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Synopsis of the thesis entitled “Ligand assisted molecular 

electrocatalysis and molecular charge storage” 

The widespread global energy crisis, primarily caused by the extensive 

use of fossil fuels, has turned renewable energy conversion into a critical 

focus for the international scientific community. Within this context, 

electrochemical transformation through electrocatalysis has garnered 

significant research attention for its potential to convert abundant 

feedstocks into valuable products.1-3 Consequently, there has been a 

concerted effort in designing and developing various metal-based and 

molecular electrocatalysts.4,5 Molecular electrocatalysts such as 

phthalocyanines and porphyrins have gained a lot of attention mainly 

because of their superior chemical and thermal stability and highly flexible 

optoelectronic nature.6-8 In electrochemical processes using molecular 

systems, the eventual fate of the process is often dictated by the central 

metal ion and therefore, little attention has been paid on the contribution of 

the surrounding ligand.9-12 In these lines, the central objective of this thesis 

is to unveil the distinct impact of ligands on both electrocatalysis and charge 

storage, utilizing cobalt as the consistent central metal ion. The 

investigation explores the role of ligands by varying the nature as well as 

isomerization of ligands in the N4 macrocyclic framework during challenging 

electrochemical processes. The thesis is structured into seven chapters. 

The first Chapter emphasizes the significance of N4 macrocyclic complexes, 

particularly focusing on the electrochemical properties of metal 

phthalocyanines. It delves into detailed discussions on their pivotal roles in 
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diverse electrocatalytic transformations and supercapacitive charge storage. 

The chapter highlights the influence of the central metal ion in modulating 

molecular electrocatalysis and charge storage, drawing attention to existing 

gaps in understanding the structure-activity and structure-charge storage 

relationships in the context of the ligands. 

The second Chapter elucidates the synthesis process of -NO2, -COOH, and 

-NH2 substituted phthalocyanine molecules, -NO2 and -NO2 substituted 

isomeric phthalocyanine molecules along with unsubstituted 

phthalocyanine molecules, Figure 1. The discussion extends to the 

integration of these molecules on carbon-supported platforms, 

encompassing applications in electrocatalysis, metal-air batteries and 

molecular charge storage. The chapter also delves into the utilization of 

various physico-chemical techniques for characterizing the synthesized 

compounds. 

 

Figure 1. Structure of metal phthalocyanine where M represents the central 

metal and X and Y represents the  and β positions in the macrocyclic ring 

respectively where functionalities can be attached. 

M = Co, Ni, Cu, Fe

X , Y = NO2 , COOH , NH2
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The third Chapter provides insight into the influence of regioisomerism of 

ligands on tuning the reaction kinetics and mechanisms of oxygen reduction 

reaction (ORR) and oxygen evolution Reaction (OER) around the same 

catalytic Co centre. The oxidative activation observed in the β-isomeric 

electrocatalyst, attributed to the combined presence of –R and –I effects, in 

contrast to the diminishing -R effect in the -isomeric electrocatalyst, 

significantly enhances the kinetics of both ORR and OER in the former. This 

chapter also showcases the practical applicability of ligand isomerism in 

electrocatalysis by integrating them in an aqueous Zn-air battery system. 

The results such as polarisation curve, charge-discharge cycling, in-situ 

mass spectrometry data highlight the β-isomer outperforms the -isomer, 

exhibiting superior charging voltage, round-trip efficiency, and excellent 

cycling stability, Figure 2. 

 

Figure 2. (a) Cyclic voltammograms for oxygen evolution reaction with CoPc, 

-TNCoPc and β-TNCoPc isomeric molecules in pH=14 electrolyte at a scan 

(a)                                                               (b)  (c)
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rate of 10mV/s. (b) Tri-electrode configuration for a rechargeable Zn-air 

battery. (c) Charge-discharge profiles of rechargeable zinc–air battery. 

Discharge (black) and charge (blue, red, green) polarization curves were 

obtained with Pt/C as the ORR catalyst and β-TNCoPc, α-TNCoPc and 

unsubstituted CoPc as the OER catalysts respectively. (d) Charge-discharge 

cycling data for zinc–air battery with the isomeric molecular electrocatalysts 

at a current density of 20 mA/cm2. (e) Comparison of the round-trip 

efficiency at a current density of 20 mA/cm2 for unsubstituted CoPc, -

TNCoPc and β-TNCoPc isomers. (f) In-situ electrochemical mass 

spectrometry with β-TNCoPc isomer during the charge chemistry of Zn-air 

battery demonstrating the sustainability in oxygen evolution. 

The fourth Chapter showcases how the nature of the ligand contributes 

counterintuitively to electrocatalysis through a proton charge assembly 

during water oxidation and chlorine evolution reactions. To understand the 

pristine behaviour of the molecular platform, quartz crystal microbalance 

(QCM) technique was used to study the monolayer of the carboxy, nitro and 

unsubstituted CoPc molecules. Contrary to the position in the 

spectrochemical series, the catalytic entity with the carboxy-functionalized 

ligand exhibited higher electrochemical activity compared to the more 

electron-withdrawing nitro-functionalized ligand. Various analyses 

including zeta potential measurements and XPS studies indicate a higher 

degree of proton charge assembly on the carboxy ligand that in turn 

facilitates the enrichment of catalytically active species in the corresponding 

central metal, Figure 3. This study demonstrates that merely selecting a 

ligand based on the spectrochemical series may not suffice; its interaction 

with the surrounding medium must also be taken into consideration to fully 

exploit the maximum potential of the molecules in electrocatalysis. 
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Figure 3. (a) Quartz crystal microbalance (QCM) profile during the 

adsorption of the molecules from a 0.5 mM solution of TCCoPc in dimethyl 

formamide (DMF). Blue trace shows the frequency change during adsorption 

and the pink trace shows the mass change calculated using Saurbrey 

equation. Surface coverage () value of TCCoPc molecule is provided in the 

image. (b) Zeta potential measurement in acidic medium and (c) Cyclic 

voltammogram in 0.1 M HClO4 medium collected at a scan rate of 20 mV/s 

for 10 mM ferricyanide solution with CoPc, TNCoPc and TCCoPc molecules. 

(d) Linear sweep voltammograms (LSV) recorded at a scan rate of 10 mV/s 

at a rotation rate of 1600 rpm for chlorine evolution reaction (CER) in 0.1 M 

HClO4 solution containing 1 M NaCl and (e) Calculated turnover frequencies 

(TOFs) for CER with CoPc, TNCoPc and TCCoPc molecules. (f) Efficiency of 

CER for TCCoPc molecule obtained with hydrodynamic method. 

The fifth Chapter illustrates how a ligand functionality devoid of any redox 

activity can enhance the charge storage capability of the electric double 

layer through a non-electrochemical proton charge assembly. The double 

layer charge storage is found to be higher for carboxy and amine substituted 

molecules to nearly similar extents compared to nitro substituted and 

unsubstituted molecule, which is augmented to the extensive proton charge 
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assembly in the former molecular platforms in acidic medium. 

Consequently, there is a higher local density of anions in the electric double 

layer (EDL), which enhances the energy density of the supercapacitor device 

without compromising its power capability. Galvanostatic charge-discharge 

study along with impedance analysis demonstrated carboxy substituted 

molecule to be a better supercapacitive platform than unsubstituted 

molecule, Figure 4. The showcased enhancement of supercapacitive charge 

storage through proton charge assembly by non-redox active functionalities 

contributes to the rational design of ligands for energy storage applications. 

 

Figure 4. (a) Cyclic voltammograms (CVs) at a scan rate of 5mV/s and (b) 

galvanostatic charge-discharge at a current rate of 1A/g for YP-50 and its 

composites namely CoPc@YP-50 and TCCoPc@YP-50. (c) Plot of the 

imaginary part of capacitance (C′′) vs. frequency acquired in the frequency 

range of 100 kHz to 5 mHz with a 10 mV (peak to peak) AC excitation signal 

at the open circuit voltage (OCV). (d) Capacity retention plot for the 

TCCoPc/AC split cell with increasing C rates. The rate is brought back to 

8C after cycling it up to a high rate of 900C. (e) Ragone plots for the 
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asymmetric two-electrode split cell. (f) Practical viability of the device is 

shown by powering a 2 V LED with the TCCoPc/AC split cell. 

The sixth Chapter presents a unique finding with carboxy-functionalized 

cobalt phthalocyanine (TCCoPc) in the context of the oxygen reduction 

reaction (ORR) in aqueous medium. Typically, ORR in such conditions 

follows either a 2-electron or 4-electron pathway, resulting in peroxide or 

water as the main products, respectively. However, the combination of this 

ligand and Co central metal (TCCoPc) surprisingly leads to a 1-electron ORR, 

forming superoxide in aqueous medium. Hydrodynamic voltammetric 

techniques, including rotating disk electrode (RDE) and rotating ring disk 

electrode (RRDE), support the evidence of superoxide ion formation with 

TCCoPc. Notably, this 1-electron ORR phenomenon is unique to the cobalt 

and carboxy combination and not observed with other carboxy-substituted 

transition metal phthalocyanines namely (Fe, Ni, and Cu), Figure 5, 

suggesting an interplay between the nature of the ligand and nature of the 

central metal. 
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Figure 5. (a) Cyclic voltammograms of CoPc and TCCoPc molecules in 1 M 

KOH at a scan rate of 10mV/s. (b) Scan rate dependence study of TCCoPc 

molecule in 1 M KOH at various scan rates ranging from 10 mV/s to 100 

mV/s. (c) RDE measurement for ORR with TCCoPc at various rotation rates 

of 100 to 3600 rpm at a scan rate of 5 mV/s in 1 M KOH. (d) Comparison of 

cyclic voltammograms of different metal carboxy molecules namely carboxy 

substituted Fe (TCFePc), Co (TCCoPc), Ni (TCNiPc) and Cu (TCCuPc) 

phthalocyanines at a scan rate of 10 mV/s in 1 M KOH. (e) RRDE study at 

a rotation rate of 1600 rpm with TCFePc, TCCoPc, TCNiPc and TCCuPc 

molecules. (f) Bar diagram showing number of electrons for ORR with 

TCFePc, TCCoPc, TCNiPc and TCCuPc molecules. 

The seventh Chapter summarizes the work with a future outlook. The 

work presented in this thesis reveals the importance of ligand in the field of 

electrocatalysis as well as charge storage in molecular systems, Scheme 1. 

While the central metal ion significantly influences electrocatalysis and 

charge storage, the ligand-induced contribution provides a distinctive 

avenue to exploit the molecule's maximum potential for complex 

electrochemical transformations and charge storage applications. Moreover, 

the structure-activity relations of molecules remain incomplete without 

considering the role of the ligand, as demonstrated by its significant impact. 

It is imperative to emphasize that this phenomenon lacks generalizability 

across the spectrochemical series, as the correlation is distinct for each 

substituent. This underscores the necessity for meticulous investigations at 

the molecular level for individual substituents to comprehend their specific 

activity or charge storage relationships. This is principally due to non-

electrochemical interactions frequently intertwining the molecule's 

electrochemical properties with the nature of the functionality as well as its 
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surrounding medium, as elucidated in this thesis. These interactions 

typically manifest as substituent-specific, presenting a myriad of prospects 

for researchers within the molecular electrocatalysis and charge storage 

domain. The elucidation of metal-ligand activity relationships, in tandem 

with the influence of the surrounding medium, within N4-macrocyclic 

molecules, is expected to remedy deficiencies and knowledge gaps in their 

structure-activity correlations. This contribution is expected to notably 

propel the evolution of next-generation electrodes applicable to 

electrocatalysis and energy storage and conversion devices. 

 

Scheme 1. The role of ligand in molecular electrocatalysis and charge 

storage. 
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Given the pivotal roles of electrocatalysts in critical domains such as 

energy conversion/storage, analytical chemistry, and green chemistry, 

considerable focus has been directed toward unraveling their structure to 

activity relationships.1–6 Among various types of electrocatalysts, the activity 

of the conventional electrocatalysts can be enhanced by interfacial 

modifications, engineering the surface-to-volume ratio, modified synthetic 

strategies to expose highly reactive crystal planes, etc. Often, these 

electrocatalysts are based on precious metals like platinum, palladium, 

ruthenium, iridium, etc.7, 8 Molecular electrocatalysts having the N4 

macrocyclic framework such as metal phthalocyanines, metal porphyrins, 

and similar molecules (MN4 electrocatalysts) supported on carbon and 

graphitic structures have been widely investigated as viable non-precious 

molecular electrocatalysts for a wide range of electrochemical applications, 

biosensing applications, energy storage applications and many more due to 

their chemical and thermal stabilities and highly tunable optoelectronic 

properties.3, 9,10 Their redox processes are often very fast involving minimal 

reorganizational energies and can function as redox mediators in electron 

transfer processes involving a great variety of substrates.11–13 This chapter 

presents an overview of N4 macrocyclic systems, focusing on their 

electrochemical aspects, including electrocatalysis and charge storage. The 

chapter emphasizes the existing inadequacies and knowledge gaps in 

understanding their structure-activity relations. Through approaches based 

on electrochemical and spectroscopic analyses, a ligand structure-activity 

relation is elucidated in molecular electrocatalysis and charge storage, that 
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in turn contributes to the evolution of less obvious ligands to be 

indispensable in electrochemical processes.  

1.1. N4 macrocyclic metal complexes: 

Delving into the captivating realm of N4 macrocyclic metal complexes 

(MN₄), illustrated by Figure 1.1 featuring Metalloporphyrins (MPs) and 

metallophthalocyanines (MPcs), unveils a symphony of unique physical, 

chemical, and spectral attributes.14–16 These 18 π-electron aromatic 

macrocycles, adorned with intricate structural features, transcend scientific 

boundaries, finding purpose in optical, photochemical, coordination, 

catalytic, and electrochemical domains.15 The enchantment intensifies as 

we explore the reversible redox chemistry of N4 metal macrocyclic 

complexes, strategically immobilized on diverse electrode surfaces, 

unveiling myriad electrochemical possibilities.14,15 In a harmonious 

convergence of structure and function, phthalocyanines emerge as versatile 

molecular models, illuminating the physicochemical intricacies of both 

synthetic and naturally occurring MN4 complexes, particularly captivating 

the scientific landscape of electrochemistry. 

The fundamental distinction between porphyrin and phthalocyanine 

rings lies in their respective structures. Porphyrins form from the cyclization 

of four pyrrole rings linked by methine (=CH-) bridges, while 

phthalocyanines boast imine (=N-) bridges and a fused benzene ring at the 

3, 4 positions of the pyrrole rings.15 Both macrocycles exhibit a square 

planar coordination site with four-fold axial symmetry, allowing chelation 

with various ions.15–18 The robust equatorial bonds enable the delocalization 
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of metal electronic density across the π-system, influencing axial ligands 

and enhancing catalytic and electrocatalytic processes.12,15,17 In 

phthalocyanines, specific structural features, such as electronegative 

nitrogen atoms at meso-positions and an expanded π-aromatic system, 

contribute unique electronic, charge transfer, and redox properties. 

The foundational structure of N4 macrocyclic systems, as depicted in 

Figure 1.1, is amenable to modification through substituents at the ring 

periphery. Phthalocyanines undergo substitution at the carbon atoms of the 

fused benzene ring, while porphyrins offer dual possibilities: substitution at 

the meso- and/or beta pyrrolic positions. These tailored modifications 

impart specific physicochemical properties, providing precise control over 

the interactions and behavior of these macrocyclic derivatives. 15,18 Inspired 

by biological systems, which serve as models for organizing structures in 

complex systems, this adaptability leads to the creation of functional 

molecular machines.15 Metallophthalocyanines, synthetic counterparts 

closely mirroring metalloporphyrins, display enhanced attributes like low 

flexibility, increased thermal stability, solubility, and improved electronic 

conductivity, making them efficacious electron transfer mediators. This 

versatility positions phthalocyanines as promising molecular platforms for 

energy conversion, green synthesis, and electrochemical sensing, with 

potential applications in photocatalysis, solar cells, and electrochromic 

materials.12, 19–22 
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Figure 1.1. Molecular structures of metal porphyrin and metal 

phthalocyanine complexes denoting the positions where substitutions are 

possible in both the molecules. 

 

1.2. Metal Phthalocyanines: 

Discovered in 1928, phthalocyanines have since been the focal point 

of extensive investigations across various research fields, emerging as 

engineered analogues of naturally occurring phthalocyanines.23–27 These 

planar aromatic macrocycles are composed of four isoindole sub-units, 

forming a delocalized 18 π electron aromatic cloud over an arrangement of 

alternating nitrogen and carbon atoms. Synthesis efforts have yielded 

diverse metal phthalocyanines, with substitutions ranging from tetra and 

octa to hexadeca. Peripheral hydrogen atoms at the secondary sphere of 

phthalocyanine molecules are replaced by functional groups such as COOH, 

NH2, NO2, Cl, Br, F, SO3H, CH3, etc. and the central metal ions can be Co, 

ββ

meso

β
α

Porphyrin Phthalocyanine
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Fe, Ni, Cu, etc. forming bonds with nitrogen atoms of the isoindole units in 

both unsubstituted and substituted metal phthalocyanines.28–33 

1.3. Synthesis of metal phthalocyanines: 

The synthesis of phthalocyanines can be accomplished through 

various methods, each offering distinct advantages and tailored outcomes. 

One common approach is the classical cyclotetramerization method, where 

phthalonitrile reacts with metal salts or oxides under high-temperature 

conditions, resulting in the formation of metal phthalocyanine macrocycles. 

14–16, 23 This method provides a straightforward route but may require 

elevated temperatures and long reaction times. Another widely employed 

technique is the template synthesis, where metal ions coordinated to 

specific templates guide the cyclotetramerization process, influencing the 

structure and properties of the resulting phthalocyanines.34–36 This method 

allows for better control over the metal center and can lead to higher yields 

of specific isomeric forms. Metal insertion reactions involve introducing 

metal ions into pre-formed phthalocyanine frameworks, allowing for post-

synthetic modification and control over the metal composition.15,16,23–25 This 

method provides versatility in tuning the properties of the resulting 

phthalocyanine. Additionally, green synthesis methods, utilizing 

environmentally friendly conditions and sustainable reactants, have gained 

attention. Microwave-assisted synthesis and sonochemical methods have 

been explored for their efficiency and reduced environmental impact. 

Ultimately, the choice of synthesis method depends on the desired 

phthalocyanine properties, the specific metal centre, and the intended 
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applications, reflecting the diverse strategies available for tailoring these 

versatile macrocyclic compounds. Both unsubstituted and substituted 

phthalocyanines, can be synthesised from various starting materials, 

including aromatic ortho-dicarboxylic acid derivatives, phthalonitriles, 

phthalic anhydrides, phthalimides, diiminoisoindolines, and 2-

cyanobenzamides,37–41 as depicted in Figure 1.2. 

 

Figure 1.2. Various synthesis routes of metal phthalocyanines. 

1.4. Characteristics of metal phthalocyanines: 

Phthalocyanine (Pcs) molecules emerge as noteworthy ligands 

distinguished by their prominent features in the domain of coordination 

chemistry. Particularly, Pcs display distinctive characteristics, with their 

remarkable redox behavior standing out prominently. This behavior 

Phthalimide o-cyanobenzamide
Phthalic anhydride

Li2 Pc

Phthalonitrile 1,3-Diiminoisoindoline

H2 Pc

M Pc
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originates from the extensive network of conjugated electrons—eighteen of 

which are aromatic—delocalized over four isoindoline units bridged by eight 

azamethines in the Pc macrocycle (refer to Figure 1.1).14 The stable 

electronic conformation of the Pc macrocycle constrains its reactivity 

primarily to redox or substitution reactions, involving the exchange of 

electrons or hydrogen atoms, respectively. These reactions are facilitated by 

suitable oxidizing/reducing agents or electrophilic/nucleophilic 

reactants.12,15,42 While additions and ring openings are infrequent due to 

stringent conditions leading to Pc skeleton disruption,43–45 reactions 

preserving the aromatic character, such as acid-base reactions46–48 or 

transformations of the central metal ion,49–51 are more commonly observed. 

In the realm of electrochemical applications, phthalocyanines (Pcs) 

exhibit compelling electrical properties, robust thermal and chemical 

stabilities, and adjustable optoelectronic features.9,1013,52 Their swift redox 

processes, involving minimal reorganizational energies, position them as 

exceptional redox mediators in electron transfer processes across diverse 

substrates.11–13 Notably, their flexibility allows for the transfer of over 70-80 

metals from the two hydrogen atoms within the central cavity, with various 

alternatives combinable in the secondary sphere positions of the N4 

macrocycle. This adaptability enables fine-tuning of their electronic 

properties, positioning Pcs as promising candidates for non-precious 

molecular platforms, particularly in energy conversion/storage, green 

chemistry, electrochromic windows, and sensing applications as shown in 

Figure 1.3.14,19,53 The rich electrochemistry of Pcs extends to their 
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applicability in electrochemical capacitors designed for charge storage 

applications,54–61 offering tunability through linkage with appropriate 

functional units. 

 

Figure 1.3. Various applications of metal phthalocyanines. 

1.5. Metal phthalocyanines as supercapacitors: 

Researchers have extensively explored metallophthalocyanine (MPc) 

complexes, which are N4-macrocyclic metal compounds, as electrode 

materials for the design of molecular supercapacitors.55–57,62–70 Unlike 

conventional capacitors, a supercapacitor stands out in terms of its energy 

storage capacity. It possesses a capacity value higher than that of typical 

parallel plate capacitors, bridging the gap between traditional capacitors 

and rechargeable batteries.71–74 Generally, a high-capacity capacitor can 
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store 10 to 100 times more energy per unit volume or mass than regular 

capacitors. It can rapidly get charged and discharged as compared to 

batteries, enduring many more charge and discharge cycles than 

rechargeable batteries.75,76 Supercapacitors typically utilize porous carbon 

material as electrodes and store charge electrostatically. They find 

application in situations requiring immediate power. It is important to 

highlight that in electrochemical capacitors, charge storage is 

predominantly surface-confined, in contrast to the bulk charge storage 

observed in batteries. This characteristic contributes to the well-known 

energy deficiency of high-power supercapacitors and the moderate power 

capability of high-energy batteries. Future-generation electrochemical 

devices aim to achieve both high energy and high-power capabilities.77–84 

There are two main types of supercapacitors based on charge storage 

mechanisms: a) Electrochemical Double Layer Capacitors (EDLCs) and b) 

Pseudocapacitors. The EDLC operates by the non-Faradaic separation of 

charges at the electric double layer, whereas the pseudocapacitors majorly 

involve surface confined Faradaic redox reactions. EDLC-type materials 

such as activated carbon or carbon nanotube undergo reversible 

adsorption/desorption of electrolyte ions at the electrode-electrolyte 

interface during charging/discharging. This process is solely dependent on 

the active surface area of the electrodes, and since the charge storage 

mechanism depends only on the physical reorientation of ion charge 

assembly at the interface, the energy density is much lower in EDLCs, as 

compared to pseudocapacitive materials. As mentioned earlier, the charge 
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storage mechanism of pseudocapacitive materials primarily involve surface 

limited redox reactions.55,85–87 Typically, during the process of 

charging/discharging, there will be a change in the redox state of the species 

involved, that in turn demand intercalation/deintercalation of counter 

ions.88–90 Therefore, materials that can exhibit multiple redox transitions are 

often preferred in developing high energy density capacitor device. This 

conventional wisdom that multiple redox transition within the electrode has 

a direct link with the attainable energy density is affirmed by the classical 

demonstrations of charge storage in electrode materials including RuO2, 

NiO, Co3O4, MnO2, conducting polymers etc., and they all exhibited very 

high charge storage capability in their available potential window.88–90 In 

molecular systems, such as N4 macrocyclic complexes, there have been a 

few demonstrations aimed at enhancing their charge storage capability. 

Additionally, functional carbon nanostructures, such as graphene and 

carbon nanotubes (CNTs), have been employed as surfaces to anchor MN4 

macrocyclic complexes, thereby improving their overall charge storage 

properties.91–95 

For instance, Priya Madhuri et al. have explored electrochemical 

capacitance applications of nickel phthalocyanine (NiPc) nanofibres and its 

composite with reduced graphene oxide (rGO). The composite material 

demonstrated a specific capacitance of 223.28 F/g at 1A/g current rate, 

along with good cycling stability for 1000 cycles.67 Deyab et al. used Co-

phthalocyanine/CNT (PcCo@CNTs) as a supercapacitor in 6M KOH 

electrolyte and obtained a specific capacitance of 1112 F/g at a current of 1 
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A/g and energy density of 55.6 Wh/kg.96 Non-peripheral octamethyl-

substituted copper(II) phthalocyanine (N-CuMe2Pc) demonstrated 

impressive charge storage capability.69 A Zn-ion hybrid supercapacitor with 

β-form zinc phthalocyanine (ZnPc) molecular crystal as the cathode material 

provided maximum energy density of 86.2 Wh/kg at 0.22 kW/kg and 

maintained a capacitance retention of 73.4% after 100,000 cycles.97 

Composites of cobalt-based phthalocyanines with MWCNTs and nickel-

based phthalocyanines with graphene-based electrodes exhibited superior 

charge storage capability. In similar lines, researchers have investigated 

charge storage in various metallophthalocyanine complexes, and these 

demonstrations undeniably indicate their potential to excel as electrodes for 

supercapacitive charge storage.62–70 

1.6. Metal phthalocyanines as electrocatalysts: 

Electrochemical energy conversion/storage systems, such as fuel 

cells, metal-air batteries, and CO2 reduction technologies, offer promising 

solutions for a sustainable energy future. However, the challenge lies in the 

development of electrocatalysts with optimal properties, as many of these 

reaction pathways involve multi-electron transfers and suffer from sluggish 

kinetics and catalyst poisoning.98–101 Therefore, a crucial requirement exists 

for electrocatalysts characterized by high efficiency and affordability, 

enabling the initiation of electrochemical transformations at reduced 

overpotentials, while also exhibiting advanced selectivity. In this 

perspective, electrocatalysts assume a pivotal role in influencing the 

framework of renewable energy. 
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Achieving appreciable rates in electrochemical reactions often 

necessitates a notable overpotential.102 This becomes particularly evident in 

reactions that go beyond outer-sphere electron transfers and involve 

significant bond rearrangements, as well as bond breaking and formation. 

Such reactions, encompass multiple reactants and products, potentially 

leading to the uptake or release of additional electrons. In such scenarios, 

catalysis of the electrochemical reaction is pursued to enhance the reaction 

current, ideally approaching the equilibrium potential.103 

The term "electrocatalysis" is conventionally employed for reactions in 

which metals play a chemical role in the catalytic process.103,104 While the 

chemical properties of the electrode material are crucial for catalytic 

efficiency, geometric and crystallographic features, as well as the nature and 

number of defects, also impact electrocatalysis.103–105 The catalysis and 

electrochemistry communities have devised volcano plots based on 

thermodynamic properties to swiftly analyze extensive datasets, aiming to 

comprehend various aspects of electrocatalysis. The volcano plot for 

exchange current density (jo) concerning the Gibbs free energy change in 

the adsorption/desorption step (e.g., ΔGH+/ΔGOOH+) in most electrochemical 

transformations indicates that platinum-based electrocatalysts serve as the 

benchmark.106–108 

Various types of electrocatalysts are available, including metal 

surfaces or metal nanoparticles, coordination complexes (molecular), and 

enzymes. Noble-metal-based materials, such as platinum (Pt), are 

considered state-of-the-art electrocatalysts for diverse electrochemical 
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reactions, including the oxygen reduction reaction,109–111 hydrogen 

evolution reaction and hydrogen oxidation reaction.112–114 Additionally, 

ruthenium (Ru)/iridium (Ir) oxide is recognized as a benchmark catalyst for 

the oxygen evolution reaction,115–118 while gold and silver have been 

employed for catalyzing the carbon dioxide reduction reaction.119–121 

However, metal-based electrocatalysts come with drawbacks such as limited 

earth reserves, low selectivity, inadequate durability, and high cost during 

operation, restricting their widespread integration into renewable energy 

technologies. Consequently, the development of cost-effective, earth-

abundant electrocatalysts with high activity and durability is crucial for the 

practical implementation of clean energy technologies.122–124 Presently, an 

expanding array of molecular catalysts is involved in the electrochemical 

transformations of valued added substrates, with a primary focus on 

comprehending their structure-activity relationships—an essential aspect 

for designing improved molecular electrocatalysts. 

Extensively studied within the realm of non-precious molecular 

electrocatalysts, the family of molecular electrocatalysts, such as MPcs with 

N4 macrocyclic frameworks, and MPcs supported on carbon and other 

graphitic structures, shows promise for a wide array of electrochemical 

reactions—from energy conversion to biosensing applications.125–127 These 

electrocatalysts exhibit proficiency in catalyzing diverse electrooxidation 

reactions, including those involving carbon monoxide, glucose, and nitrogen 

monoxide.128–133 Additionally, they showcase capability in electroreduction 

reactions, such as the reduction of molecular oxygen, hydrogen peroxide, 
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molecular nitrogen, and nitrate. Beyond their technological significance, 

metal-based phthalocyanines offer valuable insights into the interplay 

between their electrochemical properties and structural characteristics. 

Amidst the current energy challenges, significant strides have been 

made in recent years toward comprehending the structure-activity 

relationships of molecular electrocatalysts. This progress has facilitated the 

development of tools for catalyst benchmarking, paving the way for the 

intelligent design of new molecular electrocatalysts. In their molecular form, 

MPc molecules comprise a central metal ion surrounded by N-containing 

ligand groups. It is known that the reaction mechanism and the final 

product of any electrochemical transformation reaction is majorly governed 

by the central metal ion. For example, Cao et al., Zhang et al. and Chen et 

al. have demonstrated oxygen reduction reaction with an iron based 

phthalocyanine proceeds via a four-electron pathway giving water as the 

final product134–136 whereas Fukuzumi et al., Chen et al. and Sun et al. 

showed with a cobalt based phthalocyanine oxygen reduction reaction 

proceeds via a two-electron pathway giving peroxide as the final product.137–

139 Kejun et al. found CO2 reduction reaction with nickel polyphthalocyanine 

leads to CO as the end product with an ultrahigh selectivity of 99.7%.140 

Kusama et al. demonstrated with crystalline copper (II) phthalocyanine C2H4 

is obtained as the major product of CO2 reduction reaction.141 Gong et al. 

showed cobalt phthalocyanine anchored on nitrogen-doped hollow carbon 

spheres gave CO with a faradic efficiency of 96% as the major product of 

CO2 reduction reaction.142 Liu et al. explored metal phthalocyanines as 
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model electrocatalysts for selective alkyne semihydrogenation and found 

cobalt phthalocyanine gives best performance with high ethylene faradaic 

efficiency under a pure acetylene stream.143 Ebadi et al. showed a dinuclear 

ruthenium phthalocyanine gives N2O and NH3 as the main products of 

nitrite reduction at pH 4 – 8 at high and low nitrite concentration 

respectively.144 Nyokong et al. explored various metallophthalocyanine (MPc) 

for the detection of nitric oxide (NO) and found phthalocyanines containing 

electroactive central metals such as CoPc and FePc generally show better 

catalytic activity towards the detection of NO than complexes containing 

electro inactive central metals.145 Chen et al. demonstrated binuclear iron 

phthalocyanine catalyzes the dechlorination of atrazine giving 2-hydroxy-4-

ethylamino-6-isopropylamino-1,3,5- triazine as the main product.146 Chen 

et al. showed a composite of cobalt phthalocyanine with graphene oxide (GO) 

exhibits an efficient hydrogen evolution reaction giving a low overpotential 

of ~253 mV at a current density of 10 mA cm-2 in alkaline media.147 Genc et 

al. studied the effect of central metal atom for the photocatalytic water 

splitting by hydrogen evolution reaction. The photocatalytic activities of 

ZnPc/TiO2 and CoPc/TiO2 were compared and the rate of hydrogen 

production was found to be higher in ZnPc/TiO2 than CoPc/TiO2.148 

Moreover, it has been discovered that heat treatment processes 

involving a mixture of metal macrocyclic molecules and carbon materials 

can enhance both the activity and durability of the resulting composite 

materials. For example, Kumar et al. investigated the bifunctional 

electrocatalytic activity toward ORR and OER of mixed metal (FeNi, FeMn 
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and FeCo) phthalocyanine modified multiwalled carbon nanotubes 

(MWCNTs) prepared by a pyrolysis method. FeCo and FeMn catalysts 

showed better ORR activity whereas FeNi was better OER catalyst. The FeCo 

and FeMn catalysts also displayed good performance as cathodes in anion 

exchange membrane fuel cells (AEMFCs).149 Furthermore, functional carbon 

nanostructures, including reduced graphene oxide and carbon nanotubes 

(CNT), have been employed as substrates for MN4 macrocyclic complexes to 

enhance their catalytic performance. Notably, various composites of 

graphene/MWCNT macrocyclic complexes, assembled through π-π 

interactions, were characterized and assessed for their electrocatalytic 

properties. 

Taken together, up to the present moment, metallophthalocyanines 

(MPcs) have been successfully integrated as active components in various 

electrochemical applications, including electrocatalysis and charge storage. 

The preceding discussion emphasizes that the electrochemical properties of 

phthalocyanine molecules are contingent upon the central metal ion and 

the structure of the ligand. It is essential to note that the examples provided 

here serve as demonstrative instances within the extensive literature on 

metal phthalocyanines in electrochemistry. The overarching conclusion is 

that their electrocatalytic activities are predominantly dictated by the 

central metal ion, while the charge storage capabilities can be adjusted by 

the N4 macrocyclic framework and the nature of the support material. 
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1.7. Aim and scope of the thesis: 

As discussed in the above sections, MPc molecules are utilised for 

catalyzing various electrochemical transformations and charge storage 

applications. It is well established that in metal phthalocyanines the central 

metal ion is the one which dictates the reaction mechanism and ultimately 

controls the final products of the electrochemical reactions.134–142 The 

primary aim of this thesis is to elucidate the exclusive role of ligand in 

electrocatalysis as well as charge storage. For this, the central metal ion is 

taken to be cobalt which is kept same throughout the thesis. The role of 

ligand is investigated by varying the nature of the ligand as well as the 

isomerism of the ligand in the N4 macrocyclic framework towards various 

electrochemical proceses. The thesis is divided into following chapters. 

Chapter 1 delivers a comprehensive introduction to N4 macrocyclic 

complexes, focusing on their electrochemical properties. It explores their 

significant contributions to electrocatalytic reactions and supercapacitive 

charge storage applications, emphasizing the central metal ion's role in 

molecular electrocatalysis and charge storage based on the existing 

literature. The chapter concludes by outlining the aim and objectives of the 

current research work. 

Chapter 2 outlines the synthesis of -NO2, -COOH, and -NH2 substituted 

phthalocyanine molecules, including isomeric -NO2 molecules. The 

discussion extends to integrating these molecules on carbon-supported 

platforms for applications in electrocatalysis, metal-air batteries, and 
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molecular charge storage. Various physico-chemical techniques are 

explored for unambiguously characterizing the synthesized compounds. 

Chapter 3 illustrates how ligand isomerism in -NO2 substituted molecular 

catalysts influences the reaction kinetics and mechanisms of oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER). The β-

isomeric electrocatalyst exhibits an enhanced oxidative activation due to the 

combined –R and –I effects, in contrast to diminishing -R effect in the -

isomeric electrocatalyst. This enhancement noticeably improves the kinetics 

of both ORR and OER in the β-isomeric electrocatalyst without altering their 

respective reaction mechanisms. Furthermore, the integration of β-isomeric 

electrocatalyst was found to noticeably improve the round-trip efficiency of 

a Zn-air battery as compared to the -isomeric molecule. This investigation 

presents an innovative approach in designing efficient molecular 

electrocatalysts for targeted electrochemical reactions relevant to energy 

storage and conversion. 

Chapter 4 demonstrates the counterintuitive contribution of ligands to 

electrocatalysis through a proton charge assembly, during water oxidation 

and chlorine evolution reactions. Contrary to their position in the 

spectrochemical series, the experimental trends on the same catalytic Co 

centre were found to be opposite with an unexpectedly high activity with the 

carboxy functionalized ligand than the more electron withdrawing nitro 

functionalized ligand. Electrochemical and spectroscopic analyses indicate 

the enrichment of the catalytically active Co entity in the carboxy 

functionalized ligand due to extensive proton charge assembly, that in turn 
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accelerates the overall OER and CER processes. This study illustrates that 

selecting a ligand based solely on the spectrochemical series may not be 

adequate; considering its interaction with the surrounding medium is 

crucial to fully harness the maximum potential of the molecule in 

electrocatalysis. 

Chapter 5 showcases how a non-redox active ligand functionality can 

elevate the charge storage capability of the electric double layer through a 

non-electrochemical proton charge assembly. The double layer charge 

storage enhancement for carboxy and amine substituted molecules to a 

similar extent compared to nitro substituted and unsubstituted molecules 

is attributed to extensive proton charge assembly in acidic medium for the 

former sets of molecules. This results in a higher local density of anions in 

the electric double layer (EDL), enhancing the energy density of the 

supercapacitor device without compromising its power capability. Various 

analyses including electrochemical and spectroscopic techniques confirm 

the superior charge storage capability of the carboxy substituted molecule 

is independent of the central metal ion, attributing its origin to ligand 

characteristics. A real-life application is demonstrated by powering a 2 V 

LED with the supercapacitor based on carboxy functionalised molecule. 

This idea of a non-redox active functionality contributing to supercapacitive 

charge storage through a non-electrochemical proton charge assembly 

presents an opportunity for designing ligands for energy storage 

applications. 
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Chapter 6 demonstrates a result obtained exclusively with carboxy 

functionalised cobalt phthalocyanine (TCCoPc) molecule towards oxygen 

reduction reaction in aqueous medium. Generally, ORR in aqueous medium 

proceeds via either 2 electron or 4 electron pathway giving peroxide or water 

as main products respectively. However, the carboxy functionalized ligand 

and a central Co metal combination (TCCoPc) leads to a surprising 1 

electron ORR forming superoxide in aqueous medium. Hydrodynamic 

voltametric techniques including rotating disk electrode and rotating ring 

disk electrode points towards superoxide ion formation with TCCoPc. 

Furthermore, this 1 electron ORR was not observed with other carboxy 

substituted transition metal phthalocyanines including Fe, Cu and Ni, 

suggesting an interplay between the nature of the ligand and nature of the 

central metal.  

Chapter 7 provides a concise summary and outlines future perspectives for 

the research presented in the thesis. 
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This Chapter elaborates the experimental protocols adopted in the thesis 

along with the chemicals and materials used. 

2.1. Materials. 

The chemicals such as Trimellitic anhydride (97%), 4-nitro 

phthalimide (98%), 3-nitro phthalimide (98%), phthalimide (99%), cobalt (II) 

chloride hexahydrate (≥98%), copper (II) chloride dihydrate (≥98%), zinc (II) 

chloride hydrate (99.99%), nickel (II) chloride hexahydrate (≥98%), iron (III) 

chloride hexahydrate (≥98%), ammonium molybdate (99.99%), ammonium 

chloride (≥98%), sodium sulfide nonahydrate (≥98%), urea (99%), 

nitrobenzene (99%), toluene (99.5%), methanol (99%), ethanol (95%), 

isopropyl alcohol (99%), potassium hydroxide (99.98 %), sodium chloride 

(99%), hexane (95%), sulfuric acid (96%) and N,N dimethyl formamide (DMF) 

(99%) were obtained from Alfa Aesar, India. The carbon nanotubes (CNTs) 

were procured from C-Nano (FT 9000). The YP-50 carbon was purchased 

from Kuraray chemicals, India. Hydrochloric acid (HCl) (37%), perchloric 

acid (HClO4) (70%), sodium hydroxide (≥99%), hydrogen peroxide (30%), 

dimethyl sulfoxide-d6 (DMSO-d6) (99.9 atom % D) and Nafion solutions (5 

wt. %) were received from Sigma Aldrich, India. 

2.2. Synthesis of metal phthalocyanines and their composite 

with carbon materials. 

2.2.1. Synthesis of cobalt (II) phthalocyanine (CoPc), 1,8,15,22-tetra nitro 

cobalt (II) phthalocyanine (-TNCoPc) and 2,9,16,23-tetra nitro cobalt (II) 

phthalocyanine (β-TNCoPc), 1,8,15,22-tetra nitro zinc (II) phthalocyanine 
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(-TNZnPc) and 2,9,16,23-tetra nitro zinc (II) phthalocyanine (β-TNZnPc) 

molecules 

Reported procedures were followed for the synthesis purpose.1-3 For 

the synthesis of α-TNCoPc and β-TNCoPc, 3-nitro phthalimide/4- nitro 

phthalimide (3.86 g), urea (6 g), ammonium molybdate (0.05 g), ammonium 

chloride (0.5 g) and 30 mL of nitrobenzene were taken in a 250 mL round 

bottomed flask after finely grinding and mixing them together. Cobalt (II) 

chloride hexahydrate (1.2 g) was added into the reaction mixture after 

stirring it for 10 minutes, followed by vigorous stirring at 100oC for 30 

minutes. The temperature was increased to 180oC at a ramping rate of 10oC 

per 30 minutes and was refluxed at this temperature for 4 hours. Following 

this the mixture was diluted with toluene (50 mL) and the resulting 

precipitate was filtered and washed thoroughly with hot water, methanol 

and hexane. Finally, the precipitate was dried in an oven at 80oC overnight. 

For the synthesis of CoPc, the same procedure was followed only nitro 

phthalimide was replaced with phthalimide whereas for the synthesis of α-

TNZnPc and β-TNZnPc, same procedure was adopted by replacing the metal 

salt with zinc (II) chloride in place of cobalt (II) chloride. 

2.2.2. Synthesis of 2,9,16,23-tetra carboxylic acid cobalt (II) phthalocyanine 

(TCCoPc), 2,9,16,23-tetra carboxylic acid copper (II) phthalocyanine 

(TCCuPc), 2,9,16,23-tetra carboxylic acid nickel (II) phthalocyanine 

(TCNiPc) and 2,9,16,23-tetra carboxylic acid iron (III) phthalocyanine 

(TCFePc) molecules 
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The synthesis was carried out as per the reported literature.4-7 For the 

synthesis of TCCoPc, 8.3 g (34.9 mmol) of cobalt (II) chloride hexahydrate 

was pulverized with 27.5 g (143 mmol) of trimellitic anhydride, 50 g 

(0.833 mol) of urea, 0.574 g (2.14 mmol) of ammonium molybdate 

tetrahydrate, and 3.75 g (70 mmol) of ammonium chloride in a mortar until 

homogeneous mixture was obtained and until the color changed from white 

to dark purple. Subsequently, the mixture was placed in a three-necked 

flask and heated for 2 hours at 120oC along with stirring and refluxing. 

Subsequently, the temperature was increased to 230oC and maintained for 

6 hours. The precipitate gradually changed from purple to bluish black. The 

mixture was cooled to room temperature and immersed in dilute 

hydrochloric acid for 1 hour. After washing it thoroughly with water, 

tetraamide phthalocyanine was obtained. The precipitate was dissolved in 

1M NaOH-saturated NaCl solution (500 mL) and then refluxed and stirred 

for 24 hours at 98oC. Then, the pH was adjusted to 2 using dilute 

hydrochloric acid and the resultant precipitate was separated through 

filtration. Ethanol and water were used to further rinse the precipitate until 

neutral. Finally, it was dried in a vacuum oven at 80oC overnight to obtain 

tetra carboxylic acid cobalt (II) phthalocyanine (TCCoPc). Same procedure 

was adopted for the synthesis of copper, nickel and iron carboxylic acid 

phthalocyanine by replacing the metal salt with copper (II) chloride, nickel 

(II) chloride and iron (III) chloride respectively. 
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2.2.3. Synthesis of 2,9,16,23-tetra amino cobalt (II) phthalocyanine 

(TACoPc) molecule 

The synthesis of 2,9,16,23-tetra amino cobalt (II) phthalocyanine was 

done by reducing the synthesised 2,9,16,23-tetra nitro cobalt (II) 

phthalocyanine according to reported procedure.1-3 Firstly, tetra nitro cobalt 

(II) phthalocyanine (0.75 g), sodium sulfide nonahydrate (3 g) and 30 mL of 

DMF was taken in a 250 mL round bottomed flask and heated to 80oC for 2 

hours. The resulting mixture was then cooled down to room temperature 

and diluted with 200 mL of ice water. The precipitate formed was filtered 

and washed thoroughly multiple times with hot water, methanol and finally 

hexane. Lastly the resultant precipitate was dried overnight at 80oC in a 

vacuum oven to obtain the TACoPc molecule. 

2.2.4. Synthesis of metal phthalocyanine composite with carbon nanotubes 

(CNTs) of CoPc@CNT, -TNCoPc@CNT, β-TNCoPc@CNT, TCCoPc@CNT, 

TCNiPc@CNT, TCCuPc@CNT and TCFePc@CNT 

A known amount of the phthalocyanines were mixed separately with 

carbon nanotubes (CNTs) in a stoichiometric ratio of 3:7 (w/w) in DMF and 

sonicated for 30 minutes to obtain a well-mixed suspension. The resulting 

suspension was stirred under ambient temperature (25°C) for 24 hours. The 

precipitate was obtained by centrifugation which was thoroughly washed 

with DMF followed by ethanol.  The product was dried overnight to get the 

final composite.8, 9 
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2.2.5. Synthesis of metal phthalocyanine composite with YP-50 carbon of 

CoPc@YP-50, TCCoPc@YP-50, TCCuPc@YP-50, TNCoPc@YP-50 and 

TACoPc@YP-50 

The composite was prepared by sonicating a known amount of the 

phthalocyanine molecules with the YP-50 support in a stoichiometric weight 

ratio of 2:1 in N, N-dimethyl formamide (DMF) for 30 minutes. A well-mixed 

suspension was obtained which was further stirred at 80°C for ~ 24 hours. 

Following that the mixture was centrifuged and the resulting precipitate 

obtained was thoroughly washed with DMF and ethanol multiple times. 

Finally, the precipitate was dried overnight to get the final composite 

product.8, 9 

2.3. Material characterization: 

Matrix-assisted laser desorption ionization time-of-flight (MALDI-

TOF) mass spectrometry was carried out with AB SCIEX 4800 Plus 

TOF/TOF instrument. UV-Visible, Fourier transform infrared (FTIR) and 

Raman spectroscopic measurements of the molecules as well as the 

molecules integrated with CNT and YP-50 (composites) were carried out with 

the Perkin Elmer Lambda 950, Bruker Alpha ATR-FTIR and LabRAM HR, 

Horbia Jobin Yvon spectrometer respectively for all the systems. Zeiss 

Ultraplus-4095 instrument was used to carry out the scanning electron 

microscopy (SEM) with energy dispersive X-ray (EDX) measurement. 

Nuclear magnetic resonance (NMR) spectra of the molecules were recorded 

with Bruker 400 MHz spectrometer. X-ray photo electron spectroscopy 

(XPS) was carried out using Thermo Scientific Kalpha+ spectrometer. The 
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measurements were carried out using a monochromatic Al Kα (1486.6 eV) 

X-ray source (72 W power) with a spot size of 400 µm. For electron energy 

analysis, a 180⁰ double focusing hemispherical analyzer with 128 channel 

detector was used. An ultralow energy co-axial electron beam and Ar+ ion 

beam was used for charge compensation. The final spectra were cross 

verified for charge accumulation with C1s standard value at 284.6 eV. The 

base pressure of the spectrometer was always better than ~5x10-9 mbar and 

~1x10-7 mbar during data acquisition with flood gun on. The survey scan 

was collected at 200 eV pass energy and individual core-levels at 50 eV. 

Peak fitting was carried out using XPS Peak Fit software with a smart 

background. 

In-situ electrochemical mass spectrometry was carried out with an 

HPR-40 R&D (Hiden analytical) Quadruple mass analyzer with a standard 

QIC inlet. The intensity count is represented as relative pressure with 

respect to a carrier gas. Quartz crystal microbalance (QCM) measurements 

were performed using EG&G QCM922A with carbon coated quartz crystals. 

Zetasizer Nano ZS90 Analyser (Malvern) instrument was used to perform 

the zeta potential measurements. Contact angle measurements were carried 

out using Holmarc’s Contact Angle Meter. The specific surface area was 

calculated by the BET method with a Micromeritics-3-FLEX pore and a 

surface area analyser. 

2.4. Electrochemical measurements: 

2.4.1. Three electrode configurations 
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The electrochemical experiments were performed using the Biologic 

potentiostat (VMP 300) at 25oC and 1 atm pressure. For the electrochemical 

measurements, a three-electrode cell (10 ml volume, 2 mm electrode 

distance) configuration was used with a 3 mm diameter glassy carbon disk 

as the working electrode, a platinum wire as the counter electrode and an 

Ag/AgCl/Cl- (3.5 M KCl) as the reference electrode. The hydrodynamic 

measurements (Rotating disk electrode technique (RDE) and Rotating ring 

disk electrode technique (RRDE)) was carried out with the PINE instrument 

integrated with PARSTAT MC (AMETEK) potentiostat at different rotation 

rates. All the potentials were finally converted to reversible hydrogen scale 

(RHE scale) based on the redox potentials for hydrogen redox reactions 

obtained on a Pt disc working electrode. The electrochemical investigations 

in chapter 3 were performed in 1 M KOH alkaline solution (pH 14) at a 

rotation rate of 1600 rpm with (CoPc), (α-TNCoPc) isomer and (β-TNCoPc) 

isomer modified glassy carbon electrodes. Drop casting method was used 

for the preparation of the electrodes. At first a homogenous dispersion of the 

catalyst (composites of phthalocyanine molecules with CNT) was prepared 

by sonicating a known amount of the composite material in isopropyl 

alcohol with 5 wt % nafion as the binder for an hour. Following that the 

prepared ink was drop casted on the glassy carbon disk electrode which was 

cleaned each time by polishing with 0.005 µm alumina powder followed by 

electrochemical cycling in the supporting electrolyte. Before starting the 

experiment, the solutions were purged with nitrogen gas for about 15 

minutes. In chapter 4 the electrochemical investigations were carried out in 

an acidic solution without chloride ions (0.1 M HClO4) and with chloride 
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ions (0.1 M HClO4 + 1 M NaCl) at a rotation rate of 1600 rpm with all the 

three catalysts namely CoPc, TNCoPc and TCCoPc modified glassy carbon 

disk electrodes. All the experiments were carried out in Ar saturated 

solutions. Rotating Ring Disk Electrode (RRDE) method with a E7 RRDE 

(AFE7R9GCPT, Pine Research Instrumentation) having a glassy carbon as 

the disk electrode and platinum as the ring (GC-Pt) electrode was used to 

confirm the chlorine evolution reaction (CER). Linear sweep voltammetry 

was carried out on the disc electrode whereas a constant potential (0.95 V 

vs. RHE) where Cl2 would get reduced to Cl- was applied on the ring 

electrode. In chapter 5 the electrochemical investigations were done in 0.5 

M sulfuric acid medium with CoPc, TCCoPc, TCCuPc, TACoPc and TNCoPc 

modified glassy carbon disk electrode. The same procedure as CNT was 

followed for preparation of the electrodes with YP-50 composite. All the 

experiments were carried out in Ar saturated solutions. In chapter 6 the 

electrochemical investigations were performed in 1M KOH medium with 

CoPc, TCCoPc, TCCuPc, TCNiPc and TCFePc modified glassy carbon disk 

electrode. The experiments were carried out in N2 saturated solutions and 

O2 saturated solutions for carrying out the oxygen reduction reaction (ORR). 

2.4.2. Zn-air battery configuration: 

Polarization and constant current tests for the battery were performed 

in a tri-electrode two-compartment flood cell configuration in full cell mode 

(Scheme 3.2) at 25oC and 1 atm pressure. The two half-cells were separated 

by a Nafion-117 membrane. The anodic compartment contained zinc metal 

dipped in 0.2 M Zn (OAc)2 solution dissolved in 6 M KOH solution (30 mL). 
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Cathodic compartment contained oxygen purged (100 ml/min) 6 M KOH 

solution (30 mL). The cathodic compartment housed both the ORR catalyst 

i.e., Pt/C with a catalyst loading of 0.5 mg/cm2 as well as the OER catalyst 

i.e., β-TNCoPc, α-TNCoPc and unsubstituted CoPc with a catalyst loading of 

2 mg/cm2 on a carbon paper. The catalyst inks were prepared by dispersing 

a known amount of the phthalocyanine/CNT (30:70) in isopropyl alcohol 

with 5 wt % Nafion dispersion as the binder. 

2.4.3. Electrochemical cell construction for Cl2 estimation: 

A three-electrode system was built in a two-compartment cell to 

separate the working electrode from the counter electrode. The reference 

electrode was placed at the same compartment as that of the working 

electrode. A Nafion 117 membrane was used to separate both the 

compartments of the cell.  The Nafion membrane was pretreated with 5% 

H2O2 and heated at 60oC for an hour prior to its use. A Toray carbon paper 

having a catalyst loading of 2 mg/cm2, a Pt disk electrode, and a KCl-

saturated Ag/AgCl electrode were used as the working, counter, and 

reference electrodes respectively. The anodic chamber contained 0.1 M 

HClO4 + 1 M NaCl as the electrolyte whereas the catholyte was 0.1 M HClO4. 

2.4.4. Supercapacitor Measurements (two electrode configuration): 

Two-electrode cells consisted of composite (CoPc@YP-50 and 

TCCoPc@YP-50) electrode and an activated caron (AC) counter electrode. 

The device was assembled into two electrodes split test cell (MTI 

Cooperation, USA). The composite electrodes were fabricated using carbon 

paper (AvCarb MGL190) as the current collector. The counter AC electrode 
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fabrication was carried out by mixing 95 wt.% AC and 5 wt.% of Nafion 

binder manually in isopropyl alcohol until a homogenous ink was obtained. 

The ink was coated onto carbon paper sheets with a thickness of ∼0.15 mm 

as supercapacitor electrodes (1.4 cm diameter), with a mass loading of 7 

mg/cm². Two-electrode split test cell were assembled according to 

established protocols.10, 11 Briefly, with the molecular system a circular 

composite electrode (1.4 cm diameter) was fabricated with a mass loading 

of nearly 3.5 mg/cm2. These electrodes were stacked with a glass fiber filter 

paper separator (thickness = 0.20 mm) wetted with 400 μL of 0.5 M H2SO4 

aqueous electrolyte. The stack was enclosed in a split test cell and 

assembled with silicone O ring rubber to prevent electrolyte evaporation and 

short circuiting. 

2.5. Formation of self-assembled monolayers (SAM) of CoPc, 

TNCoPc and TCCoPc on glassy carbon (GC) electrodes: 

To understand the pristine behaviour of the phthalocyanine 

molecules, electrochemical investigations were performed by forming self-

assembled monolayers of these molecules on glassy carbon electrode. The 

monolayer was formed by following the below mentioned procedure. Firstly 

a 2 mM solution of the phthalocyanine molecules were prepared by 

ultrasonicating for 30 minutes in DMF. The GC electrodes were initially 

polished by alumina powder followed by electrochemical cleaning. The 

polished GCs were electrochemically cleaned by cycling within the potential 

range 0 V to 1.3 V vs. RHE in 0.5M H2SO4 medium until reproducible cyclic 

voltammograms were obtained. Following this the GC electrodes were 
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thoroughly washed with water followed by DMF and dipped in the respective 

phthalocyanine solutions for 6 hours undisturbed. The modified electrodes 

were washed with fresh DMF to remove any physiosorbed molecules and 

finally washed with distilled water. The monolayer electrodes are now ready 

for electrochemical investigation. 

2.6. Quartz crystal microbalance (QCM) studies: 

To ensure the monolayer formation, Quartz Crystal Microbalance 

studies (QCM) were performed. The formation and surface coverage of the 

monolayers were confirmed by the QCM studies. It was carried out in a flow 

cell mode. Carbon coated quartz resonator (9.120 MHz) was used as the 

base crystal. A 0.5 mM molecular catalyst solution in dimethyl formamide 

(DMF) was flowed through the cell at a flow rate of 1 mL/min. Firstly, to get 

a stable background signal DMF solution was flowed for 2 hours. Following 

this, the catalyst solution was circulated through the cell for around 7 hours 

continuously to allow the formation of monolayer of molecules on the 

electrode surface. Finally, to remove any weakly adsorbed molecular 

catalyst on the surface of the carbon resonator, fresh DMF solution was 

passed again for 2 hours. To find the mass of adsorbed molecules on the 

crystal surface, Sauerbrey equation was used which correlates the 

frequency shift (Δ f) to mass change (Δ m) as shown in Equation 2.1:12-14 

Δm = −c(Δf/n)                 ….……… (2.1) 

where, Δ f is the net resonance frequency shift due to adsorption of the 

molecules, n is the overtone number which is taken as 1. The sensitivity (c) 
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of the QCM crystal was 5.608 ng cm-2Hz-1. The surface coverage (, mol cm-

2) was calculated using equation 2.2:  

Γ= 
Δm

molecular mass
                 …………. (2.2) 

2.7. Density functional theory (DFT) calculations: 

All calculations were done using the Quantum ESPRESSO (QE) 

software (version 7.0),15, 16 which relies on a plane wave-based 

implementation of spin polarized density functional theory. In order to 

account for the electron-ion interactions, ultrasoft pseudopotentials were 

used.17 The wavefunctions and charge densities were expanded using a 

plane wave basis with kinetic energy cut-offs 55 Ry and 550 Ry, respectively. 

The following valence electronic configurations were used for each of the 

species: 

Co: 3s23p63d74s2; N: 2s22p3; C: 2s22p2; H: 1s1; O: 2s22p4 

Perdew, Burke, and Ernzerhof (PBE) parametrization of the generalized 

gradient approximation (GGA) was used to describe the electron-electron 

exchange and correlation energies.18 To correctly account for the strong 

Coulomb and exchange interactions between the Co-d electrons, we have 

used the Cococcioni and Gironcoli implementation of DFT+ U method.19 

Based on a recent study by Sanyal et al., we have used an Ueff = 4.0 eV.20 

Grimme’s Dispersion (DFT-D2)21, 22 corrections were introduced to describe 

non-local van der Waals interactions, which are not captured by 

conventional GGA exchange correlation functionals. Brillouin zone 

integrations were performed using the ᴦ-point only. To speed up 
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convergence, we have used Gaussian smearing, with a smearing width of 

0.002 Ry. In order to minimize the interactions between the periodic images, 

we have placed the molecules in a big box with dimensions 32 Å × 32 Å × 

15 Å. This results in a vacuum of about 15 Å along all the three directions. 

The charges on the Co atoms are computed using the Density Derived 

Electrostatic and Chemical (DDEC) method of charge partitioning.23-28 

The reactivity of these molecules can be characterized by computing some 

of their properties, namely, gap between the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), Chemical 

Hardness (ƞ), Chemical softness (1/ƞ), Chemical Potential (μ) and 

Electronegativity, (χ). These are computed as shown below: 

(1) HOMO-LUMO gap (Eg): The HOMO-LUMO gap is given by 

𝐸𝑔 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂             …………. (2.3) 

Where 𝐸𝐿𝑈𝑀𝑂 and 𝐸𝐻𝑂𝑀𝑂 are the positions of the LUMO and HOMO of the 

molecule. 

(2) Chemical Hardness (ƞ): The chemical hardness is computed as follows: 

𝜂 =
1

2
(𝐼𝑃 − 𝐸𝐴)                      …………. (2.4) 

Where IP and EA represent the ionization potential and electron affinity 

respectively. Within the limitations of Koopman’s theorem, the IP and EA 

are the negative of the HOMO and LUMO eigenvalues respectively. Hence, 

the chemical hardness is half of the HOMO-LUMO gap in the material. We 

note that since in DFT calculations, the HOMO-LUMO gap is usually 
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underestimated, our computed values of ƞ are also underestimated. 

However, the trends in the value of the chemical hardness are usually 

reproduced qualitatively. The chemical softness is given by the inverse of 

chemical hardness. 

(3) Chemical potential (μ): The chemical potential is computed as: 

𝜇 = −
𝐼𝑃+𝐸𝐴

2
                        …………. (2.5) 

(4) Electronegativity (χ): The electronegativity is given as the negative of the 

chemical potential. 

In order to compute the above quantities, we need the absolute values of 

the positions of HOMO and LUMO. However, in plane wave pseudopotential 

based DFT calculations, the zero of the energy axes is not well-defined. 

Hence to compare between different systems, we have set the vacuum 

energy at zero. The energy eigenvalues for each system have been scaled 

with respect to the vacuum energy. 

2.8. Calculation of number of electron (n) and H2O2% yield 

for ORR: 

Rotating Ring Disk Electrode (RRDE) method with GC disk and Au 

ring electrode was used to calculate number of electrons and H2O2 

percentage. Linear sweep voltammetry was carried out on the disc electrode 

whereas the ring was biased at H2O2 oxidation potential (1V vs RHE).29 

The number of electron (n) is calculated using the following equation: 
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n = 4 × 
𝐼𝑑

𝐼𝑑  +  
𝐼𝑟
𝑁𝑐

                     …………. (2.6) 

and the % of peroxide (p) produced was calculated with the following 

equation: 

p = 2 × 
 

𝐼𝑟
𝑁𝑐

𝐼𝑑  +  
𝐼𝑟
𝑁𝑐

                     …………. (2.7) 

where Id, Ir and Nc represents the disk current, ring current and collection 

efficiency of the RRDE respectively. Nc was found to be 0.37 which was 

calculated by measuring the ratio of disk current to ring current in 

equimolar concentrations of potassium ferrocyanide and potassium 

ferricyanide. 

2.9. Specific capacitance (Csp), energy density and power 

density calculations for molecule-based supercapacitor: 

2.9.1. For three electrode configurations: 

The specific capacitance (Csp) was calculated from cyclic voltammetry 

(CV) curves at various scan rates using the following equation 2.8.30-32 

Csp =  
∫  i  dV 

2  m  ν  ΔV 
                 …………. (2.8) 

where, Csp is specific capacitance in (F/g), ∫i.dV is the integrated area in the 

cyclic voltammogram, m is the mass of the active material (g), ν is the scan 

rate (mV s−1) and ΔV is the voltage window (V). 

The Csp from the galvanostatic charge-discharge (GCD) 

measurements was calculated using the equation 2.9. 
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Csp = 
I  ∆t

 m  ΔV
                   …………. (2.9) 

where, Csp is specific capacitance (F/g), I is the applied current (A), ΔV 

represents the potential window (V), Δt signifies discharge time (s) and m is 

the mass of the active material (g). 

2.9.2. For asymmetric two electrode configurations: 

The specific capacity, energy, and power for the two-electrode cells 

were calculated from galvanostatic charge discharge data (discharge cycle). 

The specific capacity was calculated using the equation 2.10. 

Qs = 
I  t

 mc 
                     …………. (2.10) 

where I is the applied current, t is the discharge time, and mc is the mass 

of active material (CoPc/TCCoPc@YP-50) on the cathode. For calculating 

specific energy and power of the two-electrode cell, the total mass of cell 

components was used according to reported literature.33, 34 Specific energy 

is calculated using the equation 2.11. 

Es = 
I  t  ΔV 

 mtotal 
                …………. (2.11) 

where ∆V is the potential window and mtotal is given by equation 2.12.  

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑎 + 𝑚𝑐              …………. (2.12) 

where ma is the mass of Activated carbon (AC) required to balance the 

measured discharge Q or C, respectively. 

Specific power was calculated using the equation 2.13. 

Ps = 
I   ΔV 

 mtotal 
               …………. (2.13) 
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2.10. Capacitive contributions analysis: 

The capacitive contribution to the current response can be obtained 

by analysing the cyclic voltammograms. The current response at different 

potentials is expressed as being the combination of surface capacitive effects 

and diffusion-controlled processes.35, 36 The capacitive effects were 

characterized by analyzing the cyclic voltammetry data at various sweep 

rates as per equation 2.14. Plot of i/ν 1/2 vs. ν 1/2 for both the molecules will 

provide the non-faradaic and faradaic contributions at various potentials. 

In equation 2.14, 𝑘1 ν and 𝑘2 ν 1/2 correspond to the current contributions 

from the surface capacitive effects and the diffusion-controlled process, 

respectively. Thus, by determining 𝑘1 and 𝑘2, it is possible to quantify, the 

current fraction arising out of these contributions. The capacitive currents 

and diffusion currents are determined from the total current using equation 

2.14. 

𝑖 (𝑉) = 𝑘1 ν + 𝑘2 ν 1/2          …………. (2.14) 

 

2.11. Characteristic time constant (τ0), self-discharge 

current (isd) and leakage current (ilk) measurements: 

The time constant (τ0) (also known as the relaxation time) indicates 

the minimum time required to fully discharge the capacitor.37-39 It is 

estimated using the equation 2.15.  

τ0 = 1/f0                  …………. (2.15) 
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The frequency also known as “knee” or “onset” frequency (f0) which reflects 

the power capability of a supercapacitor, is calculated by plotting imaginary 

part of capacitance (C”) as a function of frequency. The C” is associated with 

the energy loss and the real part (C’) reflects the deliverable capacitance and 

these can be calculated according to the following equations 2.16 and 

2.17.38, 40 

𝐶"(𝜔) = 𝑍′(𝜔) / 𝜔|𝑍(𝜔)|2         …………. (2.16) 

𝐶′(𝜔) = −𝑍"(𝜔) / 𝜔|𝑍(𝜔)|2       …………. (2.17) 

where |Z(ω)| is the impedance modulus and C"(ω) and C’(ω) is imaginary 

and real parts of capacitance. 

Self-discharge measurements were performed by measuring the time 

within which the voltage dropped from the completely charged state to the 

potential equal to mean of charged state and the open circuit voltage (OCV). 

Leakage current was calculated by holding the potential at full charge and 

the current required to maintain the fully charged state was measured over 

time.41-43 Before self-discharge and leakage current measurements, initially, 

the system was charged with a rate of 1 mA g-1 to 1 V and then held at this 

voltage for 4 hours. After a full charge, the system was allowed to undergo 

self-discharge for 15 hours while monitoring the open circuit voltage decay. 

The self-discharge currents were estimated by using equation 2.18.42  

isd = C  
(V1 − V2) 

 Δt 
                  …………. (2.18) 
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Where V1 represents the potential of charged state, V2 represents the mean 

potential between charged state and the open circuit voltage and t is the 

time taken in seconds to reach V2. 
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ABSTRACT: This Chapter elucidates the role of ligand via its 

regioisomerism in oxygen redox chemistry. The role of ligand-isomerism in 

modulating the mechanisms and kinetics associated with 

charge/discharge-chemistry of an aqueous metal-air battery are also 

investigated. The dominant electron-withdrawing inductive effect (-I effect) 

and the diminished electron-withdrawing resonance effect (-R effect) in the 

-NO2 isomeric molecule noticeably diminishes the rate of oxygen reduction 

(ORR) and oxygen evolution reactions (OER) on the catalytic Co centre. In 

the -NO2 isomeric molecule, the absence of repulsive field-effect due to the 

spatial separation of functionality, leads to combined involvement of –I and 

–R effects which noticeably enhances the OER and ORR kinetics on the 

same catalytic Co centre. This chapter demonstrates that, the 

regioisomerism of the -NO2 functionality, does not alter the mechanistic 

pathways of OER/ORR but rather influence their respective kinetics. When 

isomeric molecules are integrated as molecular electrocatalysts to aid the 

charge-chemistry of an aqueous Zn-air battery, the overpotential required 

could be decreased by 250 mV in case of -NO2 isomer compared to the -

NO2 isomer at all current densities leading to a round trip efficiency as high 

as 60%. This work opens up alternative strategies in the design of new and 

novel molecular platforms to target the overall energy efficiency of 

electrochemical energy storage and conversion devices. 

 

This work has been published in the following journal: 

Sanchayita Mukhopadhyay et.al., iScience 2022, 25 (10), 105179. 

Copyright Elsevier. 
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3.1. Introduction: 

The oxygen redox chemistry, encompassing the electrochemical 

reduction of oxygen (ORR) and the water oxidation reaction (OER), stands 

as vital processes in electrochemical energy systems, including fuel cells1-6 

and rechargeable metal-air batteries.7-11 Nevertheless, the slow kinetics 

associated with breaking the molecular oxygen bonds, even on noble metal 

electrocatalysts, poses a limitation to the efficiency of ORR in 

electrochemical energy systems.1-12 While noble metals like platinum, gold, 

and silver, as well as metal oxides and mixed oxides such as spinels and 

perovskites, have been extensively studied as electrocatalysts for ORR, 

platinum remains the benchmark ORR electrocatalyst.13-17 However, 

challenges related to its availability and cost constrain its practical viability 

in electrochemical power systems.12,16-18 Consequently, there is a need to 

design and develop low-cost catalysts using earth-abundant metals capable 

of catalyzing ORR at lower overpotential through a direct four-electron 

transfer to molecular oxygen.15,18-22 Similarly, the oxygen evolution reaction 

is also associated with a number of challenges, the most important ones 

being requirement of high overvoltage for the water splitting reaction which 

hampers the long-term stability of the catalysts. Also, till date the 

benchmark electrocatalysts for OER is based on the high-cost noble metal 

catalysts such as IrO2 and RuO2. Therefore, the need of the hour is to 

develop alternative oxygen reduction reaction (ORR)/oxygen evolution 

reaction (OER) catalysts based on earth-abundant metals with high activity 

and durability.23-26 In this context, molecular electrocatalysts like metal 
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phthalocyanines (MPcs) and metal porphyrins (MPs) have emerged at the 

forefront of energy research due to their high degree of tunability in 

electronic and geometric parameters.27-31 Among these phthalocyanines, the 

Co based systems are explored as they have been found to be 

electrocatalytically active towards ORR/OER.32-35 

In this Chapter, the role of ligand in molecular electrocatalysts is 

explored in the ubiquitous oxygen redox chemistry. The active role of ligand 

in oxygen redox reactions such as oxygen reduction reactions (ORR) and 

oxygen evolution recations (OER) are particluarly investigated by tuning the 

ligand isomerism ( and -TNCoPc isomers) around the same catalytic Co 

centre. Interestingly, when nitro substituted cobalt phthalocyanines 

(TNCoPc) were explored for oxygen redox chemistry, it has been observed  

isomerization of the ligand tunes the OER kinetics without altering the 

mechanistic pathways of the reaction. For these reasons, -TNCoPc isomer 

catalyst is further explored for Zinc-air battery (ZAB) to target their overall 

round-trip efficiency. The present work demonstrates an alternative 

approach in the design of efficient molecular electrocatalysts to target 

electrochemical reactions relevant to energy storage and conversion. 

3.2. Results and Discussions: 

The primary aim of this Chapter is to explore, whether the isomerism 

of a ligand functionality influences the reaction mechanism or reaction 

kinetics with respect to a specific reaction pathway. To shed light into these, 

nitro substituted phthalocyanines containing earth abundant central 

metals like Co are explored to target oxygen reduction (ORR) and oxygen 
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evolution (OER) reactions. This is because, the complexity of ORR/OER is 

the limiting factor which dictates the round-trip efficiency of aqueous metal-

air batteries and reversible fuel cells.36–38 

3.2.1. Characterisation of CoPc, the isomeric nitro molecules and their 

composites with CNTs. 

To explore the implications of ligand isomerism in ORR/OER; the 

regioisomers of tetra-nitro cobalt phthalocyanine (TNCoPc) with -NO2 

substitution at the  (-TNCoPc) and  (-TNCoPc) positions were 

synthesized and characterized, Scheme 3.1 (please refer to chapter 2, 

section 2.2.1, pages 50-51 for more information).28–35 High-resolution mass 

spectrometry (HRMS) demonstrated the parent ion peak at m/z value of 

751 for the  and  isomers and at 573 for unsubstituted cobalt 

phthalocyanine (CoPc) which are close to their molecular masses, (Figure 

3.1). UV-vis spectra of these molecules demonstrated absorption bands in 

the range of 550-750 nm and 300-400 nm respectively which are 

characteristic Q and B bands of metal phthalocyanines (Figure 3.2a). The 

absorption band close to 320 nm is attributed to the charge transfer band 

in metal phthalocyanines.17,28,30 A comparison of the isomeric molecule’s 

UV-vis spectra suggests a red-shifted Q band in the  isomer reflecting 

comparatively extensive delocalization of charge density in the   isomer 

compared to the  isomer.39–41 FTIR spectra of synthesized unsubstituted 

CoPc and the isomeric molecules (Figure 3.2b), show the respective spectral 

bands as mentioned in Table 3.1. Raman spectra (Figure 3.2c), reveals all 

the phthalocyanine signature peaks (Table 3.2), as reported in the 
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literature.42–44 NMR spectroscopic analysis of  and β-TNCoPc isomers were 

further carried out, for more in-depth structural elucidation of the isomeric 

molecules by using the corresponding Zn based diamagnetic nitro 

phthalocyanines (-TNZnPc and β-TNZnPc). The distinct chemical shifts of 

aromatic protons labelled as HA, HB and HC (Figure 3.2d) in the NMR spectra 

of  and β isomers of TNZnPc, indicate distinctly different chemical 

environments surrounding these protons.  The 2D (COSY) NMR further 

elucidates the formation of the isomeric molecules as shown in Scheme 3.1. 

In the case of the  isomeric molecule, the HB proton couples both with the 

HA as well as the HC protons (Figure 3.2e) whereas for the  isomeric 

molecule there is only one correlation. The HB proton couples only with the 

HA proton (Figure 3.2f). Thus, this difference in the way the protons couple 

with each further confirm the formation of both the nitro substituted 

isomeric cobalt phthalocyanine molecules. 

 

Scheme 3.1. Molecular structures of unsubstituted cobalt phthalocyanine 

CoPc (Left), and isomeric nitro substituted cobalt phthalocyanines namely 

the -TNCoPc (middle) and β-TNCoPc (right) molecules. 
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Figure 3.1. High-resolution mass spectrometry (HRMS) of (a) β-TNCoPc 

isomer, (b) -TNCoPc isomer and (c) CoPc molecules. 

CoPc m/z = 573

α-TNCoPc m/z = 751

β-TNCoPc m/z = 751

(a)

(c)

(b)
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Figure 3.2. (a) UV-Visible spectra of unsubstituted CoPc, -TNCoPc and β-

TNCoPc isomeric molecules. (b) Fourier transform infrared (FTIR) 

spectroscopy and (c) Raman spectroscopy of unsubstituted CoPc, -TNCoPc 

isomer and β-TNCoPc isomer. (d) 1H NMR spectra of -TNZnPc and β-
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TNZnPc isomeric molecules, (e) 2D (COSY) spectra of -TNZnPc isomer and 

(f) 2D (COSY) spectra of β-TNZnPc isomeric molecules. 

 

Table 3.1. Allotment of the spectral peaks observed in FTIR spectra of CoPc, 

-TNCoPc and β-TNCoPc molecules. 

 

Table 3.2. Allotment of the spectral peaks observed in Raman spectra of 

CoPc, -TNCoPc and β-TNCoPc molecules. 

 

The primary aim of this investigation is to understand how the 

isomerism of the -NO2 functionality influences the reaction mechanism 

/reaction kinetics of ORR/OER so as to explore their potential to improve 

the overall energy efficiency of a Zn air battery. Toward this, isomeric 

Band corresponding toWavenumber (cm-1)

Phthalocyanine skeletal vibrations

754
870
938

1023
C-H stretching vibration1142
C-C stretching vibration1247
C-N stretching vibration1371
N-O stretching vibration1522

C=C macrocyclic ring vibration1638

Band corresponding toRaman shift (cm-1)

In plane bending of C-C-C487
Out of plane bending of pyrrole ring687

Macrocyclic stretching759
Benzene breathing857

C-H bending1095
In plane deformation of C-H1241

In plane stretching of C-N1397
Isoindole ring stretching1456

In plane stretching of macrocycle1530
In plane stretching of C-N1674
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molecular catalysts were first anchored on carbon nanotubes (CNT) because 

of its known capability to aid electron transport.45–49  and β-TNCoPcs and  
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Figure 3.3. (a) Fourier transform infrared (FTIR) spectroscopy, (b) Raman 

spectroscopy and (c) UV-Visible spectroscopy of β-TNCoPc/CNT isomer, -

TNCoPc/CNT isomer and CoPc/CNT. 

 

Figure 3.4. FESEM images of (a) CNT, (b) CoPc/CNT, (c) -TNCoPc/CNT 

and (d) β-TNCoPc/CNT. 

unsubstituted CoPc anchored on CNT (-TNCoPc/CNT, β-TNCoPc/CNT and 

CoPc/CNT) were synthesized and characterized thoroughly (kindly refer to 

chapter 2, section 2.2.4, page 53). The features of CNT in the TNCoPc/CNT 

catalytic system in the FTIR and Raman spectra (Figure 3.3a, b) suggest the 

formation of CNT composite catalytic systems. Though, the features of 

phthalocyanines were almost masked by the presence of defect and 

graphitic bands in the Raman spectra of CNT composite catalytic systems; 

the alterations in the ID/IG (intensity of defect band/intensity of graphitic 
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band) ratio in the catalysts indicate the formation of composite catalytic 

systems.48, 49  

Figure 3.5. EDS pattern of (a) CNT, (b) CoPc/CNT, (c) -TNCoPc/CNT and 

(d) β-TNCoPc/CNT. 

 

Table 3.3. Weight and atomic percentage of the elements extracted from 

EDS data for all the three catalysts. 

 

 



Chapter 3 

 

Ph.D Thesis, Sanchayita Mukhopadhyay, 2023                        P a g e  | 86 

Scanning electron microscopy (SEM) images, (Figure 3.4) along with 

energy dispersive X-ray spectroscopy (EDS), (Figure 3.5) further indicate 

nanotubular morphology of CNT and confirm the presence of Co, C, N and 

O (EDS pattern) in composite CNT catalytic systems which suggest the 

successful incorporation of TNCoPcs on the CNT. The EDS data (Figure 3.5 

and Table 3.3) confirm the amount of Co present in all the three composite 

catalytic system is maintained more or less the same. 

3.2.2. Kinetic and mechanistic investigations of ORR. 

 

Figure 3.6. (a) Linear sweep voltammograms for ORR as well as OER on -

TNCoPc and β-TNCoPc isomeric molecules. (b) Plot showing the number of 

electrons and % of H2O2 formed with -TNCoPc and β-TNCoPc isomeric 

(a)                                                                (b)

(c)                                                                (d)

ORR

OER
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molecules at a potential of 0.79 V vs. RHE. (c) Tafel slopes for ORR with -

TNCoPc and β-TNCoPc isomers. (d) Chronopotentiometric measurements 

for ORR at a constant current density of 0.5 mA/cm2 for -TNCoPc and β-

TNCoPc isomeric molecules. 

Linear sweep voltammograms (Figure 3.6a), suggest that the activity 

of -TNCoPc isomer towards the half-cell ORR/OER is superior to its  

counterpart which is clear from the onset potential and potential required 

for achieving a particular rate (Table 3.4). Since the catalytic domain is the 

central metal ion (cobalt ion), voltametric investigation reveals that ligand 

isomerism can tune the catalytic metal center with the ‘’ isomer 

demonstrating enhanced ORR/OER activities compared to the 

corresponding ‘’ isomer, (Figure 3.6a). This will be beneficial for improving 

the round-trip efficiency in metal-air batteries as ORR/OER is their 

discharge/charge reactions respectively. Hydrodynamic voltammetry for 

ORR shows that, the number of electrons transferred is close to 3 and % of 

peroxide is close to 50 % for both the isomeric molecules, suggesting that 

ORR proceeds with the intermediacy of peroxide, Figure 3.6b (please refer 

to chapter 2 section 2.8 pages 63-64 for details). The Tafel analysis (Figure 

3.6c) suggest a lower Tafel slope for the  isomer indicating a facile kinetics 

in this isomer. The long-term stability is then subsequently investigated on 

isomeric electrocatalysts in the half-cell modes by chronopotentiometric 

analysis. Clearly, the potential required to achieve the same current density 

is substantially lower in -isomer compared to -isomer, (Figure 3.6d). This 

indicate that isomerism of -NO2 functionality does not change the ORR 

reaction mechanism. However, it does change the kinetics of ORR 
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substantially, with a higher activity in favour of the -isomer compared to 

the -isomer. Secondly, this pathway with the intermediacy of peroxide is 

desirable for the electrosynthesis of peroxide but detrimental for energy 

conversion devices, as peroxide is known to poison the electrocatalytic 

domains. 

Table 3.4. Comparison of the onset potential and the potential required for 

achieving a particular current density for ORR and OER with -TNCoPc and 

β-TNCoPc. 

 

3.2.3. Kinetic and mechanistic investigations of OER. 

 

Figure 3.7. (a) Linear sweep voltammograms recorded at a scan rate of 5 

mV/s for oxygen evolution reaction in pH=14 electrolyte at a rotation rate of 

1600 RPM. (b) Cyclic voltammogram of bare Au in 1M KOH with different 

concentrations of H2O2. 

(a)                                                                                (b)
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Though water oxidation is superior in -isomer over the 

corresponding -isomer (Figure 3.6a and Figure 3.7a), it is known that water 

oxidation can lead to the formation of peroxide (2e- pathway) or O2 (4e- 

pathway, OER) as the products.50–52 The former is desirable for peroxide 

electrosynthesis but the latter for energy conversion devices.53–55 To prove 

this unambiguously, rotating ring disk electrode (RRDE) measurements 

were carried out by performing linear sweep voltammetry at the disk for 

OER and biasing the ring (Au ring) at ORR potential (0.7 V vs. RHE) and 

peroxide oxidation potential (1 V vs. RHE), (Figure 3.8a). The corresponding 

potentials were determined from the cyclic voltammogram, (Figure 3.7b) for 

oxygen reduction reaction and peroxide oxidation on Au electrodes. When 

the ring is biased at ORR potentials (0.7 V vs. RHE), the ring current appears 

as soon as the disk potentials cross the water oxidation regime. However, 

no ring current is seen when it is biased at peroxide oxidation potential, 

(Figure 3.8a). This clearly suggests O2 is the primary product during water 

oxidation at the disk and not the peroxide. The Tafel plot, (Figure 3.8b), 

shows a facile kinetics on the -isomer compared to -isomer and 

unsubstituted CoPc. The long-term stability with a higher activity is 

observed on the -isomer compared to the -isomer, (Figure 3.8c). All these 

indicate that, the isomerism of the -NO2 functionality does not change the 

reaction mechanism of OER, however, it rather influences the reaction 

kinetics. Taken together, the ligand isomerism via the isomerism of -NO2 

functionality in the secondary sphere does not change the reaction dynamics 

of OER/ORR but it significantly influences their respective electrochemical 

kinetics. The data outlined in (Figure 3.6 and Figure 3.8) further 
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demonstrate that ligand isomerism via the regio-isomerism of -NO2 

functionality can be utilized for aiding the charge reaction of an aqueous 

metal air battery and not the discharge chemistry due to the involvement of 

peroxide intermediacy in the latter. 

 

Figure 3.8. (a) RRDE measurements during OER at the disk (red trace and 

violet trace) using  and β-TNCoPc isomeric molecules by biasing the Au 

ring at 0.7 V vs. RHE (pink and green trace) for ORR and at 1 V vs. RHE 

(orange and blue trace) for peroxide oxidation at 1600 RPM. (b) Tafel plots 

along with their Tafel slopes for OER with unsubstituted CoPc, -TNCoPc 

and β-TNCoPc isomers. (c) Chronopotentiometric measurements at a 

constant current density of 10 mA/cm2 for oxygen evolution reaction in 

pH=14 electrolyte at a rotation rate of 1600 RPM for unsubstituted CoPc, -

(a)                                                              (b)

(c)                                                                 (d)     
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TNCoPc isomer and β-TNCoPc isomer. (d) XPS spectra of pristine CoPc, -

TNCoPc and β-TNCoPc isomeric molecules. 

The reason for this fascinating behaviour with respect to 

regioisomerism can be primarily attributed to the electron withdrawing 

resonance effect (-R) and electron withdrawing inductive effect (-I) of the 

nitro groups (-NO2) in the isomeric molecules.32,33 The closeness of ‘O’ of 

−NO2 group and the iminic ‘N’ atom in the macrocyclic ring of the -isomer 

may prompt repulsive field effects between these groups which may force 

the –NO2 group to go out of the molecular plane. This might lead to a 

reduction in the –R effect between −NO2 group and the macrocycle plane 

and the electron withdrawing effect may mainly originate from the -I effect. 

Whereas, for the β isomer, repulsive filed effect between the groups can be 

negligible as they are well separated spatially. This might favour an in-plane 

confirmation of −NO2 group in β isomer leading to a dominant –R and –I 

effect in the molecule. This is in fact responsible for the broadening and red 

shifting of Q band in the β-TNCoPc isomer with respect to the Q band of -

TNCoPc isomer molecule (Figure 3.2a). Nevertheless, due to these 

circumstances the central metal ion should be more electron deficient in the 

β-isomer compared to the -isomer. This should enhance the contribution 

of the oxidized Co species in the β-isomeric molecule compared to the -

isomeric molecule. This is reflected in the X- ray photoelectron spectroscopy 

(XPS) data of these molecules, (Figure 3.8d) wherein the binding energy peak 

corresponding to Co3+ (2p3/2) species demonstrated a positive binding 

energy shift of 0.6 eV in the β-isomeric molecule compared to the -isomeric 

molecule. These suggest that, the contribution of oxidized cobalt species is 
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noticeably enriched in the -isomer molecule compared to the 

corresponding  counterpart, (Figure 3.8d), which in turn indicates a 

positive shift in the redox energy of Co3+/Co2+ in the former.35,56-58 This 

should lead to a better overlap of Co3+/Co2+ redox energy level with the 

oxygen redox level in the -isomer molecule which can amplify the oxygen 

redox reactions. This will be beneficial to boost the round-trip efficiency of 

ZABs as demonstrated in the next section. 

Scheme 3.2. Trielectrode configuration for a rechargeable Zn-air battery. 

 

Figure 3.9. Discharge polarization and power density curve of Pt/C in the 

zinc air battery. 
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3.2.4. Evaluation of Zinc-air battery performance. 

Figure 3.10. (a) Charge-discharge profiles of rechargeable zinc–air batteries, 

discharge (black) and charge (blue, red, green and pink) polarization curves 

obtained with Pt/C (0.5 mg/cm2) as the ORR catalyst and β-TNCoPc, -

TNCoPc, unsubstituted CoPc and RuO2 as the OER catalysts (2 mg/cm2) 

respectively. (b) Chronopotentiometric traces at a constant current density of 
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20 mA/cm2. (c) Charge-discharge cycling data for ZAB with the isomeric 

molecular electrocatalysts, CoPc and RuO2 at a current density of 20 mA/cm2. 

(d) Comparison of the round-trip efficiency at a current density of 20 mA/cm2 

for RuO2, unsubstituted CoPc, -TNCoPc and β-TNCoPc isomers. (e) In-situ 

electrochemical mass spectrometry with β-TNCoPc isomer during the charge 

reaction. (f) Long-term cycling with β-TNCoPc isomer at a current density of 

20 mA/cm2. 

In order to validate the performance of isomeric catalysts in Zn air 

battery, these molecules anchored on CNT were utilized as the OER 

catalysts during the charge chemistry in tri-electrode ZAB configuration as 

shown in (Scheme 3.2) (refer to chapter 2, section 2.4.2, pages 57-58 for 

details).59–61 The discharge chemistry was carried out between Zn electrode 

and a Pt/C based ORR catalyst and the charge chemistry was carried out 

between the Zn electrode and the isomeric catalysts. The Zn half-cell and 

ORR/OER half-cells were separated by a Nafion 117 membrane. The 

discharge polarization curve demonstrated a peak power density of 90 

mW/cm2 at a current density of 150 mA/cm2 (Figure 3.9), which is in line 

with the literature with Pt based catalysts.62,63 The charge polarization 

curves show that the β isomer outperforms the corresponding  isomer and 

the charging reaction at all current densities occurs at a lower operating 

potential in the β isomer than the  isomer, (Figure 3.10a). The long-term 

stability was investigated by chronopotentiometry at a current density of 20 

mA/cm2 and it further show a lower operating potential in β isomer than the 

corresponding  isomer, (Figure 3.10b). In order to investigate the stability 

of metal air battery during repeated charge discharge, cyclic stability of the  
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Table 3.5. Comparison of charging voltage and round-trip efficiency of 

different zinc-air batteries involving cobalt-based catalysts. 

 

battery was investigated at a discharge and charge current density of 20 

mA/cm2, (Figure 3.10c), which further demonstrates that β isomer requires 

a lower driving force than the corresponding  isomer for achieving the same 

rate. Therefore, the round-trip efficiency is noticeably improved in the β 

isomer compared to the  isomer, (Figure 3.10d). In-situ electrochemical 

mass spectrometric data with the best performing β isomer OER catalyst, 

show that when the cell is ON, the catalyst evolves oxygen and the oxygen 

signal decays to the base line when the cell is OFF, and the process is 

sustainable for several cycles, (Figure 3.10e). Further, the cycling stability 

test of ZAB with the β isomer was carried out and it shows a stable charging 

profile for large number of cycles (70 cycles are shown), (Figure 3.10f). All 
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these studies clearly suggest the β isomer is an efficient material for 

improving the round-trip efficiency of rechargeable zinc air batteries. 

Further, a comparison of the performance of our Zn-air battery employing 

the β isomer was made with the other Zn-air batteries reported in the 

literature (Table 3.5), which show the charging voltage and round-trip 

efficiency are comparable to the literature. 

3.2.5. Post electrochemical characterisations. 

In order to investigate the durability of the β isomer catalyst, post 

electrochemical characterization were carried after cycling the battery for 70 

hours. X-ray photoelectron spectroscopy studies show that the Co signals 

are intact in the molecule before and after the long-term analysis and no 

signals of cobalt oxides were observed, (Figure 3.11a). UV-visible, FTIR and 

Raman spectroscopy reveal that the chemical identity of the molecular 

catalysts is well preserved even after prolonged electrocatalysis. These 

spectroscopic characterizations also rule out the possibility of CoOx 

formation by the degradation of the molecular catalysts. If it would have 

been formed, FTIR and Raman spectra would have shown characteristics 

peaks of CoOx which were not observed in the present case (Figure 3.11c 

and Figure 3.11d).64–66 Taken together, it is demonstrated that ligand 

isomerism can be utilized to design non-precious molecular electrocatalysts 

for targeting the round trip efficiency of ZABs. This demonstration is 

expected to contribute to the design of future molecular catalysts with 

improved activities for various electrochemical applications. 
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Figure 3.11. (a) XPS spectra of β-TNCoPc composite electrode before (violet) 

and after (red) long term polarization for 70 hours. (b) UV-visible spectra 

before (violet) and after (red) long term polarization for 70 hours. (c) FT-IR 

spectra before (violet) and after (red) long term polarization for 70 hours. (d) 

Raman spectra before (violet) and after (red) long term polarization for 70 

hours. 

 

3.3. Conclusions: 

The role of ligand in tuning the reaction kinetics and reaction mechanisms 

of ORR and OER reactions is eluciated via the regiiosimerism of the ligand 

around the same catalytic Co centre. Oxidative activation in the β isomeric 

electrocatalyst due to the combined presence of –R and–I effects as 

(a)                                                                 (b)

(c)                                                                (d)
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compared to the only –I effect in the  isomeric electrocatalyst noticeably 

enhance the ORR and OER kinetics in the former, however, without altering 

their respective reaction mechanism. With respect to ORR on isomeric 

electrocatalysts, the number of electrons transferred were close to 3 and the 

percentage of peroxide was close to 50% on both the electrocatalysts, yet 

with an improved kinetics in the -isomer. As far as OER is concerned, a 4 

electron pathway was preferred on both the isomeric electrocatalysts, 

however with a noticeably higher activity in favor of the -isomer. To show 

the practical applicability of ligand isomerism in electrocatalysis, how the 

round-trip efficiency of a Zn-air battery can be targetted by tuning the ligand 

isomerism is demonstrated. The results show that the β-isomer outperforms 

the -isomer in terms of charging voltage and round-trip efficiency with 

excellent cycling stability. Nevertheless, the isomerism of -NO2 functionality 

does not aid the discharge chemistry of Zn-air batteries because of the 

intermediacy of peroxide in the ORR pathway. However, this can be utilized 

as an electrocatalyst in peroxide electrosynthesising metal-air batteries and 

fuel cells. 50–53,67,68 Overall, the work outlined shows a novel strategy towards 

the design of efficient molecular electrocatalysts to target the overall energy 

efficiency of future generation energy storage and conversion devices. In the 

present work, the effect of isomerism of secondary sphere substituents on 

the charging chemistry is majorly demonstrated. It is to be noted that, by 

following the strategy outlined in this thesis, it is also possible to develop 

bifunctional electrocatalysts based on earth abundant metal based 

phthalocyanines to aid the discharge as well as charge reactions. This is 

expected to help in the development of precious metal free air batteries. 
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ABSTRACT: This Chapter discusses how the nature of the ligand 

tunes the electric double layer leading to counter intuitive trend in 

electrocatalysis. It is shown that the ability of the ligand to reorganize the 

electric double layer (EDL) often dominates the electrocatalysis contrary to 

their inductive effect in the spectrochemical series, leading to counter 

intuitive electrocatalysis. With water oxidation and chlorine evolution as 

the probe reactions; the same catalytic entity with carboxy functionalized 

ligand exhibited surprisingly higher electrochemical activity than 

aggressively electron-withdrawing nitro functionalized ligands, which is 

contrary to their actual location in the spectrochemical series. 

Spectroscopic and electrochemical analyses suggest the enrichment of 

catalytically active species in the carboxy substituted ligand via proton 

charge assembly in the EDL that in turn enhances the kinetics of the 

overall electrochemical process. This demonstration of less obvious ligands 

becoming indispensable in electrocatalysis, suggests a blind designing of 

ligands solely based-on their inductive effect should be relooked as it will 

prevent the utilization of the maximum potential of the molecule in 

electrocatalysis. 

 

This work has been published in the following journal: 

Sanchayita Mukhopadhyay et.al., J. Phys. Chem. Lett. 2023, 14, 23, 5377–

5385. © American Chemical Society. 
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4.1. Introduction: 

In this Chapter, how the nature of the ligand contributes to 

electrocatalysis counter intuitively via a proton charge assembly is 

demonstrated. The global energy crisis because of the extensive use of fossil 

fuels has already become a ubiquitous problem, that in turn makes the 

domain of renewable energy conversion a hotspot for the global scientific 

community.1-3 In this regard, electrochemical transformation via 

electrocatalysis has become a thrust area of research because of its 

potential to convert the abundant feedstocks into value-added products.4-7 

This has in turn led to the design and development of various metal based 

and molecular electrocatalysts.8-10 Molecular electrocatalysts such as 

phthalocyanines and porphyrins have gained a lot of attention mainly 

because of their superior chemical and thermal stability and highly flexible 

optoelectronic nature.11-14 For these reasons, the metallophthalocyanines 

have been explored for catalysis like MEROX process for the sweetening of 

oils to electrocatalysis in fuel cells and air batteries with undeniable 

importance in electrochromism, pigment industry, sensing, solar cells, and 

photodynamic therapy (cancer treatment).15-19 It is already known that the 

electrochemical performance of the phthalocyanines can be affected by the 

redox properties of the central metal which in turn can be altered by 

changing the metal center or by altering the type, number, and position of 

the substituents on the macrocyclic ligand.20-24 It has also been observed 

that electron withdrawing functionalities such as (-NO2, -CN, -COOH, -Cl) 

favor oxidation reactions like water electrolysis, oxidation of thiols, ascorbic 
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acid oxidation, peroxide oxidation etc.25-28 On the other hand, electron 

donating substituents like (t-Bu, -NH2, -OH) favor reductive electrocatalysis 

such as carbon dioxide reduction, oxygen reduction, nitrogen reduction 

etc.29-32 So, a correlation between electrocatalytic capability and inductive 

effect of the ligand functionality has already been arrived, which is widely 

chosen as a benchmark for designing new molecular platforms for 

electrochemical transformations. 

In this Chapter, an intriguing effect of ligand functionality in 

electrocatalysis is demonstrated which is irrespective of its position in the 

spectrochemical series. It demonstrates that the ability of the ligand 

functionality to alter the electric double layer (EDL) can often surpass the 

effect anticipated solely based on the spectrochemical series, leading to 

counter intuitive electrocatalysis. In oxidative electrocatalysis, based on the 

inductive effect of the ligand functionality, the same catalytic metal centre 

is expected to demonstrate superior activity with aggressively electron 

withdrawing nitro (-NO2) functionalized ligand than a carboxy (-COOH) 

substituted ligand with lesser electron withdrawing power. However, with 

water oxidation and chlorine evolution reactions as the probe reactions, the 

experimental trends on the same catalytic Co centre were diametrically 

opposite with an unexpectedly high activity with the carboxy functionalized 

ligand than the nitro functionalized ligand. Various electrochemical and 

spectroscopic analyses suggest the enrichment of the catalytically active Co 

entity in the carboxy functionalized ligand by its capability to reorganize the 

electrical double layer (EDL) via proton charge assembly. This 
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demonstration of the less obvious ligand becoming indispensable in 

electrocatalysis via their ability to alter the EDL structure, suggest a blind 

designing of the molecular catalyst by considering only their inductive effect 

in the spectrochemical series should be reconsidered as it will prevent the 

utilization of the maximum potential of the molecule in electrocatalysis. 

4.2. Results and Discussions: 

4.2.1 Characterisation of CoPc, TNCoPc, TCCoPc and their composites 

with CNTs. 

To demonstrate the possibility of counter intuitive electrocatalysis 

which is irrespective of the inductive effect of the ligand in the 

spectrochemical series, cobalt phthalocyanine (CoPc) and its substituted 

derivatives such as nitro substituted cobalt phthalocyanine (TNCoPc) and 

carboxy substituted cobalt phthalocyanine (TCCoPc) were synthesized and 

thoroughly characterized as shown in Figure 4.1. As per the 

spectrochemical series, the electron withdrawing inductive effect (-I effect) 

of nitro functionalized ligand is more than the carboxy functionalized ligand 

33-35, and hence the former is expected to aid oxidative electrocatalysis than 

the latter. In order to verify this, these molecules were synthesized as per 

the reported procedure (please refer to chapter 2, section 2.2.1 and 2.2.2, 

pages 50-52 for details). To ensure the purity of the compounds’, detailed 

characterizations were performed. Matrix-assisted laser desorption 

ionization time-of-flight mass spectrometry (MALDI-TOF) showed the parent 

ion peaks at m/z value of ~572, ~751 and ~747 for CoPc (C32H16CoN8), 
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Figure 4.1. Molecular structures of unsubstituted cobalt phthalocyanine 

(CoPc), nitro substituted cobalt phthalocyanine (TNCoPc) and carboxy 

substituted cobalt phthalocyanine (TCCoPc). 

TNCoPc (C32H12CoN12O8) and TCCoPc (C36H16CoN8O8) molecules 

respectively indicating their successful formation (Figure 4.2 a-f). Matrix-

assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF) showed the parent ion peaks at m/z value of ~572, ~751 and 

~747 for CoPc (C32H16CoN8), TNCoPc (C32H12CoN12O8) and TCCoPc 

(C36H16CoN8O8) molecules respectively indicating their successful formation 

(Figure 4.2 a-c). The Fourier-transform infrared spectroscopy (FTIR) was 

further carried out to confirm the formation of molecular catalysts. Given 

the compound comprises of different bonding environments, mainly C=C, 

C-N and C-C bonds, they should exhibit distinct fingerprints in the FTIR 

spectra. From FTIR spectra, peaks at ~1643 cm-1, ~1356 cm-1, ~1285 cm-1 

CoPc

TCCoPc TNCoPc
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Figure 4.2. (a) Matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF) of (a) CoPc (b) TNCoPc and (c) TCCoPc 

molecules. (d) Fourier transform infrared (FTIR) spectroscopy of CoPc, 

TNCoPc and TCCoPc molecules, (e) Full range Fourier transform infrared 

(FTIR) spectroscopy of TCCoPc molecule and (f) Raman spectra of CoPc, 

TNCoPc and TCCoPc molecules. 

(a)                                            (b) 

(c)                                              (d) 

(e)                                              (f) 
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and ~1133 cm-1, corresponding to C=C macrocycle ring vibration, C-N 

stretching vibrations, C-C stretching vibrations and C-H stretching 

vibrations, were observed respectively. Moreover, the vibrations observed at 

~730, ~883, ~951 and ~1087 cm-1 are attributed to the phthalocyanine 

skeletal vibration. The stretching frequencies arising due to the functional 

groups -NO2 and -COOH in the molecule can be observed at ~1532 cm-1 

(N=O) and ~1700 cm-1 (C=O) respectively, (Figure 4.2d).36-41 The broad peak 

at ~3445 cm-1 as observed in TCCoPc correlates to the O-H stretching 

vibration of the -COOH group, (Figure 4.2e). The Raman spectra further aids 

in confirming the formation of molecules. The formation of the molecules 

accompanies several characteristic Raman shifts related to various 

functionalities attached to the molecule. C-N stretching, C-C stretching and 

C-H bending vibrations are observed in the range 800-1200 cm-1. The C-H 

in-plane deformation in the macrocyclic ring and the stretching vibration of 

the isoindole ring unit are respectively present at ~1267 cm-1 and ~1461 

cm-1. The C-N in-plane stretching vibrations are observed at ~1419 cm-1 and 

~1626 cm-1. C-C-C in-plane bending bands and the macrocyclic stretching 

vibration bands are present at a Raman shift between 400-600 cm-1 and 

~757 cm-1 respectively, as seen in (Figure 4.2f).36-39 The 1H NMR 

demonstrates two double doublets at chemical shift values 9.53 – 9.55 ppm 

and 8.36 – 8.38 ppm indicating two different types of protons in CoPc. The 

chemical shift values at 7.85, 8.24 and 8.47 ppm for TNCoPc and at 8.29, 

9.39, 10.21 and 12.47 ppm for TCCoPc prove the successful formation of 

corresponding molecules. The broad peak ~12 ppm for TCCoPc indicate the 

presence of the acidic group, (Figure 4.3). 
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Figure 4.3. Nuclear Magnetic Resonance (1H NMR) spectra of CoPc, TNCoPc 

and TCCoPc molecules. 
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Figure 4.4. (a) Fourier transform infrared (FT-IR) spectroscopy and (b) 

Raman spectroscopy of CoPc@CNT, TNCoPc@CNT and TCCoPc@CNT 

composites. 

Following the successful formation of all the three pristine molecules, 

their activity towards oxygen evolution reaction (OER) was probed via 

electrochemical water oxidation. Towards this, their composites with carbon 

nanotubes (MWCNT) were made as CNT can improve the overall electronic 

conductivity.42-47 The composites namely CoPc@CNT, TNCoPc@CNT and 

TCCoPc@CNT were synthesized according to procedure reported in chapter 

2, section 2.2.4, page 53. Various spectroscopic techniques like FT-IR, 

Raman spectroscopy etc., were utilized to inspect whether the molecules 

have undergone a complete integration with the CNT. Successful 

incorporation of molecular catalysts on CNT can be deciphered from the FT-

IR spectra that clearly indicate the peaks affiliated to the phthalocyanine 

molecules (Figure 4.4a). Similarly, Raman spectroscopy has been performed 

which clearly exhibits defects and graphitic bands corresponding to the CNT 

substrate (Figure 4.4b). Incorporation of the molecules in CNT can be 

identified by calculating the intensity ratio arising from defect (ID) and 

D     G                        2D(a)                                                         (b)
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graphitic (IG) bands. Incorporation of the molecules in CNT should decrease 

the relative intensity of the graphitic bands due to more defect creation. 

44,46,47 After the composite formation, as predicted, the ID /IG ratio does 

increase, rendering the successful incorporation of phthalocyanine in CNTs 

(Figure 4.4b). Furthermore, scanning electron microscopy (SEM) images, 

(Figure 4.5) in combination with energy dispersive X-ray spectroscopy 

(EDS), (Figure 4.6) show characteristics features of CNT and confirm the 

presence of Co, C, N and O (EDS pattern) in the composite CNT catalytic 

systems. All these along with the observations made from FTIR and Raman 

spectroscopy, proves the integration of the phthalocyanine molecules on 

CNT. 

 

Figure 4.5. FE-SEM images of (a) CNT (b) CoPc@CNT (c) TNCoPc@CNT and 

(d) TCCoPc@CNT. 

(c) TNCoPc@CNT

(a) CNT (b) CoPc@CNT

(d) TCCoPc@CNT
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Figure 4.6. EDS pattern of (a) CNT (b) CoPc@CNT (c) TNCoPc@CNT and (d) 

TCCoPc@CNT. 

 

4.2.2. UV-vis, XPS and DFT analysis of pristine molecules. 

It should be noted that nitro functionalized ligand is more electron 

withdrawing than carboxy functionalized ligand as per the spectrochemical 

series and hence their oxidative electrocatalysis should follow the same 

trend. 33-35 This is because more electron withdrawing ligand would favor 

oxidative activation of the catalytic metal centre which is expected to 

accelerate their oxidative electrocatalysis. To understand this oxidative 

activation in CoPc systems, initially UV-Vis and XPS analyses along with 

theoretical calculations were carried out. UV-visible spectroscopy 

demonstrated two bands in the range 300-400 nm (B band) and 550-750 

keV

keV

keV

keV

(c)                           TNCoPc@CNT (d)                           TCCoPc@CNT

(a)                                             CNT (b)                                CoPc@CNT
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nm (Q band) for all the three molecules which are characteristic bands of 

macrocyclic molecules, Figure 4.7a.  

 

Figure 4.7. (a) UV-visible spectroscopy, (b) X-ray photoelectron 

spectroscopy (XPS) spectra, and (c) the relative area ratio of Co3+ to Co2+ of 

unsubstituted CoPc, TNCoPc and TCCoPc molecules extracted from the XPS 

spectra demonstrated in Figure 4.7b. 

It is reported that the Q-band is more prone to the nature of the ligand 

36-38,48, and as can be seen in Figure 4.7a, where the Q-band is more 

influenced by ligand substitution. UV-vis spectra showed a red shifted Q-

band for TNCoPc compared to TCCoPc and unsubstituted CoPc, Figure 4.7a. 

This is attributed to the increased electronic delocalization due to the 

substitution of -NO2 group on the macrocyclic ligand leading to enhanced -

I (electron withdrawing inductive effects) and -R (electron withdrawing 

resonance effects) effects. Further, XPS analysis with the pristine molecular 

catalysts shows that the percent of the oxidised cobalt species is enriched 

in TNCoPc than TCCoPc and unsubstituted CoPc, Figure 4.7b and Figure 

4.7c. Chemical softness parameter obtained from density functional theory 

(a)     (b)                                             (c)
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(DFT) calculations (for details please refer to chapter 2, section 2.7, pages 

61-63) was found to be the highest for nitro functionalized ligand than 

carboxy and unsubstituted ligands, Figure 4.8 and Table 4.1. The higher 

chemical softness of nitro functionalized ligand is mirrored in their 

decreased HOMO-LUMO gap. It is known that the activity of a particular 

catalytic entity can be directly correlated to chemical softness of the 

molecular catalyst.49-51 Based on these, it is expected that the same Co 

catalytic entity to be more active with the nitro functionalized ligand than 

carboxy and unsubstituted ligands. 

 

Figure 4.8. (a-c) Density of states (DOS) and (d-f) optimized structures of 

CoPc, TNCoPc and TCCoPc molecules respectively. The HOMO (LUMO) is 

marked by red dashed (blue dashed) vertical line. All the energies are shifted 

with respect to that of the vacuum energy. In (d), (e) and (f) the C, N, H, O 

and Co atoms are denoted by yellow, grey, turquoise, red and large grey 

spheres respectively. 



Chapter 4 

 

Ph.D Thesis, Sanchayita Mukhopadhyay, 2023                        P a g e  | 121 

Table 4.1. Parameters extracted from DFT calculations (Figure 4.8). 

 

4.2.3 Electrochemical analysis of oxygen evolution reaction. 

However, OER electrocatalysis in aqueous acidic medium shows that 

the onset potential as well as the overpotential required for a particular rate 

follows the order: TCCoPc < TNCoPc < CoPc, which is counter intuitive with 

respect to their inductive effects, Figure 4.9a. This is contrary to their 

position in the spectrochemical series, and the oxidative activation of the 

catalytic metal center as detailed in Figure 4.7. To understand this 

intriguing order in electrocatalysis, OER electrocatalysis with the same 

molecular platforms in alkaline medium was performed, Figure 4.9b. 

Interestingly, the electrocatalytic capability of the molecular systems 

followed a trend with a higher activity in favor of nitro functionalized ligand 

than carboxy and unsubstituted ligands which is as expected by their 
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location in the spectrochemical series. Taken together, the electrocatalytic 

capability of the same catalytic entity in acidic medium does not follow the 

trend dictated by the ligands with respect to their inductive effects. 

Therefore, the surrounding acidic medium may be playing a role in 

modulating the electric double layer (EDL) which in turn might be leading 

to a pronounced oxidative activation of the catalytic Co species in carboxy 

functionalized ligand than nitro functionalized ligand. 

 

Figure 4.9. Linear sweep voltammetry (LSV) curves for water oxidation 

reaction recorded at a scan rate of 10 mV/s at a rotation rate of 1600 rpm 

in (a) 0.5 M HClO4 solution and (b) 0.5 M KOH solution with CoPc, TNCoPc 

and TCCoPc molecules. 

To understand this, initially the surface charge of the molecular 

catalysts by performing electrochemical analysis with a negatively and 

positively charged redox probes like ferricyanide and [Ru(bpy)3]2+ was 

evaluated respectively. It was observed that for the same weight percent of 

the molecular systems, the redox currents of negatively charged ferricyanide 

is noticeably enhanced with carboxy functionalized ligand than the nitro 

functionalized ligand suggesting that the carboxy functionalized ligand has  

in 0.5M HClO4

(a)                                                         (b)
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Figure 4.10. Cyclic voltammogram in 0.1 M HClO4 medium collected at a 

scan rate of 20 mV/s for (a) 10 mM ferricyanide solution and (b) 5 mM 

[Ru(bpy)3]2+ solution with CoPc, TNCoPc and TCCoPc molecules. (c) Zeta 

potential measurement in acidic medium for CoPc, TNCoPc and TCCoPc 

molecules. 
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Figure 4.11. Contact angle measurements of (a) CNT, (b) CoPc@CNT, (c) 

TNCoPc@CNT and (d) TCCoPc@CNT. (e) The N2 adsorption-desorption 

isotherm, and (f) BET surface area of pristine CNT, CoPc@CNT, 

TNCoPc@CNT and TCCoPc@CNT. 

 

a higher amount of positive surface charge as compared to the nitro 

functionalized ligand, Figure 4.10a. An opposite behaviour was observed 

with the positively charged redox probe [Ru(bpy)3]2+, further signalling that 

the surface charge of the carboxy functionalized ligand is more positive than 

the nitro functionalized ligand, Figure 4.10b. To further commensurate this 

(a) CNT (b) CoPc@CNT

(c) TNCoPc@CNT (d) TCCoPc@CNT

131o 119o

114o116o

(e) (f)
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result, Zeta potential measurements were carried out and this difference in 

their surface charge is reflected in their Zeta potential measurements, 

Figure 4.10c, which suggest the carboxy functionalized ligand (nearly 19 

mV) is more positive than the nitro functionalized ligand (nearly 10 mV) and 

unsubstituted CoPc (nearly 9 mV) in acidic medium. All these analyses 

suggests that the TCCoPc has a higher positive surface charge assembly 

than the TNCoPc molecule. 

To investigate whether this disparity is because of the difference in 

surface area or wettability of the composite electrodes or not, contact angle 

and BET surface area measurements were performed. As shown in Figure 

4.11 (a-d), the wettability was found to be almost similar for all the three 

catalysts. The specific surface area obtained from BET was also found to fall 

in a similar range for all the three composites, Figure 4.11 (e-f). These rules 

out the possibility of the surface area and wettability factors contributing to 

the alterations in the redox currents of the charged redox species and 

suggests it is primarily due to the surface charge of the molecules in acidic 

medium. 

4.2.4. UV-vis and XPS analysis of acid treated catalysts. 

This higher positive surface charge signals the protonation of the 

carboxy functionality in aqueous acidic medium, which should make the 

carboxy ligand more electron withdrawing than the nitro functionalized 

ligand. This is probed by UV-Visible acid titration with and without acid in 

dimethyl sulfoxide (DMSO) solvent. As can be seen, the carboxy substituted 
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Figure 4.12. UV-vis spectroscopy of TCCoPc, TNCoPc and unsubstituted 

CoPc in the absence and the presence of acid or H+. 

Table 4.2. pKa values of oxo acids. 
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Scheme 4.1. Scheme depicting the resonance stabilization of protonated 

carboxyl and nitro functionalities. 

 

ligand demonstrated a significant red shift of Q band maxima (by nearly 74 

nm) compared to nitro functionalized ligand (by nearly 19 nm) and 

unsubstituted ligand (by nearly 13 nm), Figure 4.12. So, this possibility of 

protonation of carboxy ligand ideally suggests that the TCCoPc molecule can 

undergo 8 protonation whereas the TNCoPc and unsubstituted molecule 

can undergo only 4 protonation. The pKa values for the protonated forms of 

aromatic nitro group and aromatic carboxylic acid group are -12.4 and -7.8 

respectively, Table 4.2.52-54 It is well known that lower the pKa value, the 

stronger is the acid. Thus, based on the pKa values of the protonated 

groups, it is evident that the extent of protonation at pH = 0 (electrolyte used 

for the present investigation) will be much more pronounced in the carboxyl 

group than the nitro group. Secondly, the protonated form of the -COOH 

group is resonance stabilized whereas the protonation of -NO2 breaks its 

existing resonance stabilization, Scheme 4.1. 
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Scheme 4.2. Schematics showing the extent of protonation in TCCoPc, 

TNCoPc and CoPc molecules. 

 

Based on the above observations, a plausible explanation was 

predicted as shown in Scheme 4.2, which demonstrates a higher degree of 

protonation in TCCoPc than TNCoPc. This kind of proton charge assembly 

should make the carboxy ligand to be more electron withdrawing than the 

nitro functionalized and unsubstituted ligands, with a higher degree of 

oxidative activation of the catalytic Co center in the former. This is probed 

by XPS analysis with acid treated molecular catalysts, Figure 4.13a and 

4.13b. Figure 4.13c demonstrates a comparison of the relative oxidized 

cobalt species for all the three molecules before and after acid treatment. As 

shown, the percentage of oxidized Co species is enriched in carboxy ligand 

than the other molecular platforms treated in a similar manner. Therefore, 

the higher amount of proton charge assembly in the EDL of carboxy ligand 

explains its counter intuitive activity than nitro functionalized ligand. 

CoPc TNCoPc TCCoPc
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Figure 4.13. (a, b) X-ray photoelectron spectra (XPS) and the relative area 

ratio of Co3+ to Co2+ of unsubstituted CoPc, TNCoPc and TCCoPc molecules 

after treating them with acid. (c) Comparison of the relative oxidized cobalt 

species for all the three molecules before and after acid treatment. 

4.2.5 Electrochemical analysis of chlorine evolution reaction. 

The foregoing discussion highlights that oxidative activation of the 

catalytic metal center is more pronounced and the surrounding ligand is 

significantly more positive in the carboxy functionalized ligand in acidic 

medium. These two effects can be exploited together for challenging 

electrochemical oxidation reactions especially when the electrochemical 

substrate happens to be negatively charged. This is because the proton 

charge assembly on the ligand is expected to drag the negatively charged 

substrate towards the electrode and the pronounced oxidative activation of 

the catalytic center is expected to aid the removal of electrons from the 

substrate. In this context, these molecular platforms for chlorine evolution 

reaction wherein the substrate is negatively charged Cl- species were 

explored. The electrochemical activity towards chlorine evolution reaction 

(a)                                              (b)    (c)
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(CER) was investigated with CoPc@CNT, TNCoPc@CNT and TCCoPc@CNT 

by voltametric techniques. Linear sweep voltammogram (LSV), Figure 4.14a, 

suggest that for the CER process, the onset potential as well as the 

overpotential required for achieving a particular rate follow the order: 

TCCoPc < TNCoPc < CoPc. Chronopotentiometric analysis (potential vs. 

time) was carried out for understanding their long-term stability and 

durability. The potential required to achieve a particular current density 

was found to be lowest in case of TCCoPc followed by TNCoPc and CoPc, 

Figure 4.14b. The kinetic information of the catalysts for CER was obtained 

from Tafel analyses. The plot between overpotential (η) and log i (current) 

also called the Tafel plot provided the lowest Tafel slope for the TCCoPc and 

the highest slope for CoPc suggesting a facile kinetics in the order: TCCoPc 

> TNCoPc > CoPc, Figure 4.14c. The Tafel slope values for TCCoPc, TNCoPc, 

CoPc given in Table 4.3 were pointing to a Volmer-Heyrovsky reaction 

pathway with Volmer step as the rate determining step.55-58 The intrinsic 

catalytic activity of electrocatalysts for CER was also assessed in terms of 

exchange current density (j0) using Tafel analyses (Table 4.3), further 

signalling the superior activity of TCCoPc over the other two catalysts. The 

CER activity of the catalysts was also assessed by calculating the turnover 

frequencies (TOFs). For the calculation of TOFs, all Co sites in the composite 

catalyst layer were considered as active sites.59 

The number of active sites (n) of the catalysts were calculated by the 

following equation: 

n = 
𝑚𝐶𝑜

𝑀𝐶𝑜
=

𝑤𝐶𝑜 × 𝑉𝐶𝑜 × 𝜌𝐶𝑜

100 × 𝑀𝐶𝑜
            ……. (4.1) 
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Figure 4.14. (a) Linear sweep voltammetry curves for CER recorded at a 

scan rate of 10 mV/s at a rotation rate of 1600 rpm in 0.1 M HClO4 solution 

containing 1 M NaCl with CoPc, TNCoPc and TCCoPc molecules. (b) 

Chronopotentiometric measurements at a current density of 10 mA/cm2, 

and (c) Tafel plots for the catalytic systems in 0.1 M HClO4 + 1 M NaCl 

solutions. (d) Calculated turnover frequencies (TOFs) for CER with CoPc, 

TNCoPc and TCCoPc molecules. 

where mCo is the amount of Co in the catalyst, MCo is the molar mass of Co 

(58.33 g mol−1), wCo is the weight percent of Co in the composites, ρCo is the 

mass concentration of Co in the catalyst ink, and VCo is the volume of the 

loaded catalyst ink. The turnover frequency (TOF) of the phthalocyanines is 

calculated as follows: 

TOF (s-1) = 
𝑖𝑑

2∗𝑛∗𝐹
                 .…… (4.2) 



Chapter 4 

 

Ph.D Thesis, Sanchayita Mukhopadhyay, 2023                        P a g e  | 132 

where id is the disk current during CER measurement in 0.1 M HClO4 + 1.0 

M NaCl, n is the number of active sites and F is the Faraday constant (96484 

C). The factor ½ is based on the two electrons that are transferred for the 

oxidation of two Cl− ions to one Cl2 molecule (equation 4.3). 

2 Cl¯     ⇌    Cl2 + 2e-                      ……. (4.3) 

TCCoPc showed 5 times higher TOF than CoPc at an overpotential of 200 

mV, Figure 4.14d, thereby deciphering the role of the ligand in activating 

the electrocatalyst. 

Table 4.3. Tafel slopes and exchange current densities of CoPc, TNCoPc and 

TCCoPc for chlorine evolution reaction extracted from (Figure 4.14c). 

 

In order to confirm that CER is the major electrochemical process, 

rotating ring disk voltametric measurements (RRDE) have been performed. 

A fixed potential of 0.95V vs. RHE at the Pt ring electrode to reduce Cl2 was 

applied while scanning the disk electrode towards the CER region.60, 61 0.95 

V vs. RHE was chosen for Cl2 reduction from the following experiments. 

Firstly, the electrolyte (0.1 M HClO4 + 1 M NaCl) was purged with nitrogen 

gas and the cyclic voltammogram was recorded on a Pt electrode (black trace 

in Figure 4.15a).  
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Figure 4.15. (a) CV of Pt electrode in nitrogen (black trace) and oxygen (red 

trace) purged solution containing (0.1 M HClO4 + 1 M NaCl) as electrolytes 

(top panel). Chlorine evolution reaction (CER) and chloride reduction 

reaction (CRR) occurring on the same Pt electrode in nitrogen purged 

electrolytes (blue trace, bottom panel). (b) RRDE measurements of CER on 

TCCoPc, TNCoPc and CoPc catalysts in 0. 1 M HClO4 containing 1 M NaCl. 

The measurements were carried out in Ar-saturated solutions at an 

electrode rotation speed of 1600 rpm at a scan rate of 10 mV/s. Top panel 

indicates disk currents for CER. Bottom panel shows the corresponding ring 

current for Cl2 reduction obtained on a Pt ring electrode, whose potential 

was fixed at 0.95 V vs. RHE. 

Subsequently, the solution was purged with oxygen and the current 

response on the same Pt electrode for ORR was recorded (red trace, Figure 

4.15a). The ORR onset was found to be close to 0.7 V vs. RHE on Pt electrode 

in this electrolyte. The solution was again purged with nitrogen and scanned 

to a higher positive potential where CER occurred. As expected around 1.32 

(a)                                                          (b)

0.95V
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V vs. RHE an exponential rise in the current was seen and on reversing the 

scan, a reduction peak started appearing from nearly 1.44 V with a peak 

potential close to 1.2 V due to the reduction of Cl2 to Cl- (blue trace, Figure 

4.15a). Reading this together, at 0.95V vs. RHE, only Cl2 should get reduced 

and not O2. And the presence of ring current under this condition should 

primarily correspond to Cl2 reduction and not to ORR. Based on these 

experiments, a potential of 0.95 V vs. RHE was chosen for selective Cl2 

reduction without the complexity of ORR on the RRDE ring electrode. In the 

RRDE experiments, Figure 4.15b, an increase in the ring current was 

observed as soon as the disk current starts rising indicating that the Cl2 

generated at the disk was simultaneously getting reduced back at the ring. 

This confirms that oxygen generation is negligible, pointing to selective CER 

on these molecular electrocatalysts. 

 

Figure 4.16. Quartz crystal microbalance (QCM) profile during the 

adsorption of the molecules from a 0.5 mM solution of (a) CoPc, (b) TNCoPc 

and (c) TCCoPc in dimethyl formamide (DMF). Blue trace shows the 

frequency change during adsorption and the pink trace shows the mass 

change calculated using Saurbrey equation. Surface coverage () values of 

the molecules are provided in respective images. 

 

(a)                                                 (b)                                                 (c)
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Table 4.4. Surface coverage () values of CoPc, TNCoPc and TCCoPc 

molecules. 

 

To further show that this behavior is intrinsic to the molecules, CER 

was carried out by modifying the glassy carbon electrode with monolayers 

of CoPc, TNCoPc and TCCoPc molecules. To ensure successful formation of 

monolayer Quartz crystal microbalance studies (QCM) were performed 

(please refer to chapter 2, section 2.6, pages 60-61). Changes in mass during 

QCM studies indicate almost equal mass change for all the three molecules, 

Figure 4.16. The surface coverage values obtained according to Saurbrey 

equation are given in Table 4.4 for all the three catalysts. These values are 

close to the theoretically expected value of 1.1  10-10 mol/cm2 for a perfectly 

flat phthalocyanine monolayer indicating that the orientation of the 

molecules is nearly flat on the GC electrode surface.62, 63 When these 

monolayer modified electrodes were used as electrocatalysts for CER, 

TCCoPc molecule demonstrated higher activity over TNCoPc and CoPc 

molecules Figure 4.17 and the trends are analogues to the results in Figure 

4.14. 
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Figure 4.17. Linear sweep voltammetry curves for CER recorded at a scan 

rate of 10 mV/s in 0.1 M HClO4 solution containing 1 M NaCl with 

monolayers of CoPc, TNCoPc and TCCoPc molecules on a glassy carbon 

electrode. 

To further carry out the qualitative and quantitative analysis of Cl2 

formation with the catalysts, iodometric test and chronoamperometric 

method using RRDE were performed respectively.59, 64, 65 Although, it is 

possible to quantify the amount of Cl2 liberated with iodometric titration 

method, it does not give accurate results since some of the Cl2 gas may 

escape into the surroundings during the titration. Therefore, the iodometric 

test was performed in order to prove Cl2 gas is being generated by all the 

three catalysts. For this, chronoamperometry was carried out in a two-

compartment cell for 120 seconds (refer to chapter 2, section 2.4.3, page 58 

for details) and a few mL of the anodic electrolyte was transferred to a test 

tube containing an excess of KI solution as shown in Figure 4.18a. Initially 

the KI solution was colourless (test tube 1) but with addition of the Cl2 

containing electrolyte, it turned to yellowish brown in colour due to the 
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generation of triiodide ion (I3¯) according to the following equations (test tube 

2). 

Cl2 + 2 KI    ⇌    2 KCl + I2                     ……. (4.4) 

      I2 + I¯    ⇌    I3
¯                                       ……. (4.5) 

Following that, with the addition of hexane into the brown-coloured solution 

and after vigorously shaking it, two layers were observed getting separated 

which are the non-polar hexane layer on the top and the polar aqueous layer 

on the bottom (test tube 3). The non-polar layer gets a pink colouration as 

iodine is soluble in hexane, Figure 4.18a. This proves the presence of Cl2 in 

the anodic electrolyte. After this, quantification of the Cl2 gas by 

hydrodynamic technique was done. For each catalyst, Cl2 was estimated by 

performing RRDE chronoamperometry at a rotation speed of 100 rpm for 

500 seconds. The ring was biased at a constant potential of 0.95 V vs. RHE 

whereas the disk potential was fixed at 1.6 V vs. RHE. The amount of Cl2 

evolved or in other words the Cl2 selectivity was calculated according to the 

following equation: 

Amount of Cl2 (%) = 100 × 
2 × 𝑖𝐶𝐸𝑅 

𝑖𝑑 + 𝑖𝐶𝐸𝑅 
  ; where   ……. (4.6) 

                iCER =│
𝑖𝑟

𝑁
│                                              ……. (4.7) 

where, id, ir and N represent the disk current, ring current and collection 

efficiency respectively.59 It is seen that the Cl2 selectivity (%) is maximum 

for the TCCoPc catalyst giving a value of 93.7 ± 0.5 % whereas it is 92.2 ± 

0.9 % and 88.1 ± 0.4 % for the TNCoPc and the unsubstituted CoPc catalysts 
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respectively, Figure 4.18b, c and d. This is direct evidence that the amount 

of Cl2 produced is highest for the carboxy substituted cobalt phthalocyanine 

followed by nitro substituted and unsubstituted cobalt phthalocyanines at 

a fixed driving force of 1.6 V vs RHE. 

 

Figure 4.18. (a) Photographs of test tubes containing (1) only KI solution 

(colourless solution), (2) KI + anodic electrolyte (brown colour) and (3) KI + 

anodic electrolyte + hexane (pink layer and brown layer). 

Chronoamperograms of (b) TCCoPc, (c) TNCoPc and (d) CoPc catalysts 

measured by RRDE electrode in acidic media containing 1 M NaCl in an Ar-

saturated 0.1 M HClO4 electrolyte at an electrode rotation speed of 1600 

rpm. The potential of the disc was fixed at 1.6V vs RHE and that of Pt ring 

electrode was fixed at 0.95 V vs. RHE for Cl2 reduction. 
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As mentioned before, for oxidative electrocatalysis, oxidized Co 

species mediates the reaction in a complex sequence of events 66-68 and its 

enrichment in the TCCoPc in acidic medium (Figure 4.13) explains the 

higher activity of this electrocatalyst over the other. Further, the Tafel slope 

values on these electrocatalysts indicate a Volmer-Heyrovsky mechanism as 

explained before. Since the rate limiting Volmer step involves the adsorption 

of Cl¯ ion on to the active site, the higher positive charge of the metal centre 

should result in a more favourable interaction with the negatively charged 

Cl¯ ions. Based upon the Tafel slope and XPS data, the overall reaction was 

predicted to follow a Volmer-Heyrovsky mechanism as shown below, 

Co (III) + Cl‒ → Co-Cl* + e‒,     ……..   (Volmer step /Rate determining step) 

Co-Cl* + Cl‒ → Co-Cl2* + e‒ ,    ……..   (Heyrovsky step) 

Co-Cl2* → Co (III) + Cl2 

Taken together, this study suggests that in the domain of molecular 

electrocatalysis, the less obvious ligands can play indispensable roles by 

altering the EDL structure and this should be considered for the design of 

molecular platforms for challenging electrochemical transformations. 

 

4.3. Conclusion: 

A counter intuitive trend in electrocatalysis on the same catalytic 

metal center is demonstrated via the ability of the ligand functionality to 

undergo a proton charge assembly. Electrochemical analysis revealed that, 
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on the same catalytic entity, the carboxy functionalized ligand favoured the 

least Tafel slope, nearly 4 times higher exchange current density, 5 times 

higher turn-over frequency and a chlorine selectivity as high as 94% 

compared to unsubstituted ligand with a surprisingly higher activity than 

more aggressively electron withdrawing nitro functionalized ligands. XPS 

and UV-vis spectroscopy in combination with electrochemical analysis show 

the unexpected oxidative activation of the catalytic entity in carboxy 

functionalized ligand via proton charge assembly that in turn accelerates 

the overall CER process. This demonstration of less obvious ligand 

becoming indispensable in electrocatalysis via their ability to alter the EDL 

structure, suggest that a blind designing of the ligand by considering solely 

their inductive effect in the spectrochemical series will prevent the 

utilization of the maximum potential of the molecule in electrocatalysis. 
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ABSTRACT: This Chapter discusses how a ligand functionality that 

do not exhibit any redox activity, elevate the charge storage capability of 

the electric double layer via a proton charge assembly. The non-redox 

active carboxy ligand compared to the unsubstituted ligand demonstrated 

nearly 4 times elevated charge storage, impressive capacitive retention 

even at 900C rate and ~2 times lowered leakage currents with an 

enhancement in energy density up to ~70% via a non-electrochemical 

route of proton charge assembly. Generalizability of these findings are 

presented with various non redox active functionalities that can undergo 

proton charge assembly in the ligand. Contrary to conventional beliefs, this 

demonstration of non-redox active functionalities enriching the super 

capacitive charge storage via proton charge assembly contributes to the 

rationale design of ligands for energy storage applications. 
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5.1. Introduction: 

This Chapter elucidates the role of the nature of ligands in 

electrochemical charge storage. In the previous Chapter, it is demonstrated 

that a non-electrochemical -COOH functionality tunes the kinetics of 

oxidative electrocatalysis via extensive proton charge assembly. In this 

Chapter, this ability to undergo a proton charge assembly is exploited for 

improving the charge storage in organic supercapacitors. Amidst the 

pressing need to address the escalating global energy demands and rapid 

industrialization, significant attention is focused on developing high-power, 

and high-energy-density energy storage/conversion devices.1-7 In these 

contexts, electrochemical capacitors, or supercapacitors, have emerged as 

particularly promising candidates due to their superior power density, long 

lifetime and high cyclic stability in comparison to secondary batteries.8-11 

These electrochemical capacitors (ECs) can bridge the power-energy trade-

off between batteries (high energy) and traditional dielectric capacitors (high 

power).12-16 Supercapacitors are majorly classified into two categories; 

electrical double layer capacitors (EDLC) and pseudocapacitors. The EDLC 

operates by the non-Faradaic separation of charges at the electric double 

layer, whereas the pseudocapacitors majorly involve surface confined 

Faradaic redox reactions. EDLC-type materials such as activated carbon or 

carbon nanotube undergo reversible adsorption/desorption of electrolyte 

ions at the electrode-electrolyte interface during charging/discharging. This 

process is solely dependent on the active surface area of the electrodes, and 

since the charge storage mechanism depends only on the physical 
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reorientation of ion charge assembly at the interface, the energy density is 

much lower in EDLCs, as compared to pseudocapacitive materials. As 

mentioned earlier, the charge storage mechanism of pseudocapacitive 

materials primarily involve surface limited redox reactions.17-20 Typically, 

during the process of charging/discharging, there will be a change in the 

redox state of the species involved, that in turn demand 

intercalation/deintercalation of counter ions.21-23 Therefore, materials that 

can exhibit multiple redox transitions are often preferred in developing high 

energy density capacitor device. This conventional wisdom that multiple 

redox transition within the electrode has a direct link with the attainable 

energy density is affirmed by the classical demonstrations of charge storage 

in electrode materials including RuO2, NiO, Co3O4, MnO2, conducting 

polymers etc., and they all exhibited very high charge storage capability in 

their available potential window.24-28 

In this chapter it is shown that for developing high energy 

supercapacitors, redox activity is not quintessential at least in the domain 

of molecular systems and even functionality without any capability for 

Faradaic redox transitions, can indeed enrich their energy storage 

capability. Our investigation with molecular systems containing 

functionalities like -COOH/NH2 that do not exhibit any redox activity in the 

available potential window, elevate the charge storage capability nearly by 

four times with impressive performance metrics compared to non-

functionalized ligands. Various physico chemical analyses affirmed that, it 

is the proton charge assembly on the electrode which contribute to 
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screening of repulsive interactions of the anions leading to dense anion 

storage within the EDL. 

5.2. Results and Discussions: 

 

Scheme 5.1. Molecular structures of unsubstituted metal phthalocyanine 

(MPc) and tetra carboxy substituted metal phthalocyanine (TCMPc), where 

M = Co, Ni, Cu. 

In the previous chapter, how the proton charge assembly can 

modulate the electrocatalytic behavior of Co based phthalocyanines via the 

modulation of the surface charge of the molecules was explored.29 It is 

anticipated that this kind of proton charge assembly on the molecule should 

increase the local density of anions residing in the electric double layer, 

which in turn should make these molecules a suitable platform for charge 

storage applications. Specifically, in this chapter, it is shown how the 

functionalization of the ligand with non-redox active functionalities like -

COOH/NH2 can make the metal phthalocyanine molecule a potential 

platform for supercapacitive charge storage with enhanced energy and 

CoPc TCCoPcMPc TCMPc
where M = Co, Ni, Cu
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Figure 5.1. (a-b) Matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF), (c) FT-IR and (d) Raman spectra of CoPc 

and TCCoPc molecules. 

power capability. To demonstrate this, cobalt (II) phthalocyanine (CoPc) and 

tetracarboxycobalt (II) phthalocyanine (TCCoPc) molecules were initially 

used. It is to be noted that -COOH functionality cannot exhibit any redox 

activity in the available potential window in aqueous medium. For a deeper 

analysis, tetraaminocobalt (II) phthalocyanine (TACoPc), tetranitrocobalt (II) 

phthalocyanine (TNCoPc), copper (II) phthalocyanine (CuPc) and 

tetracarboxycopper (II) phthalocyanine (TCCuPc) molecules were also used. 
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Table 5.1. Allotment of spectral peaks observed in the Raman spectra of 

CoPc and TCCoPc. 

   

 

Figure 5.2. (a) UV-visible spectra, (b) 1H NMR spectra of CoPc and TCCoPc 

molecules. HRTEM images along with elemental mapping of (c) CoPc and (d) 

TCCoPc molecules. 
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The molecules were first synthesized and characterized (please refer to 

chapter 2, section 2.2.1-2.2.3, pages 50-53 for details) and the structures 

of the unsubstituted and carboxy substituted molecules are as shown in 

Scheme 5.1. 

5.2.1. Characterisation of CoPc, TCCoPc, TNCoPc, TACoPc, CuPc and 

TCCuPc. 

Briefly, the matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF) demonstrated the parent ion peaks at m/z 

value of 571 and 746 for CoPc and TCCoPc respectively, ensuring their 

successful formation (Figure 5.1a, b). Fourier transform infrared 

spectroscopy (FTIR) exhibited peaks at 1110, 1280, 1411 and ~1640 cm-

1 corresponding to υ C-H, υ C-C, υ C-N and υ C=C macrocyclic ring vibration 

respectively. Phthalocyanine skeletal vibrations are observed at 724, 872, 

913 and 1083 cm-1.30-37 The peak at 1700 cm-1 in TCCoPc corresponds 

to υ C=O of the -COOH group, (Figure 5.1c). Raman spectra of both the 

molecules provided characteristic Raman shifts as detailed in (Figure 5.1d) 

and Table 5.1 which confirms successful formation of both the molecules. 

UV-visible spectra demonstrated the characteristic phthalocyanine bands 

such as B band and Q band for both the molecules (Figure 5.2a). Q-band 

was found to be red shifted in the case of the TCCoPc molecule than the 

CoPc molecule signaling that this band has more ligand characteristics.30-

35 This is further attributed to comparatively extensive electron 

delocalization in case of the TCCoPc molecule. 1H NMR of these molecules 

further confirm the successful formation of these molecules, Figure 5.2b. 
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TCCoPc showed 1H NMR peaks at 8.3 ppm, 9.37 ppm, 10.22 ppm and 12.48 

ppm corresponding to four types of H atom. The broad peak at 12.48 ppm 

corresponds to the acidic proton. CoPc on the other hand demonstrated 

peaks at chemical shift values of 8.29 ppm and 9.47 ppm indicating the 

presence of only two different types of protons in it, Figure 5.2b.  The 

morphology of the molecules was analyzed with the help of high-resolution 

transmission electron microscopy (HRTEM). The TEM images show rod like 

morphology for the CoPc molecule and sheet like morphology for the TCCoPc 

molecules, Figure 5.2c-d, indicating a difference in the way the molecule 

self-assemble. The morphology of CoPc is found to be mostly nanowire in 

nature in the literature.38, 39 A similar nanowire kind of morphology for the 

CoPc system was also observed (Figure 5.2c). However, for TCCoPc system, 

the morphology was found to be sheet like and aggregated (Figure 5.2d). 

This may be because of the presence of intermolecular H-bonding between 

the -COOH groups in this molecule. In these lines, a randomly aggregated 

morphology was reported in the literature for carboxy substituted cobalt 

phthalocyanine.33, 36, 40-41 Elemental mapping was further carried out to 

understand the composition of the molecules. CoPc showed a homogenous 

distribution of carbon, nitrogen and cobalt whereas TCCoPc demonstrated 

a uniform distribution of carbon, nitrogen, cobalt and oxygen, Figure 5.2 c 

and d respectively. The characterization of the nitro substituted cobalt 

phthalocyanine (TNCoPc), amino substituted cobalt phthalocyanine 

(TACoPc), unsubstituted copper phthalocyanine (CuPc) and carboxy 

substituted copper phthalocyanine (TCCuPc) molecules are demonstrated 

in Figure 5.3. 
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Figure 5.3. (a-d) MALDI-TOF, (e) UV-visible and (f) Raman spectra of 

TACoPc, TNCoPc, CuPc and TCCuPc molecules. 

 

5.2.2. Self-assembled monolayer studies. 
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assembly process. To ensure a proper formation of the monolayer, quartz 

crystal microbalance (QCM) studies were carried out. It has been observed 

that the value of surface coverage (obtained with the help of Saurbrey’s 

equation) is in line with reported values for a flat monolayer, Figure 5.4 

(please refer to chapter 2, section 2.6, pages 60-61 for details).42-44  

 

Figure 5.4. Quartz crystal microbalance (QCM) measurement data of CoPc 

and TCCoPc molecules on a quartz resonator (carbon coated) during the 

adsorption of the molecules. (a) CoPc (0.5 mM) and (b) TCCoPc (0.5 mM) in 

dimethyl formamide (DMF). Green trace corresponds to the frequency 

change during adsorption and the orange trace corresponds to the mass 

change calculated using Saurbrey equation. Surface coverage () values of 

the molecules are provided in each graph. 

The surface coverage values were 9.1210-11 mol/cm2 and 8.0210-11 

mol/cm2 for CoPc and TCCoPc molecules suggesting the electrode is 

modified with almost similar number of molecules. Following this, the cyclic 

voltammograms were recorded for the monolayer modified glassy carbon 

electrodes in 0.5 M H2SO4 solution. Though, both the molecules have similar 

number of redox active centers, on functionalization with a non-redox active 

-COOH functionality, the double layer current was found to be noticeably 
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enhanced, Figure 5.5a. The galvanostatic charge discharge data (Figure 

5.5b) also indicate that the TCCoPc molecule has a much higher charge 

storage capability than the unsubstituted CoPc molecule. 

 

Figure 5.5. (a) Cyclic voltammogram of CoPc and TCCoPc molecules 

adsorbed as monolayer on a GC electrode at a scan rate of 5 mV/s. (b) 

Galvanostatic charge discharge of CoPc and TCCoPc molecules adsorbed as 

monolayer on a GC electrode at 0.1 mA/cm2. 

 

5.2.3. Characterisation of CoPc and TCCoPc composites with YP-50. 

After ensuring their pristine behavior in acidic medium, composites 

of these molecules with YP-50 porous carbon support were made, in order 

to check their application in real life supercapacitor devices. The composites 

were synthesized with the help of reported procedure (please refer to chapter 

2, section 2.2.5, page 54). They were characterized by various 

physicochemical techniques to confirm their successful formation. The 

Raman and FT-IR spectra demonstrated the respective phthalocyanine 

features, although they were suppressed because of the presence of the 

carbon material, Figure 5.6. In order to check the homogenous distribution 
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of all the elements in the YP-50 composites, elemental analysis as well as 

EDX mapping was carried out (Figure 5.7), which confirm homogenous 

distribution of the corresponding elements on YP-50 in both the composites. 

 

Figure 5.6. (a) Raman spectra of YP-50, CoPc@YP-50 and TCCoPc@YP-50 

composite systems and (b) FT-IR spectra of YP-50, CoPc@YP-50, 

TCCoPc@YP-50 composite systems along with pristine CoPc and TCCoPc 

molecules. 

 

 

Figure 5.7. HRTEM image along with elemental mapping and EDX of (a) 

CoPc@YP-50 and (b) TCCoPc@YP-50 composite systems. 
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5.2.4. Electrochemical analysis for three electrode configurations. 

After successfully confirming the formation of the composites, their 

electrochemical behavior was monitored in 0.5 M H2SO4 solution. The ratio 

of YP-50 to phthalocyanine molecule was optimised and a ratio of 2:1 (YP-

50 to phthalocyanine) was found to furnish the highest capacitance. The 

data for different weight ratios along with their capacitance is shown in 

Figure 5.8 and Table 5.2 (please refer to chapter 2, section 2.9.1, pages 64-

65 for details). The alterations in capacitance with respect to the weight ratio 

of individual counterparts in the composite electrode is attributed to the 

interplay between electronic conductivity of the composite electrode and the 

availability of phthalocyanine molecules for charge storage. It should be 

 

Figure 5.8. (a-c) Cyclic voltammetry at a scan rate of 5 mV/s and (d-f) 

galvanostatic charge-discharge profiles (at 1 A/g rate) for 1:1 (YP-50 to 

CoPc/TCCoPc), 2:1 (YP-50 to CoPc/TCCoPc) and 4:1 (YP-50 to 

CoPc/TCCoPc) weight ratio composition. 
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Table 5.2. Specific capacitance for different weight ratios of CoPc and 

TCCoPc composites with YP-50. The parameters are extracted from Figure 

5.8. 

 

noted that the phthalocyanine molecules have a lower electronic 

conductivity than carbon-based materials.45, 46 With surplus amount of YP-

50 (4:1 ratio), the number of phthalocyanine molecules accessible for charge 

storage decreases that in turn leads to lower capacitance. Similarly, when 

the amount of phthalocyanine is increased as in 1:1 ratio, the overall 

capacitance decreases because of lowering of the electronic conductivity of 

the composite system. The enhanced capacitance in the 2:1 ratio composite 

system could be due to the overall enhancement in the electronic 

conductivity coupled with the sufficient availability of phthalocyanine 

molecules for charge storage. The double layer current obtained from the 

cyclic voltammograms was found to be nearly 4 times enhanced for the 

TCCoPc molecule than that of the CoPc (Figure 5.9a) which is almost in line 

with the monolayer data, Figure 5.5a. The scan rate dependance study 

ranging from 5 mV/s to 100 mV/s with all the three systems are shown in 

Figure 5.9b-d. The calculated specific capacitance (Csp) from the cyclic 

voltammograms at various scan rates, suggest the maintenance of high 

capacitance by TCCoPc than CoPc at all the studied scan rates, Figure 5.10. 
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Figure 5.9. (a) Cyclic voltammograms (CVs) for the composite electrodes 

with YP-50 at a scan rate of 5 mV/s. (b-d) Cyclic voltammograms at various 

scan rates from 5 mV/s to 100 mV/s for YP-50, CoPc@YP-50 and 

TCCoPc@YP-50 respectively. 

 

Figure 5.10. Rate profile extracted from the cyclic voltammograms at 

various scan rates from 5 mV/s to 100 mV/s for YP-50, CoPc@YP-50 and 

TCCoPc@YP-50. 

0.0 0.2 0.4 0.6 0.8

−10

−5

0

5

10

15
 TCCoPc@YP-50

 CoPc@YP-50

 YP-50

Potential (V vs. RHE)

C
u

rr
en

t 
(A

/g
)

0.0 0.2 0.4 0.6 0.8

−68

−45

−23

0

23

45

68

C
u

rr
en

t 
(A

/g
)

Potential (V vs. RHE)

TCCoPc@YP-50

 5 mV/s

 100 mV/s

0.0 0.2 0.4 0.6 0.8
−24

−16

−8

0

8

16

C
u

rr
en

t 
(A

/g
)

Potential (V vs. RHE)

YP-50

 5 mV/s

 100 mV/s

0.0 0.2 0.4 0.6 0.8

−20

−10

0

10

20

Potential (V vs. RHE)

C
u

rr
en

t 
(A

/g
)

CoPc@YP-50

 5 mV/s

 100 mV/s

(a)  (b)   

(c)  (d)   

0.00 0.02 0.04 0.06 0.08 0.10
0

200

400

600

800
 TCCoPc@YP-50

 YP-50

 CoPc@YP-50

Scan rate (V/s)

C
sp

 (
F/

g)



Chapter 5 

 

Ph.D Thesis, Sanchayita Mukhopadhyay, 2023                        P a g e  | 165 

 

Figure 5.11. (a) Faradaic and capacitive contributions extracted from the 

CVs for (a) TCCoPc and (b) CoPc respectively. Inset shows their percentage 

contributions at different potentials. 

 

Figure 5.12. (a-c) Cyclic voltammograms of CoPc and TCCoPc from 0.5 

mV/s to 0.1 mV/s. Histogram plots demonstrating the percentage of 
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capacitive and diffusional contributions at 0.5 mV/s, 0.25 mV/s and 0.1 

mV/s scan rates for (d-f) TCCoPc and (g-i) CoPc molecules. 

 

In order to check the contribution of pseudocapacitance to the overall 

capacitance, the Faradaic and capacitive contributions were extracted from 

the cyclic voltammograms (please refer to chapter 2, section 2.10, page 66 

for details). Figure 5.11 show that the capacitive contribution is 

predominant for the TCCoPc molecule as compared to the CoPc molecule 

even in the potential range of 0.3 V - 0.5 V where Faradaic redox peaks 

appear for both the molecules. Even at low scan rates from 0.5 mV/s to 0.1 

mV/s, the capacitive contribution dominated the charge storage as 

compared to the Faradaic contribution in CoPc as well as TCCoPc (Figure 

5.12). Galvanostatic charge-discharge (GCD) study with these molecules at 

various current densities ranging from 1 A/g to 10 A/g as can be seen from 

Figure 5.13 demonstrate that the TCCoPc molecule is excelling the CoPc 

molecule in terms of rate capability (Figure 5.13a). The specific capacitance 

(Csp) values were extracted from these GCD studies (please refer to chapter 

2, section 2.9.1, page 65 for calculations) and they were found to be in line 

with scan rate dependent studies. The TCCoPc molecule was found to 

maintain a higher value of capacitance over the CoPc molecule at all the 

studied rates, Figure 5.14. Table 5.3 compiles the specific capacitance of all 

the systems at 5 mV/s and 1 A/g which suggest that functionalization by a 

non-redox active -COOH functionality enhances the double layer charge 

storage significantly. 



Chapter 5 

 

Ph.D Thesis, Sanchayita Mukhopadhyay, 2023                        P a g e  | 167 

 

Figure 5.13. (a) Galvanostatic charge-discharge for the composite 

electrodes with YP-50 at a current rate of 1A/g. (b-d) Galvanostatic charge-

discharge profiles at various rates for YP-50, CoPc@YP-50 and TCCoPc@YP-

50 respectively. 

 

Figure 5.14. Rate profile extracted from the cyclic voltammograms at 

various scan rates from 5 mV/s to 100 mV/s for YP-50, CoPc@YP-50 and 

TCCoPc@YP-50. 
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Table 5.3. Specific capacitance (Csp) extracted from the cyclic 

voltammogram at 5 mV/s and galvanostatic charge-discharge at 1 A/g for 

YP-50, CoPc@YP-50 and TCCoPc@YP-50 composites. 

 

 

5.2.5. Surface charge analysis. 

In order to rule out the possibility of factors like wettability and 

surface area of the composite electrodes (CoPc@YP-50 and TCCoPc@YP-50) 

contributing to charge storage, these parameters were extracted by BET 

surface area and contact angle measurements. The surface area extracted 

from the N2 adsorption isotherm was found to be 1029 m²/g, 1014 m²/g and 

1682 m²/g for CoPc@YP-50, TCCoP@YP-50 and YP-50 respectively (Figure 

5.15a), suggesting that both the composite electrodes have almost similar 

surface areas which are lower than that of pure YP-50. This is expected as 

the pores on YP-50 may get blocked while forming composites with 

phthalocyanine molecules. Figure 5.15b shows the pore size distribution for 

the composites and it was also found to be falling in a similar range. The 

pore volume for CoPc@YP-50 and TCCoPc@YP-50 were found to be 0.449 

cc/g and 0.427 cc/g respectively, suggesting that these parameters are 
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Figure 5.15. (a) BET N2 adsorption isotherm along with (b) Pore size 

distribution plot by DFT method extracted from BET analysis for CoPc@YP-

50 and TCCoPc@YP-50. (c) Contact angle measurement for YP-50, 

CoPc@YP-50 and TCCoPc@YP-50 electrodes. 
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Figure 5.16. (a) UV-visible spectra for CoPc and TCCoPc molecule with and 

without acid treatment. (b) Cyclic voltammograms for 5 mM [Ru (NH3)6]2+ in 

0.5 M H2SO4 medium collected at a scan rate of 20 mV/s with CoPc and 

TCCoPc molecules. (c) Zeta potential measurement for CoPc and TCCoPc 

molecules in acidic medium. 

almost similar in range for the composite materials. Figure 5.15c 

demonstrate both the composite molecules exhibit similar wettability. Taken 

together, wettability and surface area cannot be responsible factors for the 

alterations in the double layer current as shown in Figure 5.9. 

To understand what could be the reason for the TCCoPc molecule to 

show better charge storage than the CoPc molecule, UV-Visible acid titration 

was carried out as shown in Figure 5.16a. It was observed that after addition 

of the same concentration of acid into the DMSO solution containing the 

molecules, the Q-band got significantly red shifted for the TCCoPc molecule 

than CoPc molecule. The red-shift in the Q-band is an indication of 

protonation of the molecule.47-51 So, these results suggest that the extent of 

protonation is more pronounced for TCCoPc molecule than for the 

unsubstituted CoPc molecule. To substantiate this claim and to verify the 

nature of this surface charge, cyclic voltammograms of these two molecules 

were recorded in the presence of positively charged [Ru (NH3)6]3+/ [Ru 

(NH3)6]2+ redox probes in acidic medium. With the positively charged redox 

species in the medium, a relative decrease in current was observed for the 

TCCoPc molecule, suggesting electrostatic repulsion at play in the 

interfacial region, Figure 5.16b. To further verify this, Zeta potential 

measurements in presence of acid were performed and it suggest the surface 
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charge of TCCoPc molecule is more positive than CoPc (Figure 5.16c) in 

acidic medium. 

 

Figure 5.17. N1s and O1s XPS analysis of CoPc and TCCoPc with and 

without acid treatment. 

Table 5.4. XPS analysis of CoPc and TCCoPc with and without acid 

treatment. 

 

To unambiguously confirm this, XPS spectra of the molecules were 

recorded (Figure 5.17), which shows a significantly upshifted O1s binding 

energy (BE) in TCCoPc molecule upon acid treatment. N1s spectra in both 

the molecules demonstrated an upshift in BE on acid treatment, however, 
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the shift is much more pronounced in TCCoPc molecule than the 

unsubstituted molecule, Table 5.4.52-57 It should be noted that the peak 

intensity of -C=N increased noticeably after the protonation, Figure 5.17. 

Generally, the peak intensity in the XPS spectra is related to the surface 

concentration of the species in question and it gives information about how 

much of that species is exposed at the surface. There are studies where the 

increase in intensity of a certain peak in the XPS spectra is attributed to the 

higher surface exposure of that species.58-60 Thus, the increase in the peak 

intensity of C=N after protonation is attributed to its dominant surface 

exposure after the proton charge assembly. This behaviour is observed 

consistently in CoPc as well as TCCoPc molecules.  Nevertheless, Co-N peak 

intensity did not demonstrate this intensity variation as this N is deeply 

embedded in the macrocyclic ligand. 

To further prove that it is proton charge assembly contributing to 

enhanced charge storage, the performance of substituted CoPc with 

functionalities like -NH2 which can also undergo protonation without 

exhibiting any redox activity was evaluated. As expected, the cyclic 

voltammograms suggest that tetraamino substituted CoPc (TACoPc) 

demonstrates an enhanced charge storage than unsubstituted CoPc with 

the former molecule exhibiting charge storage values almost similar to that 

of TCCoPc molecule, Figure 5.18a. The pH of the electrolyte (0.5 M H2SO4) 

was measured to be 0.2. The pKa values of aromatic Ph-COOH is ~4.2 and 

Ph-NH2 is ~4.6.61-63 According to Henderson-Hasselbalch equation, it is 

known that if the pKa of a compound is higher than the pH of the solution 
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Figure 5.18. Comparative cyclic voltammograms at a scan rate of 5 mV/s 

in 0.5 M H2SO4 medium for (a) CoPc, TACoPc and TCCoPc molecules, (b) 

CoPc, TNCoPc and TCCoPc molecules and (c) CuPc and TCCuPc molecules. 

 

Table 5.5. Specific capacitance (Csp) extracted from the cyclic 

voltammogram at 5 mV/s for CoPc, CuPc, TCCoPc and TCCuPc molecules. 
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where it is present, it will exist in its protonated form.64 Therefore, since the 

pKa of both the amino substituent and carboxy substituent are more than 

pH of 0.5 M H2SO4 medium (pH is nearly 0.2), both the functionalities 

should have a proton charge assembly in this medium. Further, a nitro 

functionality which may not undergo protonation like TACoPc/TCCoPc 

demonstrated almost similar double layer features like unsubstituted CoPc 

molecule, Figure 5.18b. On changing the central metal ion from Co to Cu, a 

similar disparity in double layer features were evidently present between -

COOH functionalized ligand and unsubstituted ligand, which in turn 

indicates that this enhanced double layer charge storage majorly stems from 

the ligand, Figure 5.18c and Table 5.5. All these indicate that the proton 

charge assembly in the ligand on functionalization with non-redox active 

functionality like -COOH and -NH2 is extensive than unsubstituted ligand 

that in turn make the former ligands without any additional redox active 

 

Scheme 5.2. Schematic illustration of proton charge assembly in CoPc and 

TCCoPc molecules in acidic medium. 

CoPc TCCoPc
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functionality a potential platform for charge storage applications. Based on 

these, a schematic representation for the proton charge assembly in CoPc 

and TCCoPc is provided in Scheme 5.2. It is assumed that in an ideal 

situation TCCoPc can hold up to 8 protons which will be twice as that on 

unsubstituted CoPc (4 protons), Scheme 5.2. It is to be noted that, the redox 

peaks in the CV curve of TACoPc (Figure 5.18a) corresponds to the Faradaic 

reactions of the metal centre and phthalocyanine ligand as shown below: 

               

The redox peak at lower potential range is attributed to equation 5.1 and 

equation 5.3, whereas the redox peak at higher potential is attributed 

equation 5.2.65, 66 However, for TCCoPc only a broad redox peak pair was 

observed, Figure 5.18a, which is attributed to merging of redox peaks 

corresponding to equations 5.1-5.3. Although, the reason for this behaviour 

between TCCoPc and TACoPc is unclear at the moment, it is believed it has 

something to do with the nature of the intermolecular interactions in 

TACoPc and TCCoPc molecules. To figure out the contribution of proton 

charge assembly specifically to pseudocapacitance, the Faradaic 

contributions for TCCoPc as well as CoPc were compared in the potential 

range from 0.3 V to 0.5 V where metal-nitrogen redox transition is observed, 

Figure 5.9a. Figure 5.19 shows that at 0.4 V, the pseudocapacitance is 

almost similar in magnitude for TCCoPc and CoPc molecules. The capacitive 
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and diffusional contributions, further suggest that the non-Faradaic 

contributions in the voltage range of 0.3 V to 0.5 V are noticeably enriched 

in TCCoPc compared to CoPc as shown in Figure 5.19. All these indicate 

that the proton charge assembly does not influence the Faradaic 

contribution noticeably, however, it majorly contributes to non-Faradaic 

capacitance. 

 

Figure 5.19. Histogram plot showing (a) Faradaic and non-Faradaic 

contributions with respect to total specific capacitance for CoPc and TCCoPc 

at 0.4 V. The percentage contribution of Faradaic and non-Faradaic 

capacitance in (b) TCCoPc molecule and (c) CoPc molecule. 

 

5.2.6. Electrochemical analysis for two electrode configurations. 

To demonstrate a practical supercapacitor device, a two-electrode 

asymmetric device architecture using the composite electrodes and 

activated carbon (AC) as the positive and negative electrodes respectively 

have been assembled. The two-electrode fabrication procedure is explained 

in chapter 2, section 2.4.4, pages 58-59. Cyclic voltammetry and 

galvanostatic charge–discharge measurements, (Figure 5.20a and 5.20b), 

using the two-electrode configuration suggest an enhanced charge storage 
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Figure 5.20. (a) Cyclic voltammogram of a two-electrode split cell in 

asymmetric configuration with TCCoPc and CoPc as (+) electrodes and 

activated carbon as (−) electrodes. (b) Galvanostatic charge–discharge 

profiles of the device. 

 

Figure 5.21. (a) Comparison of specific capacity of all the three composite 

electrodes at a current rate of 1A/g and (b) Galvanostatic charge discharge 

of TCCoPc/AC at various rates. 

in TCCoPc system than unsubstituted CoPc as demonstrated in the case of 

three-electrode systems. The rate capability and cycling tests with the 

TCCoPc/AC two electrode device was carried out as it is the best performing 

system. Specific capacity and GCD measurements demonstrate the 

excellent charge storage capability of the TCCoPc/AC device, Figure 5.21. 
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Figure 5.22. (a) Capacity retention plot for the TCCoPc/AC split cell with 

increasing C rates. The rate is brought back to 8C after cycling it up to a 

high rate of 900C. (b) Specific capacitance and coulombic efficiency of the 

split cell with TCCoPc/AC system over 10,000 cycles at a rate of 257 C (20 

A/g). (c) Ragone plots for the asymmetric two-electrode split cell. (d) Nyquist 

plots and (e) Bode plots for YP-50, CoPc@YP-50 and TCCoPc@YP-50 

electrodes. at 0 V vs. OCV.  (f) Plot of the imaginary part of capacitance (C′′) 

vs. frequency acquired in the frequency range of 100 kHz to 5 mHz with a 

10 mV (peak to peak) AC excitation signal at the open circuit voltage (OCV). 
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The rate capability analysis with TCCoPc/AC device show stability 

even at a very high current rating of 900C (50 A/g), while maintaining a 

capacity of 270 F/g (please refer to chapter 2, section 2.9.2, page 65 for 

calculation). The device demonstrated swift returning to almost its original 

performance when the current rating is lowered to 8C, without 

compromising its initial capacity, Figure 5.22a. The long-term cycling at a 

current rate of 20 A/g for the TCCoPc molecule demonstrated a stable profile 

and a capacity retention of nearly 99.5% even after 10,000 cycles, Figure 

5.22b. The Ragone plot, suggest that functionalization by a non-redox active 

functionality like -COOH group can dramatically influence the charge 

storage, by enhancing the energy density without compromising their power 

capability, Figure 5.22c (please refer to chapter 2, section 2.9.2, page 65 for 

calculation). Electrochemical impedance spectroscopy (EIS) with the 

composite electrodes (in a three-electrode configuration) and the 

corresponding Bode plot reveal a high frequency resistive to capacitive 

switching in TCCoPc@YP-50, however this switching occurs at a lower 

frequency in CoPc@YP-50, (Figure 5.22d and e). These further reflect the 

superior supercapacitor characteristics of TCCoPc over the CoPc molecule. 

From the frequency corresponding to the maximum of the imaginary part of 

the capacitance (C”) in the C" versus frequency plot, which generally reflects 

the transition boundary between purely capacitive and purely resistive 

behavior,18, 67-71 the knee frequency (fo) reflecting the power capability of a 

supercapacitor was extracted, (Figure 5.22e and f). The fo was highest for 

TCCoPc (49 Hz) molecule than unsubstituted CoPc (10 Hz) and YP-50 (3 Hz), 

suggesting the higher power capability of the former molecule. The 
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relaxation time which is the inverse of the knee frequency (τ0=1/fo) 

indicating the minimum time required to fully discharge the capacitor was 

shorter for the TCCoPc molecule than CoPc molecule, Figure 5.22f and Table 

5.6 (please refer to chapter 2, section 2.11, pages 66-68 for details). The 

TCCoPc system as compared to the unsubstituted system demonstrated a 

remarkably lowered self-discharge rates and leakage currents, Figure 5.23 

and Table 5.7 (chapter 2, section 2.11, pages 66-68).  

Table 5.6. Knee frequency and relaxation time for YP-50 and its composite 

electrodes determined using the electrochemical impedance spectroscopy 

(EIS) method. 

 

 

Figure 5.23. Self-discharge profiles of YP-50, CoPc@YP-50 and 

TCCoPc@YP-50 in a three-electrode configuration. 
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Table 5.7. Self-discharge current and leakage current values extracted from 

Figure 5.23. 

 

 

Scheme 5.3. Photographs showing the architectural components of the 

supercapacitor along with the assembled device powering a 2 V LED. 

Practical viability of the device is demonstrated by powering a 2 V LED 

by a series of configuration of the asymmetric capacitor, Scheme 5.3. To 

position the work with respect to the literature, the results obtained with 

molecules containing non-redox active functionalities were compared with 

various phthalocyanine molecules-based supercapacitors. As shown in 

Table 5.8, the performance metrics of molecule-based supercapacitors can 

be noticeably enhanced with a non-redox active functionality that can 

Assembled device powering a 2V LED

Electrode (+) electrode (-) electrodeComposite electrode
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undergo a non-Faradaic proton charge assembly. Taken together, the 

approach detailed here shows that EDL structure can be altered by a non-

redox active functionality via a non-Faradaic proton charge assembly that 

in turn can be exploited for designing ligands for potential molecule-based 

supercapacitor devices. 

Table 5.8. Comparison of specific capacitance, specific energy and specific 

power of different phthalocyanine based supercapacitors (in three electrode 

configurations). 

 

 

5.3. Conclusion: 

In this Chapter, how the nature of the ligand enhances the 

supercapacitive energy storage is demonstrated. It is shown that, a non-

redox active substituent can alter the population of anions in the electric 

double layer (EDL) via a proton charge assembly over the molecule. It was 

observed that the double layer charge storage was enhanced for the 
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carboxylic substituted as well as the amine substituted molecules almost to 

similar magnitudes compared to unsubstituted ligand. However, for the 

nitro substituted molecule, the double layer storage was not elevated 

compared to unsubstituted ligand. Various physicochemical analyses 

indicate that -COOH and -NH2 groups can undergo extensive proton charge 

assembly in acidic medium. This in turn leads to a higher local density of 

anions in EDL that in turn enhance the energy density of the supercapacitor 

device without compromising the power capability. This concept of a non-

redox active functionality contributing to super capacitive charge storage 

via a non-electrochemical proton charge assembly can be harnessed for the 

design of ligands for charge storage applications. 
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ABSTRACT: This chapter demonstrates how the ligand functionality 

influences the reaction mechanism in the oxygen reduction reaction. 

Typically, ORR with metal phthalocyanines in an aqueous medium follows 

either a 2-electron or a 4-electron pathway, resulting in peroxide or water 

as the main products, respectively. However, the unique combination of a 

cobalt central metal and a carboxy-functionalized ligand (TCCoPc) leads to 

an unexpected 1-electron ORR, forming superoxide in aqueous medium. 

Various analyses including hydrodynamic voltammetric techniques, 

indicate the formation of superoxide ion with TCCoPc molecule. Moreover, 

this 1-electron ORR phenomenon was not observed with other carboxy-

substituted transition metal phthalocyanines (Fe, Cu, and Ni), making it 

unique to the cobalt and carboxy combination. The actual reason for this 

distinctive result is still unclear and theoretical investigations, coupled 

with in-situ studies, are being pursued to elucidate the underlying reasons 

behind this novel result. 

 

Declaration: The work in this chapter is original and has not yet been 

published anywhere. (Manuscript under preparation) 

 

 

TCCoPc
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6.1. Introduction: 

The electrochemical reduction of oxygen (ORR) is ubiquitous in most 

of the electrochemical energy systems including fuel cells 1-6 and metal-air 

batteries.7-11 Molecular electrocatalysts such as metal phthalocyanines 

(MPcs) and metal porphyrins (MPs) are widely investigated towards ORR 

mainly because of their high degree of tunability of their electronic and 

geometric parameters.12-16 The first study on the catalytic activity of cobalt 

phthalocyanine (CoPc) for oxygen reduction reaction (ORR) dates back to 

1964 which was performed by Jasinski in alkaline medium.17 Following this 

work, extensive research on catalytic activity towards ORR for various 

metallophthalocyanine (MPc) derivatives containing different substitutes on 

the peripheral organic skeleton in both acidic and alkaline electrolyte has 

been conducted.18-28 Special attention has been directed toward Co and Fe 

based metal phthalocyanines in the context of oxygen reduction reaction 

(ORR) due to the high electrochemical activity of their respective central 

metal ions.29-33 Most studies indicate that Fe-N4 macrocyclic complexes 

could promote the reduction of oxygen to water via a 4 e- pathway whereas 

Co-N4 macrocyclic complexes could catalyze only hydrogen peroxide 

formation via a 2 e- pathway.34-37 In 1980, Zagal and coworkers examined 

the kinetics of ORR in both acid and alkaline solutions with the rotating 

ring-disk electrode technique by using monolayers of Co and Fe 

tetrasulfonate phthalocyanines (CoTSPc and FeTSPc) adsorbed on graphite 

surfaces and found that CoTSPc promotes the reduction process via two 

electrons to give peroxide whereas FeTSPc promotes a four-electron 
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reduction to give water.21 In 1992, the same group did a comparative study 

of various substituted cobalt phthalocyanines (CoPc, CoTsPc, CoMeOPc, 

CoTNPc) for O2 reduction in alkaline and acid media and observed that 

always it corresponds to a 2 e- reduction process.38 In similar lines, Janda 

et al., studied the mechanism of dioxygen reduction with a monolayer of 

tetra neopentoxy phthalocyaninato cobalt (II) and ended up with a 2 e- 

reduction process.27 Chen and coworkers in 2009, performed a detailed 

study on the mechanistic pathway of the ORR on CoPc and FePc in alkaline 

electrolyte through Koutecky–Levich and RRDE method and found nearly 4 

e- reduction of oxygen on FePc and around 2 e- reduction on CoPc.39 In the 

year 2012, Honda et al. reported two-electron reduction of O2 on a saddle-

distorted CoPc containing eight phenyl groups on the peripheral carbon 

rings.40 Apart from experimental evidence, ORR pathways on substituted 

CoPc and FePc were also investigated using DFT studies and the theoretical 

calculations corroborate it.41,42 For instance, in 2011, Sun and his group 

applied DFT for ORR and demonstrated CoPc reduces O2 to H2O2 whereas 

FePc doesn’t form any intermediate and directly reduces dioxygen to H2O as 

the eg orbital of FePc is higher than that of CoPc.43 In the following year, He 

et al. found that the O−O bond could be split on the Fe macrocyclic 

complexes but not on the Co macrocyclic complexes confirming the 4e- 

reduction route for Fe macrocyclic complexes whereas 2e- reduction route 

for Co macrocyclic complexes.44  

Therefore, all the above examples demonstrate that unsubstituted as 

well as substituted cobalt phthalocyanine always follow the 2 e- reduction 
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pathway for ORR in aqueous medium. We found for the first time a 1 e- 

pathway for ORR with formation of superoxide in alkaline medium with a 

carboxy substituted cobalt phthalocyanine. In order to understand whether 

this 1 e- ORR is unique to the carboxy functionality, we have synthesised 

different transition metal substituted carboxy phthalocyanines namely iron 

carboxy (TCFePc), nickel carboxy (TCNiPc) and copper carboxy (TCCuPc) 

phthalocyanine molecules and evaluated their ORR activity in alkaline 

medium. None of the metal carboxy molecules other than cobalt provided 

this surprising result. Thus, this novel result is because of combined effect 

of both central metal cobalt and carboxy ligand functionality. 

6.2. Results and Discussions: 

The primary aim of this Chapter is to explore, whether the nature of 

a ligand functionality influences the reaction mechanism or reaction 

kinetics with respect to a specific reaction pathway. To demonstrate this, 

cobalt (II) phthalocyanine (CoPc) and tetracarboxycobalt (II) phthalocyanine 

(TCCoPc) molecules were initially synthesised. For a deeper analysis, 

tetracarboxyiron (II) phthalocyanine (TCFePc), tetracarboxynickel (II) 

phthalocyanine (TCNiPc) and tetracarboxycopper (II) phthalocyanine 

(TCCuPc) molecules were also used. Firstly, these molecules were 

synthesized and characterized (please refer to chapter 2, section 2.2.1-2.2.3, 

pages 50-53 for details) and the structures of the unsubstituted and carboxy 

substituted molecules are demonstrated in Scheme 6.1 and Scheme 6.2 

respectively. 
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Scheme 6.1. Molecular structures of unsubstituted cobalt phthalocyanine 

CoPc (Left), and tetra carboxy substituted cobalt phthalocyanine TCCoPc 

(right) molecules. 

 

Scheme 6.2. Molecular structures of tetra carboxy substituted iron 

phthalocyanine TCFePc (left), nickel phthalocyanine TCNiPc (middle) and 

copper phthalocyanine TCCuPc (right) molecules. 

 

6.2.1. Characterisation of CoPc, TCCoPc, TCFePc, TCNiPc, TCCuPc 

molecules and their composites with CNTs. 

Matrix-assisted laser desorption ionization time-of-flight mass 

spectrometry (MALDI-TOF) demonstrated the parent ion peaks at m/z 

values of 743, 746, 745 and 751 for TCFePc, TCCoPc, TCNiPc and 

TCCuPc respectively, ensuring their successful formation (Figure 6.1 a-d). 

UV-visible spectra demonstrated the characteristic phthalocyanine bands 

TCFePc TCNiPc TCCuPc
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Figure 6.1. (a) Matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF) of (a) TCFePc (b) TCCoPc (c) TCNiPc and 

(d) TCCuPc molecules. (e) UV-visible spectra and (f) Raman spectra of 

TCFePc, TCCoPc, TCNiPc and TCCuPc molecules. 
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such as B band and Q band for all four molecules (Figure 6.1e). Raman 

spectra further aids in confirming the formation of the molecules. The 

formation of the molecules accompanies several characteristic Raman shifts 

related to various functionalities attached to the molecule. C-N stretching, 

C-C stretching and C-H bending vibrations are observed in the range 800-

1200 cm-1. The C-H in-plane deformation in the macrocyclic ring and the 

stretching vibration of the isoindole ring unit are respectively present at 

~1200 cm-1 and ~1434 cm-1. The C-N in-plane stretching vibrations are 

observed at ~1340 cm-1 and ~1620 cm-1. C-C-C in-plane bending bands and 

the macrocyclic stretching vibration bands are present at a Raman shift 

between 400-600 cm-1 and ~750 cm-1 respectively, as shown in (Figure 

6.1f).45-50 

Following the successful formation of all the pristine molecules, their 

activity towards oxygen reduction reaction (ORR) was studied. To enhance 

the overall electronic conductivity, these metal phthalocyanines were 

anchored on carbon nanotubes (MWCNT).51-53 The composites namely 

TCFePc/CNT, TCCoPc/CNT, TCNiPc/CNT and TCCuPc/CNT were 

synthesized according to procedure reported in chapter 2, section 2.2.4, 

page 53. UV-visible, Raman and other spectroscopic techniques were 

employed to examine the extent of integration of the molecules with the CNT. 

UV-vis spectra demonstrated the respective B band Q band for the 

composite molecules (Figure 6.2a). Raman spectroscopy has been 

performed which clearly exhibits defects and graphitic bands corresponding 

to the CNT substrate (Figure 6.2b). The incorporation of molecules into CNT 
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Figure 6.2. (a) UV-visible spectra, (b) Raman spectra of composite molecules 

namely TCFePc/CNT, TCCoPc/CNT, TCNiPc/CNT and TCCuPc/CNT. 

 

 

Figure 6.3. FE-SEM images of (a) CNT (b) TCFePc/CNT (c) TCNiPc/CNT and 

(d) TCCuPc/CNT. 
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Figure 6.4. EDS pattern along with the elemental composition of (a) CNT 

(b) TCFePc/CNT (c) TCNiPc/CNT and (d) TCCuPc/CNT. 

 

Table 6.1. Weight and atomic percentage of the elements extracted from 

EDS data for all the catalysts. 

 

can be discerned by evaluating the intensity ratio between defect (ID) and 

graphitic (IG) bands.51-53 The successful integration of phthalocyanine into 

CNTs is confirmed by the observed increase in the ID/IG ratio after composite 

formation, indicative of enhanced defect creation (Figure 6.2b). Moreover, 
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the scanning electron microscopy (SEM) images (Figure 6.3), coupled with 

energy-dispersive X-ray spectroscopy (EDS), Figure 6.4 and Table 6.1, reveal 

distinctive features of CNT and verify the presence of C, N, and O along with 

the respective central metals (Fe, Ni and Cu) as per the EDS pattern in the 

composite CNT catalytic systems. These findings, combined with 

observations from UV-vis, FTIR, and Raman spectroscopy, provide evidence 

for the anchoring of phthalocyanine molecules on CNT. 

 

6.2.2. Electrochemical analysis of oxygen reduction reaction (ORR). 

After successfully confirming the formation of the molecules and their 

composites, oxygen reduction reaction (ORR) was performed with 

unsubstituted and carboxy substituted cobalt phthalocyanine molecules. 

The cyclic voltammograms obtained at a scan rate of 10 mV/s in 1 M KOH 

electrolytic medium while scanning the potential form right to left side 

demonstrates an unusual reversible oxidation peak in the case of the 

TCCoPc molecule. However, in case of CoPc the expected irreversible ORR 

was obtained (Figure 6.5). 

In order to check the stability of this reversible oxidation peak scan 

rate dependance study was performed by varying the scan rates from 10 

mV/s to 100 mV/s with the TCCoPc molecule (Figure 6.6a). The reversibility 

was found to be maintained at all scan rates indicating the species formed 

is quite stable. Moreover, to understand the species formed is on the surface 

of the electrode or in the solution, Randles Sevcik equation was used for 
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Figure 6.5. Cyclic voltammograms (CVs) of unsubstituted cobalt 

phthalocyanine (CoPc) and carboxy substituted cobalt phthalocyanine 

(TCCoPc) molecules in 1 M KOH at a scan rate of 10 mV/s. 

 the analysis. The equation is as follows: 

 

 

where Ipa and Ipc represent the anodic and cathodic peak currents 

respectively, n is the number of electrons, A is the area of the electrode, D 

is the diffusion coefficient, C is the concentration of the substrate and 𝜐 

represents the scan rate. The plot of peak current with square root of 𝜐 gives 

a linear profile indicating it is a diffusion controlled process (Figure 6.6b). It 

is known that for a surface controlled process the slope value obtained from 

the plot of log peak current to log scan rate is ~1, whereas for a solution 

process the slope value is ~0.5. On plotting the log anodic peak current and 

cathodic peak current with respect to log 𝜐, a linear plot with a slope value 

~0.5 for both the anodic and cathodic peak currents was obtained (Figure 
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6.6c and 6.6d), indicating it is a solution process. This indicates that the 

species formed is in the solution and is not confined to the surface of the 

electrode.  

 

Figure 6.6. (a) Cyclic voltammograms (CVs) of carboxy substituted cobalt 

phthalocyanine (TCCoPc) molecule in 1 M KOH at various scan rates 

ranging from 10 mV/s to 100 mV/s. (b) Plot of cathodic peak current with 

square root of scan rate (black trace) and anodic peak current with square 

root of scan rate (red trace). (c) Plot of log anodic peak current with log scan 

rate and (d) plot of log cathodic peak current with log scan rate. 
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electrons transferred during ORR, hydrodynamic voltametric technique like 

rotating disk electrode (RDE) and rotating ring disk electrode (RRDE) was 

utilised (please refer to chapter 2, section 2.8, pages 63-64 for details and 

calculations). For CoPc, a simultaneous increase in the ring current was 

observed along with the disk current on increasing the rotation rate (Figure 

6.7a). The number of electrons was calculated to be 2 and the major product 

was found to be peroxide with a yield of ~80% which is in line with reported 

literatures (Figure 6.7b). However, in case of TCCoPc molecule, the number 

of electrons was found to be 1 (Figure 6.8). 

 

 

Figure 6.7. (a) RRDE measurement of CoPc molecule in 1 M KOH electrolyte 

at different rotation rates and (b) Plot showing number of electron and % of 

peroxide formed as a function of potential for CoPc molecule during ORR. 
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Figure 6.8. (a) RDE measurement of TCCoPc molecule in 1 M KOH 

electrolyte at different rotation rates ranging from 100 rpm to 3600 rpm. (b) 

Plot extracted with Levich equation demonstrating number of electrons 

transferred on TCCoPc during ORR. 

 

6.2.4. Plausible mechanism of ORR. 

The 1 electron ORR obtained in case of TCCoPc molecule indicates 

the ORR proceeds via formation of superoxide anion. The superoxide anion 

can quickly take one electron and get oxidised back to molecular oxygen as 

shown in equations 6.3 and 6.4 respectively.54-57 This explains the reversible 

cyclic voltammogram obtained in case of TCCoPc molecule (Figure 6.9a). 
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voltammogram was lost (Figure 6.9b). This is mainly because at lower pH, 

superoxide is not stable and therefore it cannot be oxidised back to 

molecular oxygen. 

 

Figure 6.9. (a) Cyclic voltammograms of TCCoPc molecule in 1 M KOH at a 

scan rate of 10 mV/s indicating the reduction and oxidation peaks due to 

superoxide. (b) pH dependence study of TCCoPc molecule in O2 purged 1 M 

KOH solution at a scan rate of 10 mV/s. 
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of TCNiPc and TCCuPc indicating they proceed via peroxide formation. For 

TCFePc no ring current was observed indicating it doesn’t form peroxide and 

directly gives water as the final product (Figure 6.10b). The RRDE technique 

was used to check the number of electrons transferred during ORR for 

TCFePc, TCNiPc as well as TCCuPc. The data is given in Figure 6.11 and 

6.12 respectively. The number of electrons and % of peroxide for all the three 

metal carboxy phthalocyanines were extracted from the data given in Figure 

6.11 and 6.12. The number of electrons was found to be nearly 4 for TCFePc 

and the amount of peroxide formed was nearly zero indicating that it follows 

a 4-electron pathway forming water as the major product. For TCNiPc and 

TCCuPc the number of electrons came out to be nearly 3 for both the 

molecules which indicates ORR proceeds via an intermediary of peroxide 

and therefore the amount of peroxide formed was around 50 % for both the 

molecules (Figure 6.13). 

 

Figure 6.10. (a) Comparison of cyclic voltammograms of TCFePc, TCCoPc, 

TCNiPc and TCCuPc for ORR in 1 M KOH at a scan rate of 10 mV/s. (b) 

RRDE study at a rotation rate of 1600 rpm with TCFePc, TCCoPc, TCNiPc 

and TCCuPc molecules. 

(a)              (b) 
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Figure 6.11. (a) Disk and (b) ring currents at various rotation rates from 

100 rpm to 2500 rpm for TCFePc molecule. 

 

Figure 6.12. RRDE measurement of disk and ring currents at rotation rates 

100 rpm to 3600 rpm towards ORR for (a) TCNiPc and (b) TCCuPc 

molecules. 
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Figure 6.13. (a) Comparison of number of electrons transferred during ORR 

as a function of potentials for TCFePc, TCNiPc and TCCuPc molecules. (b) 

Comparison of % of peroxide produced as a function of potential for TCFePc, 

TCNiPc and TCCuPc molecules. 

 

6.2.6. Plausible explanation for superoxide formation. 

All the analyses indicate that the unique 1 electron ORR in aqueous 

medium is exclusive to the Co metal centre with carboxy ligand 

functionality. To understand the reason behind this, the binding of 

molecular oxygen with the metal centres have to be looked at. It is well 

established that O2 binds in an end on mode with Co based phthalocyanine 

whereas it binds in a side on mode with iron based phthalocyanines 

34,38,39,42-44 as demonstrated in Scheme 6.3. It is evident from the scheme 

that formation of superoxide is possible only in end on binding of oxygen as 

the side on binding will lead to breakage of the O-O bond. Thus, this points 

to the direction that superoxide formation is possible only with cobalt based 

phthalocyanines. However, unsubstituted cobalt phthalocyanine does not 

follow a 1 electron ORR and does not give rise to superoxide, and this result  
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Scheme 6.3. (a) Binding modes of molecular oxygen (O2) in metal 

phthalocyanine complexes. 

Figure 6.14. (a) Co 2p XPS spectra of CoPc and TCCoPc molecules and (b) 

area ratio of Co3+/Co2+ species in both the molecules. 
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sharply altered when there is a -COOH functionality indicating an electron 

density modulation at the catalytic metal centre. The Raman spectra of 

alkali treated CoPc and TCCoPc molecules did not show much difference as 

demonstrated in Figure 6.15 indicating no such structural changes after 

alkali treatment. Therefore, the effect of the carboxy ligand in altering the 

electron density of the cobalt central metal together with the end on binding 

of dioxygen on cobalt may give rise to this unique 1 electron ORR in aqueous 

medium. To unambiguously verify this, theoretical investigation and in-situ 

spectro-electrochemical studies need to be performed. 

 

Figure 6.15. (a) Comparison of Raman spectra with and without alkali 

treatment for (a) TCCoPc and (b) CoPc molecules respectively. 
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6.3. Conclusion: 

This chapter elucidates the role of ligand functionality in altering the 

reaction mechanism in oxygen reduction reaction. With the carboxy 

functionalized cobalt phthalocyanine, a unique 1 electron ORR was 

observed in aqueous medium. Comparative study with other carboxy 

substituted metal phthlocyanines led to the observation that this behaviour 

is exclusive to the cobalt central metal ion and the carboxy ligand. Various 

electrochemical analyses suggest the formation of superoxide during ORR 

in aqueous medium with TCCoPc molecule. However, the specific reason 

behind this unique outcome remains still unclear and further studies 

including ttheoretical investigations as well as in-situ analysis are required 

to explain the actual reason behind this result. 
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Summary of the thesis entitled “Ligand assisted molecular 

electrocatalysis and molecular charge storage” 

This Chapter summarizes the work with a future outlook. The work 

presented in this thesis reveals the importance of ligand in the field of 

electrocatalysis as well as charge storage in molecular systems. While the 

central metal ion significantly influences electrocatalysis and charge 

storage, the ligand-induced contribution provides a distinctive avenue to 

exploit the molecule's maximum potential for complex electrochemical 

transformations and charge storage applications. Moreover, the structure-

activity relations of molecules remain incomplete without considering the 

role of the ligand, as demonstrated by its significant impact. It is imperative 

to emphasize that this phenomenon lacks generalizability across the 

spectrochemical series, as the correlation is distinct for each substituent. 

This underscores the necessity for meticulous investigations at the 

molecular level for individual substituents to comprehend their specific 

activity or charge storage relationships. This is principally due to non-

electrochemical interactions frequently intertwining the molecule's 

electrochemical properties with the nature of the functionality as well as its 

surrounding medium, as elucidated in this thesis. These interactions 

typically manifest as substituent-specific, presenting a myriad of prospects 

for researchers within the molecular electrocatalysis and charge storage 

domain. The elucidation of metal-ligand activity relationships, in tandem 

with the influence of the surrounding medium, within N4-macrocyclic 

molecules, is expected to remedy deficiencies and knowledge gaps in their 
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structure-activity correlations. This contribution is expected to notably 

propel the evolution of next-generation electrodes applicable to 

electrocatalysis and energy storage and conversion devices. 

 

The role of ligand in molecular electrocatalysis and 

charge storage 
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