. Of all, the RRDE study of MOFCN900 indicates a low peroxide yield of 15% 

at -0.4 V (Figure 6B.11a). This also accounts for the basal carbon’s enhanced activity 

and better ORR kinetics after nitrogen doping. The K-L plot analysis also indicates that 
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the reaction is mediated by an e- transfer number of 3.12, which signifies that the reaction 

follows the desired 4 e- pathway (Figure 6B.11b). 

 
Figure 6B.11. a) Bar graphs corresponding to the H2O2% formed using RRDE studies 

and b) K-L plots derived from the polarization studies.  

Thus, on observing the ORR performance of the current materials of interest, and as 

supported from the previous literature reports, it could be established that among all the 

nitrogen forms detected, the graphitic-N provides the chief active site for catalyzing ORR. 
[29] This study also verifies the fact that the performance of any ORR catalyst is largely 

decided by the amount of the doped nitrogen apart from the precise availability of the 

requisite nitrogen forms (primarily the graphitic and pyridinic N).  

6B.2.2.4. Accelerated durability test (ADT) and Chronoamperometric study  

ADT has been carried out to determine the electrochemical stability of the 

electrocatalysts. It is carried out by cycling the potential applied to the working electrode 

between -0.15 to 0.15 V for 1000 cycles. The materials under this study are the best 

performing MOFCN900 and the state-of-the-art 40 wt. % Pt/C catalysts. The LSV study 

after ADT clearly indicates that the 40 wt. % Pt/C experiences a negative potential shift 

of 40 mV (vs. Hg/HgO), while the degradation of the potential in case of the in-house 

metal-free catalyst (MOFCN900) is just 30 mV (Figure 6B.12a). The study thereby 

confirms the better electrochemical stability of the in-house MOFCN900 catalyst. 

Further, the chronoamperometric study is also carried out to determine the CO tolerance 

ability of the in-house MOFCN900 catalyst in comparison with the standard 40 wt. % 

Pt/C catalyst. Upon addition of CH3OH, MOFCN900 doesn’t show any change in the 

ORR current unlike that of the Pt catalyst, (Figure 6B.12c). This study thereby validates 

the high CO tolerance of the MOFCN900 catalyst.  
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Figure 6B.12. a) and b) Linear sweep voltammograms of (a) PtC40 and (b) 

MOFFCN900 before and after ADT at a rotation speed of 1600 rpm and a scan rate of 10 

mV/ S; c) chrono amperometric responses on CH3OH addition at 150 s. 

6.2. Conclusion 
The carbon research implicitly indicates that the kind of template used and nature of the 

precursors selected along with the carbonizing time and temperature play a fundamental 

role in deciding the fate of the final carbons. The present chapter discusses the role of 

MOFs as self-sacrificial templates for synthesizing high surface area carbons with well-

ordered pores The first part of the chapter illustrates the conversion of non-porous MOFs 

to porous carbons by way of direct carbonization without any added carbon source. In the 

study, an attempt is made to understand the influence of the nature of the MOF ligand on 

the end carbon porosity. The as-synthesized MOF-derived carbons have been exclusively 

considered for their gas adsorption properties and electrochemical functions. They are 

observed to display porosity-dependent H2 uptake up to 260 cc/g, CO2 uptake up to 107 

cc/g at 273 K and 1 atm pressure and supercapacitance up to 170 F/g at 10 mV/s. The 

second part of the chapter discusses a new route of post-modifying the MOF-derived 

carbon towards development of a metal-free, hetero atom doped electrocatalyst with 

increased ORR activity and enhanced mass transport character. Herein, the macro 

porosity of the MOF-derived carbon is effectively utilized as a nitrogen reservoir through 

initial plugging of the g-C3N4 units via in situ polymerization of melamine. The 

developed electrocatalyst possesses high nitrogen content and shows high oxygen 

reduction activity, high fuel selectivity and superior durability when compared to that of 

the commercial Pt based catalysts. This route thus opens a new passageway for designing 

and developing metal-free fuel cell cathodes. These nitrogen-doped carbon composites 

have prospective applications in a range of renewable energy areas such as solar cells, 

metal-ion batteries etc. 
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Summary and Conclusions

This chapter presents an overview of the 

the chapters of the thesis. The chief focus of the present thesis is 

applications of porous polymeric materials namely MOF, COF, metallogel and their derivates as 

components for fabricating electrochemical energy devices

electrolyzer etc. Herein the porous 

electrolyte interface, which is considered to be vital for 

electrochemical 

system. The 

work 

showcases the 

ways in which 

porous 

materials are 

selectively 

functionalized 

and rendered 

competent to 

catalytically 

drive the 

energetically important reactions like water oxidation, hydrogen generation, oxygen reduction 

reaction etc. The enormous intrinsic porosity of the materials is utilized to allow facile 

movement of ions towards and away from the electrochemical interface.

porous skeleton is employed to load ion carriers and there

electrolyte materials at relatively drastic conditions compared to the conventional materia
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7.1. Summary 

The chief spotlight of thesis is to excavate the electrochemical applications of porous polymeric 

materials namely metal organic gels, metal organic framework (MOF), covalent organic 

framework (COF) and their derivatives.  It is observed that most of these polymeric materials are 

poor conductors of electrons. The work mainly demonstrates the ways in which protogenic 

groups can be incorporated within the porous framework and thereafter used as intrinsic/extrinsic 

ion conducting materials for energy devices such as fuel cells. In another instance, these 

materials are used as nanoreactors and made catalytically active via selective pore 

functionalization by anchoring coordinating moieties/ active nanoparticles and then tried as 

catalysts for energetic electrochemical reactions like OER, H2 production from water etc. The 

work also highlights the use of robust porous frameworks like MOFs to obtain pure, microporous 

carbons that could be used for making electrodes of energy storage devices like supercapacitors. 

Lastly, the post modification of the MOF-derived carbon has been attempted to improve the 

electrocatalytic activity of the basal carbons towards oxygen reduction reaction activity in 

alkaline medium. 

The major accomplishments of the thesis work are summarized below: 

Fe-based coordination polymer gels as proton conductors and their typical transformation 

into Fe-metal organic frameworks 

The sol-gel technique has been one of the renowned wet-chemical techniques used for improving 

the size of the crystals inorder to enable a clear-cut recognition of the molecular structures using 

X-Ray diffraction techniques. This technique has been useful in cases of growth of single 

crystals which does not have appropriate solvents for recrystallization. It is interesting to note 

that both MOFs and metallogels belong to the regime of supramolecular materials. Interestingly, 

there exist few examples of the fusion of the MOFs into polymeric gels. However, the 

conversion of metallogels into MOFs has been hardly observed. Herein, a simple and efficient 

conversion of Fe3+ based metallogels into Fe-MOFs by PdCl2 mediated gel degradation is 

discussed. The conversion protocol involves a one pot-two step process for the bulk synthesis of 

large-sized single crystal Fe-MOFs, which are otherwise difficult to synthesize. Herein, we also 

introduce two novel MOF crystal structures, Fe-Pd-BTC-DEF (3-D) and Fe-BTC-NMF (2-D) 
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achieved via Fe-metallogel degradation. This procedure enables an effective utilization of the 

metallogel systems as reservoirs for furnishing the needed metal ions as well as organic linkers 

for in situ MOF formation. This also eliminates the need of routinely used inert gel matrix, which 

demands an external stimulus for the matrix removal and final recovery of the crystals.  

 The second part of the work presents a directed proposal for the synthesis of a proton 

conducting PEMFC solid electrolyte by immobilizing protogenic, phosphate ester based ligand 

via gelation with Fe3+ ion using high boiling solvent namely, DMF. The FNPA metallogel carries 

distinct proton conducting ability due to the presence of one-dimensional nanofibrillar structure, 

which favors proton propagation using minimum activation energy. The entrapment of such 

phosphoric acid derived ligand eliminates the need for loading any additional proton carrier 

molecules and also eradicates the problems of carrier leaching, a limitation of the present 

phosphoric acid doped polybenzimidazole (PBI) membranes. The Membrane Electrode 

Assembly (MEA) fabricated using the FNPA xerogel proves to be gas tight giving a maximum 

OCV of 1.02 V ± 0.02 at 120 ˚C. The in situ impedance measurements performed on the MEA 

shows that the FNPA xerogel is a potential PEMFC membrane material with a high anhydrous 

proton conductivity of 2.4× 10-2 S/cm. For the first time, proton conducting ability of the FNPA 

metallogel is directly demonstrated via linear fuel cell polarization tests.  A power density of 

0.94 mW/cm2 (at 0.6 V) validates the electrical circuit completion of the fuel cell. These studies 

undoubtedly prove the inherent ability of the gel materials to conduct protons at elevated 

temperature under dry conditions which is an immediate requisite for high temperature 

PEMFC’s. 

Covalent Organic Framework (COF) as prototype solid electrolyte in Proton Exchange 

Membrane Fuel Cells 

Covalent organic frameworks (COFs) belong to the class of porous organic materials with 

immense potential to be applied in many fields such as gas adsorption and separation, catalysis, 

sensing etc. However, the synthesis of such stable COFs involves an arduous protocol, which 

makes their scaling up very difficult. On this aspect, lately, a simpler and greener 

mechanochemistry route is used to synthesize COFs with a near quantitative yield. However, 

such mechanochemically-synthesized COFs show poor porosity and crystallinity compared to 

their solvothermal counterparts thereby restricting their use as high surface area materials and 

making them unrealistic for any practical application.  Hitherto, this feature could be taken 
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advantage of to employ them as gas separators owing to their poor porosity.  By integrating 

proton conducting functionalities into such stable mechanosynthesized COFs, a unique way to 

utilize them as solid electrolytes in proton exchange membrane fuel cell is herein demonstrated. 

The mechanochemically synthesized COFs possess sufficiently high surface area thereby 

allowing a high amount of H3PO4 impregnation. Most importantly, the COF framework remains 

intact upon acid doping, thereby permitting a long time PEMFC operation. Owing to its poor 

porosity, the H3PO4 loaded mechanochemically synthesized COF is thereby found to outperform 

its solvothermal counterpart in its efficacy when operated under real fuel cell operating 

conditions. The mechanochemically synthesized COFs is found to inhibit fuel crossover and 

builds up a stable satisfying Open Circuit Voltage (OCV = 0.93 V at 50 °C), thereby establishing 

itself as an effective solid electrolyte material (showing  proton conductivity of 1.4 × 10-2 S/cm) 

for PEMFCs, while the solvothermally synthesized COF proves unproductive under similar 

conditions. Interestingly, although the pristine COFs are found to exhibit negligible proton 

conductivity, on phosphoric acid loading, the COFs drastically show the onset of proton 

conducting activity at anhydrous conditions. This demonstration is thus believed to unfurl more 

avenues to employ such mechanochemically synthesized materials for energy applications such 

as ion conducting electrolytes for high temperature fuel cells and batteries. 

Covalent Organic Framework (COF) as catalysts for water splitting half-cell reactions 

The development of a stable, efficient Oxygen Evolution Reaction (OER) catalyst capable of 

oxidizing water is one of the premier challenges in the conversion of solar energy to electrical 

energy, owing to its poor kinetics. The development of an earth-abundant, stable catalyst 

operating at neutral conditions at low overpotential thus remains a deep-seated chemical 

challenge. The COF functionalized with the recognized critical structural motif for Oxygen 

Evolution Reaction (OER) is thereby tested for its water oxidation activity in neutral pH 

conditions. Herein, a bipyridine containing covalent organic framework (TpBpy) is utilized as a 

heterogeneous OER catalyst by way of engineering active Co (II) ions into its porous framework. 

The as obtained Co-TpBpy retains high accessible surface area (450 m2/g) and shows 

exceptional stability even after 1000 cycles and 24 h of OER activity in phosphate buffer at 

neutral pH conditions with a low overpotential of 400 mV at 1 mA /cm2 current density. The 

cobalt modified TpBpy is observed to display high faradaic efficiency of 95 % and turn-over 

frequency (TOF) of 0.19 /s at pH 7. The Co-TpBpy catalyst is observed to exhibit a Tafel slope 
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of ~ 60 mV, highly indicative of the one e- [Co (II)/Co (III)] transfer kinetics involved in the 

production of oxygen from water in neutral solutions. The work demonstrates the material’s 

exceptional stability towards water oxidation activity owing to its highly porous structure which 

assists the easy passage of the evolved O2 molecules thereby improving their long term stability 

(up to 24 h) in neutral pH. The high water oxidation activity, consistent catalytic activity and 

strong durability of Co-TpBpy arise from the synergetic effect of the inherent porosity and 

presence of coordinating bipyridine units in the COF skeleton. This work thereby pioneers a way 

for the synthesis and utilization of electrochemically active COFs as highly stable, molecularly 

tunable, heterogeneous catalysts for important energetic reactions involved in a variety of energy 

devices such as water splitting, supercapacitors, batteries etc.  

 In the second part, a highly stable COF, TpPa-2 has been employed as a support for 

anchoring the CdS nanoparticles on account of its π conjugated, 2-D framework, which could 

possibly help in an efficient charge transfer thereby stabilising the nanoparticles. This hybrid is 

then used as photo catalyst for visible light driven H2 production.Remarkably, on addition of just 

1 wt% of COF, a drastic increase in the H2 production with 1320 µmolh-1g-1 is observed, which 

is about ten times higher compared to that of the pristine CdS. Among all the synthesized 

hybrids, CdS-COF (90:10) is found to display the highest photocatalytic activity with 3678 

µmolh-1g-1 of H2 production. The photocatalytic activity is found to be consistent without any 

apparent decrease in the activity for the next three consecutive cycles with an apparent quantum 

yield of 4.2% at 420 nm. To validate the postulate, impedance measurements are also employed 

to carry out the Mott-Schottky (MS) study under dark conditions. The study hints at a high 

probability of the transfer of the as-generated photoelectrons triggered by illumination of visible 

light from CdS to the COF matrix. Thus the stable COF support is observed to improve the photo 

stability of the deposited CdS apart from effecting the recombination suppression, resulting in a 

remarkably high activity of the hybrid compared to that of the pristine CdS.  

Metal Organic Framework (MOF)-derived porous carbons as electrode materials towards 

fabrication of energy devices 

The carbon research highly implies that the type of template used and nature of the precursors 

selected along with the carbonizing time and temperature decides the fate of the final carbons. In 

this direction, the role of MOFs as self-sacrificial templates for synthesizing high surface area 

carbons with well-ordered pores is discussed. The first part illustrates the conversion of non-
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porous MOFs to porous carbons by way of its direct carbonization without any added carbon 

source. In this study, an attempt is made to understand the influence of the nature of the MOF 

ligand on the end-carbon porosity. The study importantly reports the conversion of less 

employed non-porous MOFs to more useful porous carbons besides studying the influence of the 

ligands present in the MOF architecture on the properties of carbons resulting from their direct 

carbonization. They are also observed to display porosity-dependent H2 uptake up to 260 cc/g, 

CO2 uptake up to 107 cc/g at 273 K and 1 atm pressure and supercapacitance up to 170 F/g at 10 

mV/s. This work therefore presents an exclusive fundamental study of the pore characteristics 

and the properties of the MOF-derived carbons.  

 The second part of the chapter discusses a new route of post-modifying the MOF-derived 

carbon towards development of a metal-free, hetero atom doped electrocatalyst with increased 

ORR activity and enhanced mass transport character. Herein, the macro porosity of the MOF-

derived carbon is effectively utilized as a nitrogen reservoir through initial plugging of the g-

C3N4 units via in situ polymerization of melamine. The as developed electrocatalyst possesses 

high nitrogen content and shows high oxygen reduction activity, high fuel selectivity besides 

superior durability when compared to that of the commercial Pt based ORR catalysts. This route 

thereby opens a new route for designing and developing metal-free fuel-cell cathodes. These 

nitrogen-doped carbon composites have prospective applications in a range of renewable energy 

areas such as solar cells, metal-ion batteries etc. 

7.2. Future prospective 

It is well understood that no single energy device can meet all the global power requirements. By 

2030, an alarming 50% increase in the world’s energy requirement is expected. Among all the 

energy systems, the electrochemical energy devices like batteries, supercapacitor, and fuel cell 

systems show promising signs of revolutionizing the future energy technology in terms of their 

cleaner, greener and safer ways of operation. However, most of these systems either fall short in 

terms of their energy density or power density. Thus efforts are on to synthesize and develop 

new materials inorder to improve the energy as well as power efficiency of the energy systems. 

The present thesis focuses on the synthesis and utilization of porous polymeric materials namely 

MOF, COF, metallogels and their derivatives for electrochemical applications. In Chapter-3, 

metallogels are successfully tried as proton conducting materials for proton exchange membrane 
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fuel cell. The xerogel pellets used for single cell fabrication reveal completion of the fuel cell 

circuit besides efficiently conducting protons at the real operating conditions. However, the 

material needs further thinning down inorder to improve the fuel cell performance. Thus 

fabricating a membrane using such metallogel materials could possibly help in the development 

of anhydrous ionic electrolytes, which is one of the prime requisites of a high temperature fuel 

cell. The Chapter-4 demonstrates the use of a chemically stable COF for loading acidic proton 

carriers. Although the resulting material is found to be an optimistic extrinsic proton conducting 

electrolyte for PEM fuel cell, the development of intrinsic proton conducting material is highly 

desirable as it would eliminate the risk of carrier leaching during the course of the fuel cell 

operation. In Chapter-5, the COF is pre-functionalized with coordinating units and then tried as 

water oxidation electrocatalyst after cobalt modification. Although the present activity seems to 

be in par with the analogous homogenous catalysts, the electrical conductivity of the system 

could be a major factor hindering its full scale electrochemical activity. Therefore an electrically 

conducting COF or at least a composite of the COF with a conducting material could be expected 

to be the next future line of this work wherein an improvement in the electrocatalytic activity is 

most likely. Lastly the Chapter-6 discusses the use of MOFs as ‘self-sacrificial hard templates’ 

for making porous carbons. The carbons derived from Zn-based MOFs are found to be 

containing pure carbon matrix owing to the reduction of ZnO in presence of hot carbon and 

thereby exhibit a typical electrical double layer nature. Thus it is more likely that the 

carbonization of other transition metal based MOFs like Mn-MOFs, Fe-MOFs, Co-MOFs could 

possibly result in formation of metal-oxide/C composites. This would presumably improve the 

energy density of the resulting supercapacitor, as now the pseudo capacitance of the metal oxide 

is more likely to add on to the double layer capacitance of the carbon matrix. 
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