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Abstract 

 
In recent times, nanoscience and nanotechnology are widely considered as one of the 

most promising areas of scientific and technological development. They evolve as an important 

multidisciplinary research field combining various areas of physics, chemistry, biology and 

engineering. Interestingly, nano-sized materials exhibit significantly enhanced features with 

respect to their bulk counterparts as a result of their reduced dimension(s) lying in nanometer 

length scale. In general, nanostructured materials can be categorized as two-dimensional (2D), 

one-dimensional (1D) and zero-dimensional (0D) materials. In the present dissertation, 

synthesis and characterization of few 2D and 1D nanostructured materials, and their 

heterostructures are investigated. The morphological and dimensional modifications of 

nanomaterials are achieved by varying the synthesis routes. The suitability of synthesized 

materials in some environment and energy related fields is also examined. 

Nanostructures of one class of organic semiconductors, namely metal phthalocyanine 

(MPc) in its pristine form and their heterostructures with various two dimensional (2D) layered 

materials viz. reduced graphene oxide (rGO) and molybdenum disulfide (MoS2) are first 

investigated. The reason behind the choice of MPc is that MPcs possess advantages like ease 

of preparation, low temperature synthesis, low cost, mechanical flexibility, and many more. 

Thus, a simple room / low temperature chemical route for the synthesis of zinc phthalocyanine 

(ZnPc) and copper phthalocyanine (CuPc), and their hybrids is adopted here. The 

nanostructures of ZnPc (nanoflake) and those of CuPc (nanowire, nanotube, microrod) are 

synthesized, and subsequently characterized to find their structural, morphological and 

compositional descriptions. 

As for application of the above synthesized materials in the environmental field, 

wastewater remediation offers one of the most important prospects. It aims at reduction in water 

pollution through the color contaminants removal from the industrial wastewater. Organic dyes 

present in textile wastewater, hamper aquatic animal life as well as human health. For the 

purpose of dye removal, conventional methods like ultraviolet (UV)/visible light assisted 

catalysis, ozonation, Fenton are employed using different catalytic materials. The special 

feature of pristine CuPc without any functional group (sulfo, nitro, etc.) is its high 

hydrophobicity, which makes it unsuitable for catalytic dye degradation through its tendency 

of lack of mixing in aqueous medium. Thus, performance of the heterostructure synthesized 

from CuPc with rGO, as a catalyst in dye removal is examined here. However, in recent years, 
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dye degradation follows new kinds of efficient advanced oxidation processes (AOP) that use 

the powerful effect of ultrasonic irradiation. Among various AOPs, sonophotocatalysis and 

sonocatalysis of one textile dye namely, rhodamine B (RB) are investigated here respectively 

using CuPc nanowire and rGO-CuPc. The influences of different operational parameters viz. 

initial dye concentration, catalyst dosage, dissolved gas, pH, on these processes are also 

studied.  Results establish the superiority of rGO-CuPc in the field of ultrasound based 

catalysis.  

 Energy has always played a promising role in human survival and civilization. Survey 

of worldwide energy resources and their consumption indicate that fossil fuels are the primary 

energy source and take the dominant role in the overall energy consumption. In last few 

decades, issues related to fossil fuel depletion and uneven distribution of energy resources are 

of prime environmental concerns. Such ever-increasing energy demand, all over the world, 

makes exploring alternative renewable natural energy resources like hydro, solar, air, etc. very 

much essential. Thus, energy conversion, storage and harvesting become the most attractive 

field of contemporary research. In this dissertation, study of electrochemical supercapacitors 

(SCs), fuel cells and solar cells based on MPc nanostructures and their hybrids are explored. In 

case of energy storage, electrochemical performances of some inorganic transition metal oxides 

as supercapacitor electrode have been well studied, as revealed from existing literature. 

Electrochemical activities of some substituted MPcs reported so far, have been studied in acidic 

electrolyte. The activity of unsubstituted MPcs as electrode material is not yet explored. In this 

dissertation, performances of pristine CuPc and ZnPc as supercapacitor electrode materials are 

investigated in alkaline medium. In the context of energy conversion, sluggish nature of oxygen 

reduction reaction (ORR) in fuel cells calls for the development of efficient electrocatalyst 

materials. Noble metals such as Pt, Pd are standard ORR catalysts, but poor stability, high cost 

and resource scarcity hinder their commercialization. As an alternative, rGO and MoS2 based 

CuPc heterostructures are examined here as ORR electrocatalyst in alkaline medium. MoS2-

CuPc heterostructure emerges as more efficient catalyst compared to rGO-CuPc hybrid. 

 Solar cell is one of the important solar energy harvesting systems. Here, organic solar 

cells (OSCs) with two different absorber materials (OC1C10PPV:PCBM and P3HT:PCBM) are 

simulated using ATLAS Device Simulator (SILVACO). Layers of appropriate materials, 

termed as transport layers, added to the basic solar cell structure facilitate effective segregation 

of photo-generated electrons and holes, and improve the cell performance. Thus, role of various 

transport layer materials, including CuPc, and that of carrier mobility in the absorber materials 

in controlling the cell performance are investigated here. Employing CuPc as the hole transport 
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material along with another electron transport layer yields a photo conversion efficiency (PCE) 

as high as 3 times of that of the basic solar cell. Perovskite based solar cells (PSCs) have already 

been established as much more efficient compared to OSCs. From some Pb-based PSCs, record 

efficiency of ~ 23% has been reported. But their performance degrades over time under the 

atmospheric exposure and prevents their commercialization. More importantly, the 

environmental issues associated with the hazardous effects raised from Pb-based materials urge 

for exploring new Pb-free perovskite material as absorber. Thus, simulation of solar cell of 

cesium based double-perovskite (Cs2TiBr6) with various inorganic / organic transport materials 

are carried out for the first time and presented here. In this case, the PCE of the basic cell gets 

doubled with the use of CuPc as HTL along with another ETL material. The obtained PCE is 

still low as compared to Pb-based PSCs, but much higher than polymer based OSCs. Most 

importantly, highly hydrophobic nature of CuPc makes it popular for the design of moisture 

stable solar cells, which in turn, enhances the life of solar devices. In addition, the environment 

friendly nature of such Pb-free PSCs is expected to turn them as emerging absorber materials 

for next generation solar cell. 
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1.1 Overview: 

Nanoscience is an ‘Interdisciplinary Science’ involving concepts of more than one 

discipline, such as chemistry, physics, biology and others. It thus suits for the study of 

Nanoscale Materials, in the general sense, materials with at least one dimension below 0.1 

micron but larger than one nanometer [1 nm = 10-9 m]. Figure 1.1 may be helpful for 

visualization of nanometer length scale. As one or more dimensions of such materials are 

comparable to the electron wavelength, the quantum mechanical effects appear and manifest 

novel features as compared to their bulk counterparts. The important properties such as 

electrical, optical, thermal, mechanical, etc. of a nanoscale material can be modulated by the 

way of molecular and atomic arrangements along its nanoscale dimension. 

Engineering with atomic precision [2] is a simple definition of Nanotechnology. It is 

based on the manipulation, control and integration of atoms and molecules to yield materials, 

structures, components, devices and systems at the nanoscale. Nanotechnology may also be 

associated with the technological application of nanoscience that makes the use of new nano-

dimensional materials feasible in various disciplines of engineering like metallurgy, electrical, 

electronics, etc. Nanotechnology furnishes us with the design ability of different customized 

materials and products with their features enhanced significantly, and are expected to do so in 

future with greater flexibility. This newborn discipline is employed at the interface between 

physics, chemistry, material science, microelectronics, biochemistry and biotechnology. The 

overview of nanoscience and nanotechnology is pictorially represented in Figure 1.2. 

 

 

 

Figure 1.1: Example of common objects lying in various length scales [1] 
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Various applications of nanoscale materials involve a number of processing steps 

including their synthesis and characterizations. The suitability of nanomaterials for few 

applications in the field of environment and energy sector will be investigated in this 

dissertation. Nanostructures of one type of organic semiconductor, namely metal 

phthalocyanine (MPc) in its pristine form and its heterostructures with various two-

dimensional (2D) layered materials will be synthesized and characterized here for the above 

purposes.  

An extensive classification divides the synthesis methods into two categories: top- 

down and bottom-up approach. In top-down approach, bulk materials are broken to form nano-

sized particles, while in bottom-up approach nanomaterial has been prepared by aggregation 

of small clusters of atoms of their constituent precursor materials. The bottom-up approach 

yields a better chance of producing nanostructures with fewer defects and more homogenous 

chemical composition in a relatively simple way as compared with the top-down approach. 

Therefore, a simple low temperature chemical route for the synthesis of MPc nanostructures 

and their hybrids, following bottom-up approach, is more popular. In order to characterize such 

synthesized nanomaterials to find their structural, morphological and other related descriptions, 

various techniques should be adopted.  

 In the present scenario, energy and environmental sustainability are of utmost 

importance. For the environmental aspects, wastewater remediation is one of the important 

issues to address. Previously, conventional methodologies like ultraviolet (UV)/visible light 

assisted catalysis, ozonation, Fenton, etc. were used for the remediation of textile wastewater. 

In recent times, dye degradation is investigated through new kinds of efficient advanced 

Figure 1.2: Fields of nanoscience and nanotechnology  
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oxidation processes (AOP) that use the powerful effect of ultrasonic irradiation. Among various 

AOPs, sonocatalysis and sonophotocatalysis are usually explored using probe and bath 

sonicators. Sonocatalysis can be defined as the catalytic degradation of organic hazardous 

substances by ultrasonic irradiation. When the same process is carried out with visible light, it 

is called sonophotocatalysis. Recently, ultrasound irradiation has gained major attention for the 

removal of organic and inorganic substances, such as pesticides [3, 4], textile dyes [5, 6] and 

pharmaceutical drugs [7, 8], present in industrial wastewater. Various kinds of synergistic 

effects viz. sono-Fenton, sono-photo, sono-ozonation, sono-catalysis, etc. may play important 

roles in removing the organic pollutants. To choose an appropriate process, one must have 

adequate knowledge about the mechanisms of such processes as well as the influence of several 

operational parameters on processes. Detailed investigations on sonocatalysis and 

sonophotocatalysis using MPc and their hybrids will be carried out and presented in this 

dissertation. 

Issues related to fossil fuel depletion and non-uniform energy resource distribution are 

of grave environmental concerns due to huge non-renewable energy consumption. The ever-

increasing demand of energy, all over the world, makes exploring alternative renewable natural 

energy resources like sunlight, tide and wind, very much essential. Thus, energy conversion, 

storage and harvesting have been turned into the most attractive field of contemporary research. 

Utilization of the natural energy resources urgently necessitates the development of reliable 

and efficient energy storage and conversion systems. Among numerous efficient energy 

systems, electrochemical supercapacitors (SCs), fuel cells and solar cells based on MPc 

nanostructure and their hybrids will be explored in this dissertation. 

 

1.2 Aims and Objectives: 

The major aims and objectives of this dissertation are sketched below:  

i. To study various synthesis routes of two members of MPc family viz. copper 

phthalocyanine (CuPc) and zinc phthalocyanine (ZnPc) nano / microstructures and 

their heterostructures with reduced graphene oxide (rGO) and molybdenum disulfide 

(MoS2). 

ii. To investigate detailed morphology of as-synthesized pristine CuPc, ZnPc and CuPc 

hybrids through field emission scanning electron microscopy (FESEM) and high 

resolution transmission electron microscopy (HRTEM), structural characterizations 

by X-ray diffraction (XRD) and HRTEM, and compositional analysis and optical 
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properties respectively will be studied by Energy Dispersive X-Ray (EDX) and 

Ultraviolet-Visible (UV-vis) spectroscopy. 

iii. To explore the ultrasound assisted catalytic activity of CuPc and rGO-CuPc towards 

textile dye removal for the purpose of wastewater treatment.  

iv. To examine the suitability of ZnPc and CuPc nanostructures as anode materials in 

electrochemical supercapacitor and CuPc hybrids as oxygen reduction reaction 

(ORR) electrocatalysts in fuel cell. 

v. Lastly, to find the influences of synthesized CuPc as transport layer material on the 

performance of organic and lead free (Pb) perovskite solar cells. 

 

1.3 Organization of the thesis: 

The entire research work carried out is reported in the form of different chapters. The 

thesis is thus organised as below: 

 

              Chapter 1 introduces the background of this entire research work, the aims and 

objectives, and organization of the thesis. 

 

Chapter 2 describes the overall introductory review of MPc and their hybrid 

materials, and their possible areas of applications identified on the basis of existing literature. 

 

Chapter 3 elaborates the methodologies adopted to carry out the synthesis, 

characterizations and applications of CuPc, ZnPc and their hybrids. Various processes involved 

in synthesis and different characterization tools will be briefly described. Also, the 

experimental set up for their multiple functionalities [as mentioned in Chapter 2] will be 

discussed thoroughly in this chapter. 

 

The synthesis procedures and characterizations of CuPc, ZnPc and their hybrids with 

rGO and MoS2 are described in Chapter 4. 

 

Chapter 5 describes the sonophotocatalysis by CuPc nanowires and sonocatalysis 

using rGO enveloped CuPc tube for the removal of textile dye. 
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Chapter 6 elaborates the electrochemical activity of CuPc and ZnPc nanostructures 

as supercapacitor electrode, in addition the suitability of rGO-CuPc and MoS2-CuPc as 

electrocatalyst towards ORR in alkaline media.  

 

Chapter 7 presents the simulation based study of organic polymer as well as lead (Pb) 

free perovskite based solar cells, along with their performance improvement through use of 

various transport layer materials, including CuPc. 

 

Finally, the concluding Chapter 8 includes a brief summary of investigations carried 

out and results obtained that have been compiled in the present dissertation. Possible extensions 

of the studies made here are also discussed.  
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2.1 Introduction: 

The overall review of nanostructured organic semiconductor materials and their 

hybrids with 2D layered materials viz. rGO and MoS2 is dealt in this chapter. Multiple 

functionalities of the synthesized nanostructures in the fields of energy as well as the 

environmental sector are also surveyed through study of existing literature. Among various 

organic semiconductors, here transition metal based phthalocyanine material is primarily 

focused due to their advantages of ease of preparation, low temperature synthesis route, low 

cost, mechanical flexibility, and others. Surveying the past relevant literature helps us to steer 

the intended work in the right direction along which any novel approach or appropriate 

modifications of the existing synthesis routes can be made to tune the morphological structures 

of MPcs as well as their hybrids. The suitability of such synthesized samples in the fields of 

ultrasound assisted catalysis, electrochemistry and photovoltaic cells can be examined only 

after a thorough study of the published literature on these areas.  

 

2.2  Nanostructured semiconductors: 

2.2.1 Organic semiconductors: 

The term ‘organic semiconductor’ implies that (i) the materials are mostly made up of 

carbon and hydrogen atoms (with a few hetero atoms such as sulfur, oxygen, and nitrogen), 

and (ii) they show properties typically those associated with a semiconductor material. The 

main building block of many functional organic semiconducting molecules is the benzene ring. 

Benzene is formed by six sp2 hybridized carbon atoms. There is a σ bond between each atom 

of the ring, whereas each carbon makes a π bond with either of the neighbouring atoms. The 

configurations of alternating single and double (or triple) bonds between carbon atoms are a 

typical example of conjugation in organic systems; every organic molecule having these series 

of bonds is considered as a conjugated system. 

The molecular structure with a conjugated π electron system formed by the pz orbitals 

of sp2-hybridized carbon atoms is shown in Figure 2.1. As compared to the σ bonds forming 

the backbone of the molecules, the π bonds are significantly weaker. Therefore, the lowest 

electronic excitations of conjugated molecules are the π-π* transitions with an energy gap lying 

within 1.5 and 3 eV, leading to light absorption or emission in the visible spectral range [9]. 

Thus there is a wide range of possibilities to tune the optoelectronic properties of organic 

semiconducting materials. 
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Figure 2.1: (a) Conjugated π electron system and (b) electron delocalization in sp2-hybridized 

carbon atoms [10] 

 

2.2.1.1 Metal Phthalocyanine (MPc): 

The name phthalocyanine (Pc) is derived from two Greek terms 'naphtha' (rock oil) 

and 'cyanine' (dark blue). Although discovered long years back, in 1907 phthalocyanine was 

first reported as a by-product of a chemical reaction between acetic acid and phthalimide [11]. 

This blue by-product was metal-free phthalocyanine (H2Pc). But the chemical stability of this 

material was under question. Following this, copper phthalocyanine was accidentally 

synthesized at Scottish Dyes Ltd. (later became Imperial Chemical Industries) with high 

chemical stability. The basic structure of a phthalocyanine molecule is composed of a metal 

centre having redox couple capability, and a large planar conjugated ring structure that binds 

the metal center via four nitrogen (N) moieties. Pcs are π-conjugated systems where 18 π-

electrons are delocalized and free to move around the aromatic structure. Due to 2- oxidation 

state of the organic ring, the central region is capable of accommodating H+ ions or any other 

distinct metal ions such as Cu2+, Fe2+, Ni2+, Zn2+ and Co2+. The molecular formula of Cu based 

Pc is C32H16CuN8 and its molecular arrangement is shown in Figure 2.2. 

 

 

 

 

 

 

 

 
 

MPcs exist in three different polymorphic forms depending on their molecular 

stacking arrangements designated as α, β, γ phases. The β form has the monoclinic structure, 

Figure 2.2: Molecular structure of CuPc 
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whereas the α-form has been reported to be tetragonal, orthorhombic or monoclinic. Among 

various MPcs, mainly CuPc and ZnPc are studied in this dissertation. 

In solid state, more than 10 different phases including α and β phases have been 

reported for CuPc. α and β phases are most common when deposited in the form of thin films 

over the substrate. Such thin film preparation requires mainly physical vapor deposition i.e. 

thermal evaporation process. Works on CuPc and ZnPc thin films deposited on various 

substrates exist in literature [12-15].  The α phase, however, undergoes a transition to the β 

phase when deposited at higher substrate temperatures or post annealed in a controlled 

environment [16]. On the other hand, β phase CuPc is thermodynamically more stable and 

generally found in larger needle-shaped crystals [17]. Table 2.1 summarizes the chemical 

synthesis protocols for the growth of CuPc and ZnPc micro/nanostructures as prepared by 

several research groups. Based on these, low temperature chemical synthesis of both α and β 

phases of CuPc and only β phases of ZnPc will be explored in the present dissertation. 

 
Table 2.1: Various synthesis protocols for MPcs nanostructures 

 

At first, Jung et al. reported the self-assembly synthesis process for the growth of 

CuPc nanowires from commercially available CuPc powder in room temperature. These wires 

are subsequently transformed into rectangular nanotubes by hydrothermal process [18]. The 

same process is adopted with some modifications in molar ratio in the precursor materials. One 

step solvothermal synthesis of needle-like CuPc crystal using Quinoline and ethanol solvents 

were reported by some research groups [21, 22]. CuPc microrod is synthesized by following 

the route as reported by Li et al. [19], but reaction time is diminished from 5 days to 1 day in 

our case. ZnPc flaky nanotubes were solvothermally synthesized by Guo and his co-workers 

using ethylene glycol solvent. In a similar way, green synthesis of ZnPc using water solvent is 

also carried out for the first time by our group. 

 

 

Materials Synthesis protocol Morphology Ref. 

 
CuPc Self-assembly Nanowire [18] 

 Hydrothermal Nanotube [18] 

CuPc Hydrothermal Nanobelt [19] 

CuPc Solvothermal (Quinoline) Crystal [20] 

CuPc Solvothermal (Quinoline) Needle like crystal [21] 

CuPc Solvothermal (ethanol) Needle like crystal [22] 

ZnPc Solvothermal (ethylene glycol) Flaky nanotube [23] 
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2.2.2  Layered 2D materials: 

In the last decades, various 2D layered materials acquired significant interest among 

the scientific community. They possess different properties like large surface area, enormous 

active sites and enhanced electron mobility that facilitates good transport medium for electrons. 

In 2004, graphene was first discovered by two researchers of Manchester University named A. 

Geim and K. Novoselov, who employed scotch tape method [24]. In the year of 2010, they 

won the Nobel Prize in Physics for their revolutionary discovery of this disrupted material that 

has opened a whole new 2D world. By the success of graphene, other 2D layered materials viz., 

topological insulators (TIs) [25, 26], transition metal dichalcogenides (TMDCs) [27-29], 

hexagonal-boron nitride (h- BN) [30-32], MXenes [33, 34], graphitic carbon nitride (g-C3N4) 

[35-37], metal-organic frameworks (MOFs) [38-40] as presented in Figure 2.3 are evolved, 

thus reinforcing the family of 2D layered materials. They also find potential applications in 

numerous fields of science and technology [41]. 

 

 

 

 

 

 

 

 

 

 

Among those, graphene and TMDC based layered materials are chosen for the 

formation of heterostructure with MPcs, followed by examining their potential for various 

possible applications. 

2.2.2.1 Graphene: 

The discovery of graphene and its composites has revealed a whole new area with 

numerous opportunities. Graphene is a flat monolayer of sp2 bonded carbon atoms tightly 

packed into a 2D honeycomb lattice. It is acting as a basic building block for all other 

dimensional graphitic materials. It can be wrapped up into 0D fullerenes, rolled into 1D 

nanotube or stacked into 3D graphite. Isolation of monolayer graphite or graphene from bulk 

graphite in large scale and usable form remained as a challenge to material scientists and 

Figure 2.3: Various classes of layered 2D materials 
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chemists for a decade. The scotch tape method [24] was unique but had limitations towards 

large scale applications. Other than that, several methods including chemical exfoliation, 

intercalation, surface functionalization, etc. to obtain modified graphene /graphene oxide (GO) 

in suitable form also exist. rGO nanosheets exhibit some unique physical and electrical 

properties. In addition to that, their easy preparation process gives rise to a greater hope towards 

the revolutionary move from scientific research to exciting practical applications. The planar 

geometry of graphene makes it useful in diverse applications e.g. electronic devices [42, 43], 

catalysis [44], energy storage [45] and conversion [46, 47]. 

2.2.2.2 Transition metal dichalcogenides (TMDCs): 

Analogous to graphene, another type of 2D materials i.e. TMDC also possesses 

layered structure. The general stoichiometric formula is MX2, where transition metal and 

chalcogens are denoted by M and X, respectively. M can be chosen from group IVB (Ti, Zr, 

Hf and so on), group VB (V, Nb or Ta) or group VIB (Mo, W and others), and X is the elements 

from group VIA (S, Se or Te) [48]. These classes of materials exhibit layered structures in the 

form of X-M-X in which two hexagonal planes made of chalcogen are isolated by a plane of 

metal atoms as shown in Figure 2.4. 

 

 

 

 

 

 

The intralayer bonds are covalent in nature, whereas two adjacent MX2 layers are 

typically bonded by van der Waals interaction to form the bulk crystal. In case of graphene, the 

electronic properties are based on the hybridization of s and p orbitals, whereas the electronic 

structure of TMDCs are governed by the electron filling of d orbitals of the transition metals. 

Transition metals and chalcogens in MX2 [MoS2, MoSe2 etc.] compounds have an oxidation 

state of +4 and -2, respectively. By the combinations of various transition metals and 

chalcogens, TMDCs with a variety of electronic structures can be engineered. The electronic 

properties of TMDCs can be tuned in the range from metallic to semiconducting. Due to the 

two dimensional electron movement and the absence of strong interlayer coupling, layered 

TMDCs possess a direct bandgap as compared to indirect bandgap exhibited by their bulk 

counterparts. More importantly, presence of unsaturated coordination as well as dangling bonds 

at the edges of exfoliated layers of TMDCs make them potential candidates for many 

Figure 2.4: Molecular arrangements of monolayer of MX2 [48] 
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contemporary research fields viz. catalysis [49, 50], transistor [51, 52], energy storage [53, 54] 

and sensor [55]. Out of different 2D TMDCs, MoS2 is specifically chosen for investigations in 

the present dissertation. 

❖ Molybdenum disulfide (MoS2):  

MoS2 is one of the promising layered materials in the class of  2D TMDCs. Exfoliation 

of bulk MoS2 proceeds via various means of facile chemical synthesis route to obtain single 

layer or stacked layers of 2D MoS2. The cost of 2D MoS2 preparation is lower as compared to 

other 2D TMDCs due to ease of processing. 2D MoS2 reveals semiconducting nature with a 

direct band-gap, which in turn, makes them suitable for electrical and more so for 

optoelectronic applications [56].  

Crystal structure plays an important role in determining the properties of 2D MoS2. In 

the molecular structure of MoS2, the S-Mo-S of each unit is treated as single layer comprising 

of two layers of S atoms with an intervening layer of Mo atoms. The presence of weak van der 

Waals interaction in between two S-Mo-S layers makes the exfoliation of layers facile towards 

the synthesis of single-layer / multiple layered MoS2. Depending on the atomic arrangements, 

two most common crystal structures i.e. 1T and 2H have been observed where T and H indicate 

the tetragonal and hexagonal structure, respectively and the numbers denote the number of S-

Mo-S layers present in one unit cell [57]. These two configurations are pictorially shown in 

Figure 2.5. From the figure, it is seen that in 1T phase, one Mo atom and six S atoms are 

interconnected in a twisted octahedral configuration whereas in 2H crystal structure, six S 

atoms are covalently bonded with every Mo atom, positioned in the centre of hexagonal prism. 

These 1T and 2H phases, respectively exhibit metallic and semiconducting properties. When 

thickness of 2D MoS2 layer is reduced to nanometer range, lot of edges get exposed leading to 

an increase in the vacancy defects thereby, lowering the coordination number of surface atoms.  
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2.2.3 Hybrid nanostructures: 

Hybrid nanostructures can be defined as the combination of two or more distinct 

materials in which at least one dimension of each material should be in the range of nanometer 

[58]. Potential integration of advantages along with suppression of limitations of the constituent 

elements make the overall structures outperforming over the individual components in any field 

of applications [59, 60]. Factors like composition, structure, crystal phase, exposed facet, 

spatial organization, the interface between constituents and others determine the properties and 

functionalities of a hybrid nanostructure. Thus, controlled synthesis and realistic design of such 

structures play crucial role in extracting the functional properties varying over a broad range 

with improved performances. From a morphological point of view, various types of hybrids 

are possible: core shell, Janus type nanostructures, etc. In hybrid materials, association of 

different components not only exhibits the additive effects of individual components, but also 

proclaims some new properties as a result of synergistic effect in between them. 

According to the existing literature [Table 2.2], there are very few reports on the 

synthesis of MPc hybrid with carbon and TMDC based materials. Thus, wrapping/ hierarchical 

growth of rGO and MoS2 over CuPc surface will be synthesized in which pristine GO and MoS2 

can be prepared by following conventional procedures. 

Figure 2.5: Two common crystal structures of MoS2: (a)1T and (b)2H [48] 
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Table 2.2: Various synthesis protocols for MPc hybrids 

 

Pristine MPcs substituted with functional groups (sulfo, nitro, etc.) are highly water 

soluble, but unsubstituted MPcs are partially soluble in organic solvents and highly insoluble 

in water [67]. Therefore, potential applications of unsubstituted MPcs in the field of catalytic 

dye degradation are limited due to proper mixing in aqueous medium. This is one of the major 

problems that MPcs are still facing in conventional ways of dye degradation. This problem can 

be eliminated in different ways: either by heterostructure formation of MPcs with rGO and 

MoS2 possessing inherent partial/high hydrophilicity [68, 69] or by the introduction of some 

new approach in the conventional degradation mechanism of dyes. 

 

2.3 Multifunctional applications: 

2.3.1 Environmental: 

In recent times, significant attention is to be paid on the colour contaminants removal 

from the industrial wastewater aiming to reduce water pollution. Many industries i.e. textile, 

pharmaceutical, printing, etc. release different kinds of organic pollutants that in turn hampers 

aquatic animal life as well as human health. Dyes, used in textile colouring and printing 

purposes, remain in the wastewater and finally cause water contamination. To eliminate these 

problems, sonocatalysis and sonophotocatalysis are being explored recently rather than 

conventional photocatalysis. 

2.3.1.1 Sonocatalysis: 

 

❖ Basic theory: 

Ultrasonic irradiation is an acoustic wave with frequencies more than 20 kHz i.e. the 

highest frequency of human hearing. The phenomenon of acoustic cavitation is caused by the 

propagation of the ultrasonic waves through aqueous medium. Acoustic cavitation comprises 

of three phases- formation of cavitation bubbles, bubble growth during negative pressure cycle 

and their explosive collapse during positive pressure cycle. The acoustic cavitation can be 

Materials Synthesis protocol Morphology Ref. 

 
ACNT-CuPc Solution process CuPc particles decorated ACNT [61] 

rGO/CuPc Solution process rGO wrapped CuPc nanotube [62] 

MoS2/CNF Hydrothermal MoS2 decorated CNF [63] 

FePc-MoS2 Hydrothermal FePc molecule attached in MoS2 nanosheet [64] 

ZnPc-MoS2 Solution process Particle  [65] 

MoS2–ZnTTBPc Hydrothermal- solution Particle [66] 
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classified into two stages: stable cavitation and transient cavitation. Stable cavitation is 

predominant at high frequency, in which only bubble oscillations can occur and no other 

implosion can take place. In this case, a small amount of agitation can be imparted due to 

micro-streaming caused by the motion of cavitation bubbles in their surrounding area. On the 

other hand, at low frequency, transient cavitation bubbles are generated by ultrasound that can 

sustain for few acoustic cycles and within a period of cycles, bubbles rapidly grow to a critical 

size until the violent implosion occurs [70]. Figure 2.6 illustrates the schematic of stable and 

transient cavitation.  

 

 

 

 

 

 

 

Figure 2.6: Schematic representation of stable and transient cavitation [71] 

❖ Mechanisms:  

Some hydrodynamic phenomena e.g. shock waves and micro-jets with high velocity 

are produced by the violent implosion of the transient bubble [72-74]. In addition to that, such 

implosions of cavitation bubbles produce a very high local temperature (~ 5000 K) and pressure 

(~100 MPa) that can guide the pyrolysis of organic pollutants as well as water inside the 

bubbles [70, 75]. This process is termed as ‘hot spot’ by which different highly reactive species 

like  𝐻∙, 𝐻𝑂2
∙  and 𝑂𝐻∙are generated. These radicals react with dissolved organic and inorganic 

substances through hydroxylation and oxidation reactions [76, 77]. The reaction mechanism 

for the formation of radicals during the thermal dissociation of water vapor is as follows [71]: 

𝐻2𝑂 + 𝑢𝑠
)))
→ 𝑂𝐻∙ + 𝐻∙                                                                (2.1) 

              𝑂2 + 𝑢𝑠
)))
→ 2𝑂∙                                                                           (2.2) 

  𝑂∙ + 𝐻2𝑂 → 2𝑂𝐻
∙                                                                      (2.3) 

𝐻∙ + 𝑂2 → 𝑂𝐻
∙ + 𝑂                                                                   (2.4) 

𝐻∙ + 𝑂2 → 𝐻𝑂2
∙                                                                           (2.5) 
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❖ Sonoluminescence:  

Sonoluminescence is an interesting phenomenon observed in ordinary cold water due 

to the application of ultrasonic vibration. Initially, cavitation bubbles are formed which are 

filled up by water and dissolved gases in water. Due to the presence of surface tension, 

cavitation bubbles are shaped in the form of spheres in order to achieve minimum surface area 

as compared to other shapes of the same volume. With the increase in pressure of the sound 

wave, there is a decrease in bubble diameter gradually; thereby gases within the bubbles are 

compressed. As a result of this adiabatic compression of gases, the temperature of the gases 

increases. These cavitation bubbles collapse very violently under some conditions. After this 

violent collapse, a broad band visible spectrum of faint light with picosecond width is emitted 

from the bubble [78]. 

Plasma formation is an alternate explanation of light emission from bubbles [79-81]. 

At low temperatures, atoms of gases remain neutral, but as temperature increases within the 

collapsed bubble due to ‘hot spot’, atoms get ionized. These ionized atoms form plasma and 

take part in the emission of light through various ways [82]. 

2.3.1.2  Sonophotocatalysis: 

Similar to sonocatalysis, sonophotocatalysis is another type of AOPs in which 

ultrasound and UV/Visible light are simultaneously applied to semiconductor catalysts in 

aqueous dye solution. The combination of ultrasound and light with catalyst effectively creates 

a synergy mechanism due to which more efficient removal of pollutants can be achieved. As a 

result of sonoluminescence, emitted light creates some charge carriers within the catalyst. In 

addition to that, external light also excites the catalyst and generates charge carriers. These 

generated carriers, in turn, help to generate a greater number of highly reactive 𝑂𝐻∙ radicals, 

enhancing the efficiency of dye degradation. There are various parameters that can influence 

the rate of dye degradation in both types of catalysis. 

❖ Influences of various factors on sono (sonophoto) catalysis:  

There are several operational variables as shown in the following flowchart by which 

the generation of reactive radicals can be influenced, thereby affecting the decomposition of 

dissolved dyes in wastewater. 
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Some factors are briefly explained one by one in the following sections: 

 

 Design of reactor:  

There are four types of ultrasonic reactors that are most commonly used in research 

laboratories. These are bath, probe/horn, cup-horn and whistle sonochemical reactors. Among 

them, bath and probe sonicators are used in my work. 

•  The most commonly used ultrasonic device for carrying out sonocatalytic 

experiments is the ultrasonic bath. This is a device with low ultrasonic intensity and low cost. 

However, it is not that easy to maintain the temperature in this system and also the power of 

ultrasound is limited by various factors viz. water, bath size, wall thickness and bath position.  

•  On account of the above reasons, the bath sonicator is utilized for the purpose of 

cleaning; therefore the surface of the catalyst is also cleaned by removing the adsorbed 

molecules.  

•  Now, in the case of the probe or horn sonicator, the ultrasonic probe is directly 

immersed in the solution and intense cavitation is observed. Such horn provides efficient power 

control. Furthermore, there is a chance of cavitational erosion of the probe tip that leads to 

some kinds of chemical contamination within the system. It is evident from most of the 

published reports that horn type ultrasonic system is widely used because of highly intense 

ultrasonic vibration and optimal performance at particular amplitude for the decomposition of 

pesticides, textile dye, antibiotic drugs, etc.  

•  But the main limitation is that a small cavitation zone is produced around the 

transducer that limits the treatment of large volume of liquid and also consumes high-energy 

[71]. 
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 Frequency:  

There are important impacts of ultrasonic frequency on sonocatalytic degradation of 

textile dyes. Experimental results from several research groups also proclaim the prominent 

effect of frequency on the generation rate of 𝑂𝐻∙radicals by the process of cavitation.  

•  With the increase in the ultrasonic frequency, the generated cavitation bubbles are 

of small size and shorter lifetime. Thus cavitation intensity as well as the maximum attainable 

temperature during collapse process are reduced causing a lower rate of 𝑂𝐻∙  radical generation.  

•  In case of hydrophobic materials, the optimum frequency for degradation is not only 

decided by the generation rate of 𝑂𝐻∙  radicals but also the mass transfer of molecules towards 

the interfacial region within the cavitation bubbles. Finally, 20 KHz is recommended for the 

optimum cavitation effects along with mass transfer rate [71]. Ultrasonic frequency may vary 

depending on the nature of the catalyst and type of contaminants. 

 Time:  

Time plays an important role in order to know about the reaction kinetics and the 

optimum reaction time for the removal of textile dyes. Sono-assisted degradation profile can 

be divided into three phases: 

•  Initially, when the concentration of dye molecules in the solution is very high, 

ultrasound is significantly utilized for rapid removal of dyes, thereby accelerating the reaction 

kinetics. So, a sharp rise in degradation efficiency is observed. 

•  Then, with the increase in reaction time, degradation occurs slowly as the 

concentration of dyes is reduced as compared to initial conditions that in turn exhibits slower 

reaction kinetics. 

•  At the end of the sonochemical degradation process, the removal efficiency reaches 

its maximum value and it remains saturated with prolonging reaction time. 

The standard range of ultrasound assisted degradation times would be anywhere in 

between 5 min to 1 h [71]. 

 pH:  

Another important factor in determining the degradation efficiency of pollutants is 

solution pH. During the sono-degradation process, the rate of formation of 𝑂𝐻∙radicals is 

controlled by initial solution pH that in turn, affects the ultimate extent of textile dye 

degradation. The mechanism of degradation under acidic and alkaline condition is described 

as follows: 
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•  Acidic environment inside the sonochemical reactor helps to generate huge number 

of 𝑂𝐻∙ radicals formation as well as accumulation by preventing the recombination reaction 

between 𝑂𝐻∙ that produces H2O2. So, efficient reactivity of 𝑂𝐻∙radicals is observed in the 

acidic medium. 

•  In case of solution with high pH, ultimate available 𝑂𝐻∙ radicals for degradation is 

diminished due to the recombination of 𝑂𝐻∙that produces H2O2 [83, 84]. Generated H2O2 will 

act as free radical scavenger which lowers the 𝑂𝐻∙  concentration [85, 86]. 

•  Apart from that, there is one physicochemical property i.e. pKa value of ionizable 

organic pollutants that in relation with solution pH ultimately controls the degradation 

performance [71]. 

As a newly developed efficient method, ultrasound-based remediation processes have 

the unique following advantages over the existing conventional strategies: 

1. Ultrasound based processes can be operated at ambient temperature and pressure 

conditions. 

2. This process is environment friendly as it does not introduce any hazardous 

elements into the water as by products. 

3. As there is no need for extra chemicals, this method is cost effective. 

4. This is easy to implement and faster remediation rate can be achieved as compared 

to other techniques. 

Current status of ultrasound assisted dye degradation of various catalyst materials are 

discussed here. There are some associated parameters by which performances of catalyst 

materials are compared. Efficiency of dye degradation depends on concentration of dye, dose 

of catalyst, reaction time, type of dye molecules, etc. 

Khataee and his co-workers investigated the sonochemical degradation of different 

dye molecules using various lanthanide element doped zinc oxide (ZnO) nanoparticles and 

corresponding results are listed in Table 2.3.  

Table 2.3: Sonodegradation performances of dyes using doped ZnO as catalyst 

   

Catalyst Dye Cdye (mg/L) Ccatalyst (g/L) Efficiency (%) Time 

(min) 

Ref. 

 
Sm-doped ZnO AB92 10 1 90.10 150  [87] 

Ho-doped ZnO  RO29 10 1 88.30 150  [88] 

Er-doped ZnO  RO29 5 1 88.09 150  [88] 

Gd-doped ZnO  AO7 10 1 90 90  [89] 

Ho-doped ZnO  RO29 10 1 88.3 180  [90] 

Nd-doped ZnO  AB92 10 1 86.2 150  [91] 



Chapter 2 

20 
 

Apart from doped ZnO, many oxide materials viz. titanium dioxide (TiO2), bishmuth 

oxide (Bi2O3), cerium oxide (CeO2), etc. and their combinations were explored as sonocatalyst 

for the removal of different textile dyes done by several research groups. The performances of 

these catalyst materials are summarized in the following Table 2.4. 

Table 2.4: Sonodegradation performances of dyes using various catalysts 

 

Besides the sonodegradation of textile dyes by oxides and ferrites-based catalysts, 

focuses are given to the carbon-based hybrid materials. Incorporation of carbon-based 

materials enhances the catalytic degradation efficiency as compared to its bare counterparts 

due to high carrier mobility within carbon network, promotes the large separation of generated 

charge carriers (e--h+ pair), and thereby, ultimately reduces the carrier recombination. Table 

2.5 summarizes the comparative study of catalytic activity of some carbon-based composite 

catalysts for dye removal. 

Table 2.5: Sonodegradation performances of dyes using carbon composite-based catalysts 

Catalyst Dye Cdye 

 (mg/L) 

Ccatalyst  

(g/L) 

Efficiency  

(%) 

Time 

(min) 

Ref. 

 
TiO2-biochar RB69 20  1.5 97.5 80  [97] 

PbSe–graphene–TiO2 RB 14 4 93 150  [98] 

ZnO/graphene/TiO2 MB 20  1 70.30 120  [99] 

CdS-C60/TiO2 RB 4.8  0.2 ~ 66 150  [100] 

Fe3O4-CHC AR17 10  1 100 80  [101] 

Survey of the existing literature, as far as I know, reveals that no such report on 

ultrasound assisted catalytic activity of MPc nanostructures and their carbon-based 

heterostructures exists. Incorporation of rGO with MPc may offer an effective way to enhance 

the above activity by suppressing recombination of the charge carriers and can also modulate 

the hydrophobicity of MPc. In addition to that, the influence of some process parameters on 

catalytic degradation of textile dye will also be probed in this dissertation. Applications of 

CuPc and its hybrid in this field are expected to open up some new directions in wastewater 

remediation. 

Catalyst Dye Cdye  

(mg/L) 

Ccatalyst  

(g/L) 

Efficiency 

(%) 

Time 

(min) 

Ref. 

 

 
Porous trigonal 

TiO2 nanoflakes (p-TiO2) 

RB 10 0.5 81 180 [92] 

β-Bi2O3 RB 5 3 98.7 90  [93] 

 MO   81.12 30   

NiO@CeO2 BG 10 0.3 46.1 240 [94] 

Bi2WO6 MO 10 1 80 30  [95] 

LuFeO3 RB 5 4 82.9 90  [96] 
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 Initially, in case of dye degradation through a conventional photocatalysis process, 

certain limitations such as prolonged reaction time and high catalyst dosage may restrict their 

applications. Therefore, photocatalysis can be combined with some new techniques viz. 

electrochemical, sonication, microwave, etc. in order to achieve remarkably efficient water 

remediation. In this dissertation, ultrasound coupled visible light driven catalysis process is 

specifically focused. Some sorts of synergistic effect in between light and ultrasound help to 

uplift the overall performances. Advantages of this combination include the uniform dispersion 

of catalyst into the aqueous medium, cleaning of catalyst surface, enhanced mass transfer, 

generation of enormous active radicals, and many others.  

 ZnO and TiO2 are wide bandgap semiconductors (3.1-3.3 eV) and behave as efficient 

photocatalysts when irradiated with UV light. They also exhibit visible light assisted catalytic 

activity only when their bandgap is tuned to lie within the visible region through various means 

viz. doping, composite formation with other materials, etc. Such sonophotocatalytic 

degradation of different dyes using ZnO and TiO2 based materials with UV/Visible irradiation 

is summarized in Table 2.6. 

Table 2.6: Sonophotodegradation performances using various catalysts 

  

 The parameters involved in conventional photocatalytic activity of MPc and its 

composite towards dye degradation under visible light illumination is listed in Table 2.7. As 

MPc materials inherently exhibit visible bandgap, they get excited readily by the visible 

irradiation. From literature mentioned in Table 2.7, it is evident that ~ 1.5 - 5 h reaction time is 

recommended for all the cases. This is one of the limitations of the photocatalysis process. 

 Table 2.7: Photodegradation of pollutants using phthalocyanine based catalysts 

Based on the existing literature discussed so far, it can be clearly proclaimed that till 

now there is no such report on ultrasound assisted visible photocatalytic activity of MPcs 

Catalyst Pollutant Source Cdye 

(mg/L) 

Ccatalyst 

(g/L) 

Efficiency 

 (%) 

Time 

(min) 

Ref. 

 

 
F-TiO2(B) CV US+Vis 30 0.1 46.15 120 [102] 

F-TiO2(B) MG US+Vis 30 0.1 58.61 120 [103] 

ZnO MO US+UV 20 0.3 63 40 [104] 

Fe/ZnO AY23 US+UV 9.2 0.2 98 60 [105] 

Fe-TiO2 NBB US+UV 10 2.2 96 60 [106] 

Catalyst Pollutant Light Cdye 

(mg/L) 

Ccatalyst 

(g/L) 

Efficiency 

 (%) 

Time 

(min) 

Ref. 

 

 
TNCuPc RB Visible 10 0.5 91 300 [107] 

BiOCl/CuTNPc/PAN RB UV-Vis 10 1 75 180 [108] 

CuPc-rGO RB Visible 4.8 0.25 96.2 210 [62] 

TiO2/FePc MB Visible 12.8 1 100 90 [109] 

CuFePc-PAN/H2O2 RB Visible 9.6  4 80 180 [110] 
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towards the textile dye removal. Synergistic effect of ultrasound and visible light combination 

and other factors on dye degradation under the presence of CuPc nanostructures will be 

explored in this dissertation. 

2.3.2 Energy: 

2.3.2.1 Storage: Supercapacitor (SC) 

The ever increasing demand of energy in modern society makes a new class of energy 

storage systems, very essential. Efficient systems are required in order to store and release 

excess energy according to the purpose. Many forms of energies viz. chemical, electrical, 

electrochemical can be stored by several means of energy storage systems. Depending on that, 

they are classified into four categories: mechanical, chemical, electrical, and electrochemical 

storage [111, 112]. Among these, electrochemical energy storage in terms of SCs designed by 

MPc nanostructures is chosen as the area of investigation. SCs are electrochemical energy 

storage devices that have very fast charge discharge characteristics, high power density with 

excellent cycling retentivity. Power density vs. energy density plot is termed as Ragone plot 

that is shown in Figure 2.7. It can be seen that SCs have moderate energy density as compared 

to conventional batteries. The power density actually dictates the rapidness with which energy 

can be delivered whereas energy density proclaims how far the energy can be delivered after a 

single charging process. In recent times, serious and sustained efforts are devoted by the 

research community to improve the energy density by adopting new classes of materials, 

electrolytes, device design, etc. 

 

 

 

 

 

  

Figure 2.7: Ragone plot for various energy storage and conversion systems [113] 

 

SCs furnish the existing gap in between normal capacitors and batteries as they offer 

higher power-density than batteries, larger capacitance value than normal capacitors, and rapid 
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charge/discharge process. Ideal supercapacitor electrode should offer features like high 

electrochemically active sites for improved charge transfer and ionic transport that lead to rapid 

surface redox reaction [114].  

❖ Advantages: 

• Nearly unlimited cycle life of SC device (millions of times) than battery (~ 500 

times) 

• High power density as compared to battery 

• Charging process is very fast (takes a few seconds). 

• Ability to power portable electronic systems. 

❖ Limitations:  

• Low energy density as compared to conventional battery 

• Higher self-discharge than most of the batteries 

• Low voltage from a single cell that necessitates a number of devices to be 

connected in appropriate fashion to achieve the required voltage. 

• High cost per watt than regular battery 

On the basis of the energy storage mechanism and electrical charge distribution over 

the two electrode surfaces, supercapacitors can be classified into three categories: 

Electrical double layer capacitor (EDLC) 

Pseudocapacitor 

Hybrid capacitor 

Among them, pseudocapacitor is our area of interest. Pseudocapacitors, shown in 

Figure 2.8, comprise mainly two oxide-based electrode materials, separator and an electrolyte. 

Here, charge storage mechanism proceeds via Faradaic process where charge is transferred in 

between electrode and the electrolyte. Due to the application of potential, reduction and 

oxidation reactions take place that result in the flow of Faradaic current through the 

pseudocapacitor cell. The limitations of pseudocapacitors are that they suffer from stability 

issue after long term operation as well as low power density as compared to EDLCs. 

Examples of well-established inorganic pseudocapacitor electrode materials are 

transition metal oxides viz. Co3O4, VO2, MnO2, redox polymers e.g. polyaniline, polypyrrole, 

RuO2, IrO2. Other than all inorganic materials, current research interest is directed towards 

establishing organic MPcs as pseudocapacitor material. 
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Figure 2.8: Construction of pseudocapacitor [115] 

Transition metal based binary, ternary oxides, ferrites and their combinations were 

well studied by various researcher groups since the last few years. Table 2.8 shows 

performances of such supercapacitor electrode materials. Specific capacitance, retention after 

long duration of charge-discharge cycles and electrolytes are considered here for performance 

analysis. Some metal oxides viz. Co3O4, NiO, etc., offer high specific capacitance and are 

abundant in nature, but their poor electrical conductivity and high processing temperature 

become their major drawbacks. 

Table 2.8: Performances of conventional oxide-based supercapacitor electrodes  

 

With the exception of conventional inorganic supercapacitor electrode materials 

discussed so far, some kinds of organic materials and their carbon-based composites were 

considered for the evaluation of supercapacitor performances. Specific capacitance at a 

particular current density and retention with long cycles for various Pc electrode materials are 

listed in Table 2.9. Majority of the electrodes were examined in acidic electrolyte. Mu et al. 

reported the hydrothermal synthesis of tetranitro iron phthalocyanine (TNFePc) flowers and 

studied their symmetric supercapacitive property in coin cell configuration [122]. After that, 

Materials Electrolyte Specific Capacitance 

(F/g) 

Retention (%) 

@ # cycles 

Ref. 

 

 
V2O5 flakes LiClO4/PC 510 @ 0.2 A/g 110 @ 1000 [116] 

Cr2O3 1 M KOH 130 @ 1 A/g 96.2 @ 3000 [117] 

CuO/ZnO 2 M KOH 579.5 @ 1 A/g 83 @ 2000 [118] 

MnO2 nanosheet 1 M Na2SO4 379 @ 0.5 A/g 87.3 @ 5000 [119] 

CoFe2O4 6 M KOH 429 @ 0.5 A/g 98.8 @ 6000 [120] 

BiFeO3 2 M NaOH 72.2 @ 1 A/g 82.8 @ 1500 [121] 
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many research groups started to explore carbon supported MPcs to achieve enhanced 

performance as compared to its pristine counterparts.  

Table 2.9: Performances of MPc and MPc based composite supercapacitor electrodes 

 

It is evident from published reports that majority of the literature is related to different 

functional group substituted MPc nano/microstructures and their carbon-based composites 

mainly in acidic electrolyte. To the best of my knowledge, there is no such report on 

unsubstituted MPcs. Finally, pristine form of MPcs will be analysed as supercapacitor electrode 

materials in alkaline electrolyte. 

2.3.2.2 Conversion: Fuel cell 

With the progress in energy storage systems, energy conversion systems also seek 

much attention due to the increasing demand of clean energy worldwide. Fuel cell is one type 

of energy conversion systems in which the chemical energy of externally supplied fuel i.e. 

hydrogen and oxygen is converted into electrical energy. Two reactions occur at electrodes of 

fuel cells: one is hydrogen oxidation reaction (HOR) at anode and another is ORR at cathode. 

The rate of ORR process is very sluggish in nature as compared to HOR. Thus, development 

of cathodic electrocatalyst design becomes important to accelerate the ORR process.  

❖ Mechanism of ORR:  

The mechanism of molecular oxygen (O2) reduction occurs in two ways in which 

transfer of either two or four electrons take place. One mechanism involves two electron 

transfer where O2 is partially reduced [as Eq. (2.6)] and hydrogen peroxide (H2O2) is produced 

as a by-product, which is undesirable as well as hazardous. In the other mechanism, complete 

reduction of O2 follows four electron pathway as described in Eq. (2.7, 2.8). These equations 

are known as dissociative and associative reactions, respectively, depending on the dissociation 

(O-O bond break) of the chemisorbed O2 onto the active sites (M*) of the electrocatalyst 

before/after protonation [126]. In principle, a four electron mechanism is recommended for 

complete reduction of O2 into water (H2O) in case of electrocatalytic ORR. 

 

Materials Electrolyte Specific Capacitance 

(F/g @ A/g) 

Retention (%) 

@ # cycles 

Ref. 

 

 
TNFePc Ethanol+TFA 63@0.3 71@700 [122] 

GO/CoTPyzPz 1 M Na2SO4 500@2 50@1000 [123] 

NiPc-rGO 1 M H2SO4 223.28 @ 1  88.24@1000 [124] 

N-CuMe2Pc nanorods/rGO 1 M H2SO4 291.6 @ 0.5  100.1 @ 5000  [125] 
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• Two electron mechanism: 

O2 +M
∗
e−+H+

→     HOO∗
e−+H+

→    H2O2 +  M
∗                                           (2.6) 

• Four electron mechanism: 

1

2
O2 +M

∗ → O∗
e−+H+

→     HO∗
e−+H+

→    H2O +  M
∗                                   (2.7) 

O2 +M
∗
e−+H+

→     HOO∗
e−+H+

→    H2O +  O
∗
e−+H+

→    HO∗
e−+H+

→    H2O +  M
∗                (2.8) 

Adsorption of molecular O2 onto the active sites of the catalyst is the most important 

step towards the ORR mechanism. There are 3 ways, shown in Figure 2.9, by which O2 can be 

adsorbed onto the catalyst surface. For four electron pathway, the Griffiths mode and Bridge 

mode are desirable, while the Pauling mode is preferable for two electron mechanism [127, 

128]. 

 

 

 

 

 

 

Figure 2.9: Three adsorption modes for O on the surface of the catalyst [129] 

Electrocatalyst materials can be classified into four broad categories as shown 

schematically in Figure 2.10. These are briefly explained in the following section: 

(a) Noble metal group: 

Noble metal group elements include Platinum (Pt), Palladium (Pd) and their alloy 

with any transition metal (M). Pt and Pd based electrocatalysts still show the benchmark ORR 

performances in both acidic and alkaline electrolyte [126]. However, the natural resources 

unavailability, long term instability and high cost of Pt group metal led the scientists to search 

for alternative catalyst materials for large scale industrial application in fuel cell technology. 

Replacement of most efficient commercially available Pt- based electrocatalysts is highly 

challenging till date, from the point of view of practical ORR applications. 

(b) Non Noble metal group: 

Non noble metal group ORR electrocatalyst includes mainly transition metal based 

oxides, nitrides, carbides, phosphides, and chalcogenides. The main merits of these group 

materials are abundant resources, low cost, large scale production, etc. as compared to noble 
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metals. Another special class of organic materials, MPc comes under this category. ORR 

activities of these materials are awful as compared to Pt based catalysts; but they exhibit 

superior performance in alkaline media. These are therefore, very much suitable for alkaline 

fuel cells and metal air batteries. Still a long way to go for non-noble metal based catalysts to 

achieve the position in the family of ORR electrocatalysts. 

(c) Carbon group: 

A broad range of carbon materials viz. carbon nanotubes (CNTs), graphene, carbon 

quantum dots, carbon nanoribbons, carbon cages, etc. has been proclaimed as ORR 

electrocatalysts [130-132]. Superior ORR activity and resource abundance manifest these 

materials as potential candidates to replace the expensive noble metal based catalysts. 

(d) Single atom group: 

Single atom based electrocatalyst is a kind of emerging materials where the metal 

active sites are dispersed on a support matrix at the atomic level. These have gained enough 

research interest in the field of ORR electrocatalysts [133]. According to some recently 

published literature, these materials improve both ORR performance and stability under acidic 

conditions [134, 135]. High stability is the outcome of strong interaction between the single 

atoms and the host coupling sites. Although high ORR performance has been achieved by many 

research groups, the field of single atom based electrocatalyst should be explored further. 

 

 

 

 

 

 

 

 

 

 

To replace standard noble metal based catalysts, MPc were explored for oxygen 

reduction reaction (ORR). For performance comparison of various electrocatalysts, important 

parameters viz. onset potential (Eonset), half wave potential (E1/2) and electron transfer number 

Figure 2.10: Classifications of electrocatalyst materials  
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(n) are considered here. In Table 2.10, ORR performances of pristine form of various MPcs are 

summarized. Iron phthalocyanine (FePc) is found as the best performing candidate over others 

as it followed the four electron transfer process of ORR. ORR activity was tested for all catalyst 

materials in the same alkaline medium i.e. 0.1 M KOH. 

Table 2.10: Performances of pristine MPc as ORR electrocatalyst 

 

 

 

 

 

  

 As per the above table, it can be proclaimed that the ORR activity of FePc is closer to 

Pt/C as compared to manganese phthalocyanine (MnPc) and ZnPc. So, to achieve the improved 

performance of other MPcs viz. CuPc, ZnPc, etc., focusses were given on the heterostructure 

formation with carbon and TMDC based materials e.g. rGO, MoS2, etc. The main features of 

carbon-based support materials like carbon black, carbon nanotube, and reduced graphene 

oxide, are their magnificent conductivity and - interaction between MPc and carbon support 

that, in turn, play the major role in the prevention of MPc molecule aggregation [142]. ORR 

performances of several forms of carbon based MPc composites are shown in Table 2.11. 

Almost all ORR activity is carried out in alkaline media, but Li et al. reported the ORR activity 

of bi-FePc/GNS in acidic media where the material followed four electron reaction pathway 

[143]. 

Table 2.11: Performances of carbon supported MPc as ORR electrocatalyst 

 

Materials Eonset(V vs. RHE) E1/2 (V vs. RHE) n Ref. 

 
FePc+CoPc 0.952 0.879 4.0 [136] 

K-FePc2Ph 0.946 0.882 3.7 [137] 

cK-FePc2Ph 0.948 0.883 3.3 [137] 

K-FePc5Ph 0.933 0.862 3.2 [137] 

FePc 0.87 0.64 3.6-3.9 [138] 

MnPc 0.83 0.54 3.6 [139] 

PFe-Pc 1.046 0.94 3.47 [140] 

ZnPc 0.72 0.52 1.9 [141] 

Materials Electrolyte Eonset (V vs. RHE) E1/2 (V vs. RHE) N Ref. 

 
CuPc/C 0.1 M KOH 0.81 0.72 4.0 [144] 

ZnPc/rGO 0.1 M KOH 0.82 0.54 3.73 [141] 

FeTAPc 0.1 M NaOH 0.86 --- 2.99-3.64 [145] 

FePc-Gr 0.1 M NaOH 0.97 --- 3.99-4.44 [145] 

bi-FePc/GNS 0.5 M H2SO4 0.76 [SHE] --- 3.7 [143] 

FePc/GCB 0.1 M KOH 0.98 0.90 3.97 [146] 

NiPc/GCB 0.1 M KOH 0.76 0.55 2.64  [146] 

FePc/OMC 0.1 M KOH 0.725 0.623 3.95 [147] 

FePc(CP)4/Gr 0.1 M NaOH 0.921 --- 3.8 [148] 
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 There exists very few works based on the ORR activity of pristine and doped MoS2 

and the effect of presence of various dopants like vanadium, phosphorus, etc. Their 

performances are enlisted in Table 2.12. Pristine form of MoS2 follows two electron pathway, 

whereas doped MoS2 exhibits four electron pathway towards oxygen reduction. Only a single 

report is available on FePc – MoS2 prepared by Kwon and his co-workers. They also 

investigated the ORR activity of FePc – MoS2 in alkaline medium. These results are also 

included  in Table 2.12. 

Table 2.12: Performances of MoS2 and MPc - MoS2 as ORR electrocatalyst 

 

Thorough survey of existing literature makes it clear that there is no report based on 

the ORR performance of CuPc and its heterostructure with rGO and MoS2 nanosheets. 

Graphene has a very high surface-to-volume ratio that facilitates efficient electron transport, 

an essential criterion for electrocatalytic applications. The high surface-to-volume ratio of 

graphene makes it a promising candidate in the field of noble metal-free catalysis. In contrast 

to graphene, 2D MoS2 may contain numerous unsaturated edges and dangling bonds. Such 

kinds of edge defects are responsible for enhanced electrocatalytic applications like ORRs 

[152]. In ORR applications, exposed Mo sites in 2D MoS2 edges can be treated as active sites 

for O2 adsorption, since negatively charged O atoms can easily be bound with positively 

charged Mo atoms [151]. Presence of vacancy defects in the basal plane also plays a role in 

improving ORR performances. In spite of the fact that cost of MoS2 is reasonable and exhibits 

good chemical stability, its catalytic activity is still limited by poor carrier transport properties 

and the presence of highly inert basal planes. 

However, some unique features those are very much beneficial to its application as 

ORR electrocatalysts. These are briefly introduced as follows: 

(1) The unsaturated metallic edge centres furnish an intrinsic ORR activity upto a 

certain level and also provide possibility for functionalization with several materials.  

(2) Active site accessibility by ORR reactants is dependent on the surface area; more 

active sites are provided by high surface area of catalyst materials. Surface area can be 

increased as a result of conversion of bulk MoS2 to nanostructured MoS2. 

Materials Eonset (V vs. RHE) E1/2 (V vs. RHE) N Ref. 

 
MoS2 nanoflakes 0.80 0.64 1.9-2.1 [149] 

Phosphorus doped MoS2 0.96 0.80 3.4-3.6 [149] 

Vanadium doped MoS2 0.85 0.73 3.4-3.5 [150] 

Oxygen incorporated MoS2 0.94 0.80 4.0-4.1 [151] 

FePc - MoS2  0.90 0.89 4.0 [64] 
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The above review indicates that electrocatalytic activity of rGO and MoS2 based MPc 

hybrids towards ORR still needs further investigation. 

2.3.2.3 Harvesting: Solar cell 

Energy harvesting is the process of converting the ambient energy present in the 

atmosphere into electrical energy in order to power small electronic devices or circuits [153]. 

Solar cells are one of them in which solar radiation is converted into electrical energy. The 

basic four steps needed for such energy conversion are as follows: 

1. Absorption process by which the absorber material is activated from a ground state 

to an excited state producing an electron-hole (e-h) pair. 

2. The excited state (e-h pair) should be converted into free electron and hole as charge 

carriers, and 

3. Transport mechanism by which photogenerated free negative and positive charge 

carriers are moved in two opposite directions, electrons towards the contact known as cathode 

and holes towards the contact, anode. 

In some absorber materials, the excited state may be photogenerated free electron–

free hole pair. In that case, step 1 and step 2 are intermingled. But, for some materials, the 

excited state may be an exciton, and steps 1 and 2 are then distinct. 

❖ Basic structures: 

There are several layers and two contacts present in solar cell structures. The core 

material is absorber which is capable of absorbing the light from the solar spectrum and 

producing an excited state. This state can be a pair of free electron and hole or bound electron 

and hole pair, called exciton that needs to be dissociated to form free electrons and holes. 

Absorber materials can be of different types viz. organic or inorganic semiconductors, dye 

molecules, quantum dots, perovskite materials, etc. In addition to the absorber materials, 

various transport layer materials need to be incorporated for improvement in the solar cell 

performances. Wide band gap materials that are capable to block electrons but allow the 

transport of holes with appropriate affinity level, are known as hole transport or electron 

blocking layer (HTL/EBL). Similarly, materials which are able to transport electrons but block 

holes are named as electron transport or hole blocking layer (ETL/HBL). Function of these 

layers is to prevent unwanted recombination of photogenerated electrons and holes at the 

electrodes. The contact materials can be metal or transparent conducting oxide (TCO). It 

provides low electrical resistance as well as a good amount of solar light transmission into the 

cell by virtue of its transparency towards the solar spectrum. indium tin oxide (ITO) or Fluorine 

doped tin oxide (FTO) are widely used TCOs. 
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 On the basis of the positioning of transport layers, solar cell architectures can be of 

two types: conventional and inverted configurations illustrated schematically shown in Figure 

2.11. In conventional architecture, HTL and ETL are deposited over TCO and absorber, 

respectively, whereas the position of HTL and ETL are interchanged in an inverted 

configuration. 

 

 

 

 

 

 

❖ Basic Parameters:  

The performance of a solar cell is evaluated in terms of four basic parameters: Short 

circuit current density (Jsc), Open circuit voltage (Voc), Fill factor (FF) and Power conversion 

efficiency (PCE). The optimum performance of a cell is judged by its FF and finally by the 

PCE. 

Depending upon the type of absorber materials used, solar cells are classified into 

different categories like silicon solar cell, dye sensitized solar cell, organic solar cell, perovskite 

solar cell, etc. In this dissertation, performances of organic polymer and Pb free perovskite 

solar cells along with various transport layers will be investigated through their simulations 

using Silvaco ATLAS. 

2.3.2.3.1 Organic polymer solar cell (OSC):  

 In this type of solar cells, small molecules and polymer kinds of organic 

semiconductors are used as solar light active layers. In OSCs, p-type (donor) and n-type 

(acceptor) semiconductors are used together. The p-type materials include small molecules like 

porphyrin, phthalocyanine and conjugated polymers viz. poly(p-phenylenevinylene (PPV), 

poly-3-hexylthiophene (P3HT), etc. Mainly, Fullerene derivatives viz. phenyl-C61-butyric acid 

methyl ester (PCBM) is primarily used as n-type material due to fast charge separation and high 

electron mobility in it.  

Figure 2.11: (a) Conventional and (b) Inverted architecture of solar cell 
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 There are two types of architectures - one is bilayer structure and the other is bulk 

heterojunction (BHJ) structure. In bilayer structure, donor (D) and acceptor (A) layers are 

successively deposited. In the latter, donor and acceptor with certain weight percentage are 

mixed homogeneously to form an interpenetrating network in nanoscale domains. The resulting 

absorber is deposited on a transparent electrode. The donor/acceptor interface facilitates exciton 

dissociation. Thus in BHJ, effectively large interface area and thereby, significantly increased 

exciton dissociation can be achieved, resulting in larger photocurrent. Thus, BHJ structure is 

found to be more efficient than bilayer structure [154, 155]. 

 

 

 

 

 

 

 

 

 

 

❖ Working principles: 

In OSCs, the conversion of solar energy into electrical energy involves few steps: 

generation, diffusion and dissociation of exciton, and subsequently transport of free charge 

carriers to the electrodes. Every step is important for the efficient operation of OSCs and is 

described below. 

(a) Exciton generation:  

When solar radiation is incident on OSCs, photons get absorbed by the absorber 

material. For each absorbed photon, an electron is excited from the highest occupied molecular 

orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) of the organic 

semiconductors. As organic materials possess very low (~3 - 5) dielectric constant [156, 157], 

such photon absorption leads to the generation of excitons, which are electrically neutral but 

Coulombically bound electron–hole pairs, rather than free charge carriers in inorganic 

semiconductors. Low permittivity makes the binding energy of the electron–hole pairs in 

organic absorber is significantly higher than that in inorganic materials [157]. As a 

consequence, only ~10 % of the generated excitons are converted to free charge carriers in 

Figure 2.12: Organic BHJ solar cell architecture 
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conjugated polymers [157]. For the purpose of dissociation of excitons, an electron donor and 

electron acceptor materials with appropriate energy band structures are required. 

(b) Diffusion:  

Diffusion of photogenerated excitons to reach at donor–acceptor interface is a crucial 

step. At the interface, dissociation of excitons takes place to yield free electron and hole pairs. 

So, exciton diffusion length is the determining factor for absorber layer thickness i.e. the 

donor–acceptor phase separation length or bilayer device length [158]. In case of organic 

semiconductors, exciton diffusion lengths are usually around 10–20 nm as per existing 

literature [159]. Diffusion of excitons over longer distances causes their decay through 

radiative or non-radiative recombination, to their ground state before reaching the interface. As 

a result, the efficiency of the solar cell falls. 

(c) Dissociation: 

The dissociation of excitons yields free charge carriers. Splitting of neutral excitons 

are accomplished either by externally applied electric field or by the local electric field 

appeared at donor–acceptor interface. A strong local electric field is generated due to the 

differences in the LUMO energy levels of the donors and acceptors at the interface. Such 

heterojunction interfaces are created by blending electron donors with electron acceptors. Now, 

the photoinduced charge transfer across the interface is an ultrafast (~ 45 fs) process compared 

to other competing relaxation processes [160]. Some controversies may exist in context with 

the mechanisms of exciton dissociation and complete process is still not clearly understood. 

Several pathways are proposed to create free carriers i.e. charge transfer (CT) complex or hot 

states. In the first case, CT complex is formed due to the transition of electron from LUMO of 

donor to LUMO of acceptor, therefore, hole is on the HOMO of a donor material and the 

electron is on the LUMO of acceptor molecule. As the hole and electron are quite close to each 

other, they are still Coulombically bound. In another approach, hot states are generated by 

gaining energy from energy level offset in LUMO and are used to generate free carriers 

directly. 

(d) Collection: 

After the dissociation step, transport and collection of free carriers at respective 

electrodes are also very important to achieve high efficiency solar cells. The carrier mobilities 

in the donor and acceptor materials are thus crucial for the charge carrier transportation. An 

external electric field may arise through use of asymmetrical contacts, where one low work-

function (WF) metal is employed for collecting electrons and one high WF metal for collecting 

holes [161]. An ohmic contact between organic materials and electrodes is important to 
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efficiently collect the electrons at cathode and holes at anode. The nature of the 

electrode/organic material interfaces is really complex.  

The whole mechanism for OSC is explained with the help of Figure 2.13. Initially, 

photons are absorbed with an efficiency ηPA that depends on absorption coefficients (α) of 

absorber molecules and excitons are produced. The photogenerated excitons diffuse with 

efficiency ηED towards the donor-acceptor (D-A) interface. Next, charge is transferred to the 

acceptor with efficiency ηCT. An efficient charge transfer is commonly observed in presence 

of an energetic driving force towards a charge-transfer or a charge-separated state. After that, 

dissociation of the excitons into electron-hole pairs occurs with efficiency ηCD. This step, in an 

organic solar cell, is not yet completely understood and still an issue of controversial 

discussions. Separated charge carriers are transported with efficiency ηCP. Finally, charge is 

collected at the electrodes with efficiency ηCC. Loss of carriers may occur at electrodes if the 

electrode material is not chosen properly. 

 

 

 

 

 

 

 

Figure 2.13: Overall working principles of organic BHJ solar cell [162] 

❖ Advantages: 

• Solution processability of organic semiconductor helps to produce low cost large area 

OSC fabrication. 

• Low temperature processing techniques help to reduce the manufacturing energy 

consumption. 

• Ability to print on large area plastic substrates ultimately leads to portable electronic 

applications. 
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Lot of theoretical as well as experimental works on polymer: fullerene based BHJ solar 

cells were reported. Poly[2-methoxy-5-(3´,7´-dimethyloctyloxy)-p-phenylene vinylene] 

[OC1C10PPV] and P3HT are two popular organic polymers employed as absorber materials with 

fullerene. Lenes et al. reported the experimental dependency of absorber material Poly[2-

methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] [MDMO-PPV]:PCBM thickness 

on solar cell performances [163] and finally proclaimed that 100 nm thick absorber yields 

optimum performances. Riedel with his group conducted a comparative study of cells using 

OC1C10PPV and P3HT based absorbers. The measurements indicated that P3HT based solar 

cells exhibit larger Jsc and FF due to significantly higher charge carrier mobility [164]. So, 

application of these two organic polymers in the field of solar cells will be explored further in 

this present dissertation. Performance comparison of both absorbers will be made on the basis 

of simulation using Silvaco ATLASTM tools. Some reports indicated the performance 

improvement in P3HT:PCBM inverted solar cell with additional carrier transport materials like 

vanadium dioxide (V2O5) [165], nickel oxide (NiO) [166], poly(3,4-Ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) [167], ZnO [168] etc. with silver (Ag) as top electrode. In 

addition, the influence of various metal electrode and transport layer materials will also be 

investigated for further enhancement in solar cell parameters. 

2.3.2.3.2 Perovskite solar cell (PSC): 

In recent years, halide perovskite (HP) based materials acquired immense importance 

as efficient solar light absorber for photovoltaic applications due to their outstanding 

optoelectronic properties like large carrier diffusion lengths, moderate carrier mobility, high 

visible light absorption coefficients and tunable optical bandgaps [169-171]. HPs are of two 

categories: one is organic-inorganic HP (OIHP) and the other all inorganic HP (IHP). General 

formulae for one type of HPs are ABX3 [Figure 2.14], where A indicates the monovalent 

organic cation viz. methylammonium [MA+ (CH3NH3
+)], formamidinium [FA+ (HC(CH2)2

+)], 

etc. and inorganic cations like Cs+; B represents divalent cations viz. Pb2+, Sn2+, etc. and X 

represents halide anions like Cl-, Br- and I- [172]. 

 

 

 

 

 Figure 2.14: Crystal structure of single perovskite (ABX3) 
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 Although record PCE has been achieved from OHIP based solar cells, they suffer from 

chemical instability due to the presence of organic MA+ or FA+, which are volatile in nature 

and easily get decomposed to several components [Eqs. (2.9 and 2.10)] under the presence of 

external agitations e.g. heat, light, oxygen and moisture [173]. CH3I / NH3 products are formed 

by degradation of MA+ cations and this reaction is irreversible in nature turning the reformation 

to MA+ impossible.  

   MAPbI3
ℎ𝜈 𝑜𝑟 Δ
→     PbI2 + Pb + I2 + CH3NH2 + CH3I + HI + NH3                            (2.9) 

    MAPbBr3
ℎ𝜈 𝑜𝑟 Δ
→     CH3NH2 + PbBr2 + HBr                                                           (2.10) 

This issue has urgently stimulated the investigation of IHP in which organic cations 

are replaced by inorganic cations. But there are also several degradation mechanisms like 

polymorphic transition, oxidation and hydration, those affect the stability of IHPs adversely. 

Now, all HP materials contain lead (Pb) whose toxicity severely causes environmental hazards. 

According to the ‘lead free directives’ [174], the maximum Pb concentration in every 

homogeneous material is restricted upto 0.1% by weight for any Pb based solar cells. 

Unfortunately, all HPs investigated so far as effective absorber materials contain more than 

10% lead by weight [175]. Thus major attention is drawn towards the development of Pb free 

non-toxic perovskite materials to avoid the detrimental effect of Pb. Initially, Tin (Sn), 

Germanium (Ge), etc. are used in place of Pb, but rapid oxidation of Sn along with small 

amount of toxicity hinder the use of Sn in commercialization. In this regard, a new family of 

halide double perovskite based on non-toxic and ultra-stable titanium (+4) is unravelled with 

general chemical formula A2TiX6 (A = K+, Rb+, Cs+, In+, MA+, or FA+; X = Cl, Br, or I) [Figure 

2.15]. Among them, Cs2TiBr6 will be focussed in this dissertation.  
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Figure 2.15: Crystal structure of double perovskite (A2BX6)[176] 

Periodical evolution of Pb free double perovskite from Pb based single perovskite is 

schematically shown in Figure 2.16.  

 

  

 

 

 

 

 

 

 

The technology for implementation of Pb based PSCs has been matured enough and 

OIHP solar cell offering record maximum PCE of around 24% has been reported. Here, 

performances of some recently reported Pb based PSCs are presented in Table 2.13. 

 

 

 

Figure 2.16: Evolution of Pb free double perovskite (A2BX6) 
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 Table 2.13: Performances of Pb based OIHP and IHPs solar cell 

Effect of Pb content as well as lack of stability of PSCs hinder their rapid 

industrialization. The major concern is the inherent toxicity of Pb content that causes severe 

health risk for peoples affecting central nervous system, renal, gastrointestinal, respiratory 

systems, and many more. The generation of Pb compounds during manufacturing and recycling 

processes of the perovskite based system demands some restrictions on large-scale 

implementation of PSCs. Initial strategy was to substitute Pb by other group IVA elements, 

such as tin (Sn) and germanium (Ge). Use of such Pb free perovskites yields high carrier 

mobilities and moderate conversion efficiencies, far away from those offered by cutting-edge 

Pb systems [182-185]. Table 2.14 summarizes the performances of some reported Sn and Ge 

based Pb free PSCs. 

Table 2.14: Performances of Pb free Sn and Ge based OIHP and IHPs solar cells 

Absorber Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Ref. 

 
MASnI3 11.82 0.45 40 2.14 [186] 

MASnIBr1.8Cl0.2 14 0.38 57.3 3.1 [187] 

CsSnI3 25.71 0.38 49 4.81 [188] 

CsGeI3 18.78 0.51 51 4.94 [189] 

CsSnCl3 19.82 0.87 56 9.66 [190] 

CsSnBr3 21.23 0.85 58 10.46 [190] 

CsSn0.5Ge0.5I3 18.61 0.63 60.6 7.11 [191] 

 

Sn and Ge based PSCs exhibit moderate PCE, but Babayigit et al. [192] reported high 

chances of rapid oxidation from Sn2+ to stable Sn4+ at ambient / aqueous environment due to 

their low redox potential. More importantly, use of Sn still causes toxicity, definitely much 

lower than that caused by the presence of Pb, and gives rise to some short-term effects on 

human systems. Ataxia, muscle weakness and irritation of gastrointestinal system are examples 

of such effects, which may in turn, lead to vomiting and diarrhoea. Plausible degradation 

pathways of Ge based PSCs and their tolerances to moisture, light, heat and oxygen are not 

investigated thoroughly and still under debate. 

Absorber Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Ref. 

 
(FAI)0.81(PbI2)0.85(MAPbBr3)0.15 23.7 1.14 78 21.6 [177] 

(FAPbI3)0.95(MAPbBr3)0.05 24.91 1.14 83.29 23.2 [178] 

CsPb1-xCaxI3 17.9 0.945 80 13.5 [179] 

CsPbBr3 6.84 1.40 76.1 7.29 [180] 

CsPbBr3 5.08 1.21 66.7 4.1 [181] 
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Apart from Sn and Ge, several metal cations i.e. Ag+, Sb3+ and Bi3+ were used in 

synthesizing HPs. But these PSCs exhibit bandgaps higher than 2.0 eV (e.g. Cs3Bi2I9-2.2 eV, 

Cs2AgBiBr6-2.2 eV and Cs3Sb2I9-2.4 eV) making them unsuitable for photovoltaic applications 

[193-195]. The solar cell parameters for such kinds of Pb free PSCs are summarized in Table 

2.15. 

Table 2.15: Performances of pb free (except Sn and Ge) OIHP and IHPs solar cells 

 

 

In this scenario, Ju et al. [198] proposed a new family of Pb free inorganic HPs based 

on Titanium (Ti) with its very stable +4 oxidation state. Ti based HPs with general formula 

Cs2TiX6 (X=I/Br) offer a set of desirable properties like suitable bandgaps (1.38 - 1.78 eV) 

matched with solar radiation, efficient optical absorption, favourable defect properties and 

ultrahigh stability [176]. They reported the theoretical estimation as well as experimental 

validation of bandgaps tunable over in the range of (1.02 - 1.78 eV) arising from such PSCs. 

Several advantages of Ti, like earth abundance, biocompatibility and non-toxicity, make 

Cs2TiX6 very promising solar light absorber for future generation environment friendly Pb free 

PSCs. Such absorber materials exhibit excellent stability towards the environmental factors viz. 

light, moisture, heat, etc. These classes of materials are not yet explored much, and thus need 

further investigation. Experimental data determining the performances of Cs2TiBr6 solar cell 

are shown in Table 2.16, as reported by chen et al.[198]. Based on this work [198], Pb free 

Cs2TiBr6 will be simulated for the first time using TCAD from Silvaco ATLASTM. In addition, 

the role of various inorganic / organic HTLs in influencing solar cell performances deserves 

further investigation. The superhydrophobic property of organic MPcs used as HTL may 

characterize the solar cells with additional features of atmospheric moisture resistance and 

overall long term outdoor stability. 

Table 2.16: Performances of Pb free Cs2TiBr6 based solar cell 

 

Absorber Jsc (mA/cm2) Voc (V) FF (%) PCE (%) Ref. 

 
MA3Bi2I9Clx 0.18 0.04 38 0.003 [194] 

MA3Bi2I9 0.52 0.68 33 0.12 [194] 

Cs3Bi2I9 2.15 0.85 60 1.09 [194] 

MA3Sb2I9 5.41 0.62 60.82 2.04 [196] 

Cs3Sb2I9 2.91 0.60 48.11 0.84 [196] 

Cs2AgBiBr6 4.08 1.01 70.92 2.92 [197] 

Absorber Type of 

investigation 

Jsc 

(mA/cm2) 

Voc 

 (V) 

FF 

 (%) 

PCE 

 (%) 

Ref. 

 

 
FTO/TiO2/C60/Cs2TiBr6/

P3HT/Au 

Experimental 5.69 1.02 56.4 3.28 [198] 
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2.4  Conclusions: This chapter has presented an overview of synthesis of organic 

semiconductors, 2D materials and their hybrid structures, along with their applications in the 

environment and energy sector. Various processes for the synthesis of each class of materials 

are summarized on the basis of available literature. Such summary helps us to introduce 

appropriate modifications in some existing methods and/or to adopt novel approaches for 

nanostructure preparation. For performance improvement of the pristine systems, formation 

of their hybrid structures has also reviewed. This chapter also presents an extensive literature 

survey in the field of applications of above materials that is required to identify gaps in 

existing literature and accordingly formulate the research problems dealt in this dissertation. 
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 This chapter will present a brief description about the experimental techniques 

employed to carry out synthesis, characterizations and applications of MPcs and its hybrid 

nanostructures. Different synthesis routes may cause modulation in the morphology and 

dimension of materials. Various techniques followed to synthesize the nanostructured materials 

will be discussed here. Next, a brief description of several characterization tools employed to 

study the compositional, structural, morphological, and electrical properties of prepared nano 

/ micro structures will be presented. Finally, methodologies adopted to explore the synthesized 

materials for various energy and environmental applications, will also be addressed here. 

3.1 Synthesis Procedures: 

Preparation of nanostructured materials involves either physical or chemical 

processes. Instead of using heavy and costly physical instruments, in this dissertation, chemical 

processes are considered for the growth of ZnPc, CuPc and their hybrid nanostructures.  

3.1.1 Chemical process: 

Apart from the cost effectiveness, the advantage of chemical method is primarily the 

good chemical homogeneity at the molecular level. A specific control over reaction kinetics 

leads to the formation of desired structural variation keeping the macroscopic properties 

unaltered. The general procedure of chemical synthesis involves reactions in aqueous/non-

aqueous solution containing soluble or suspended salts. When the solution becomes 

supersaturated by the salt, the precipitation is formed either by homogeneous or by 

heterogeneous nucleation processes. One of the most promising solution processes for MPc 

nanostructure preparation is self-assembly, which offers some benefits: (i) several structures 

can be synthesized using basic building blocks of metal ions and organic ligands, (ii) different 

types of interactions i.e. π–π interactions, van der Waals interactions, etc. can be induced [199]. 

3.1.2 Hydrothermal / Solvothermal process: 

Synthesis of pristine MPcs and their heterostructures through hydrothermal processes 

is carried out with an autoclave arrangement as shown in Figure 3.1. An autoclave is a device 

that is used to heat aqueous solution or organic solvents above their boiling point at a pressure 

higher than normal atmospheric pressure. It is basically a cylindrical stainless steel jacket 

[Figure 3.1(a)] fitted with screw cap. The cap should be fitted very tightly so that it can 

withstand very high-pressure created within the jacket during reaction. A cylindrical Teflon 

tube [Figure 3.1(b)] with a Teflon cap serves as the inert reaction chamber and is fitted within 

the iron chamber. The Teflon tube may be of different capacity like 100 ml, 50 ml etc. At most 
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80% volume is filled with solution. The autoclave is then inserted into the stainless-steel jacket 

and is kept in an oven at temperature below 250°C as per sample requirement. 

 

 

 

 

 

 

 

 

As the reaction temperature for hydro (solvo) thermal is within 250°C, a simple low 

temperature oven is used in order to conduct the reaction. The photograph of the oven is shown 

in Figure 3.2 (a). The temperature of the oven is controlled with an accuracy of ± 0.5°C by an 

electronic temperature controller. After complete reaction, samples are filtered using vacuum 

filtration units as shown in Figure 3.2 (b).  

 

 

 

 

 

 

 

 

 

 

Apart from the purpose of synthesis, the ovens can also be used for drying the sample. 

This process has lot of advantages viz. high product purity, homogeneity, single step process 

using simple equipment, lower energy requirement with faster reaction time, etc. 

Figure 3.2: (a) Photographs of oven and (b) Vacuum filtration set up  

(a) 
(b) 

Figure 3.1: Photographs of the (a) stainless-steel jacket and (b) Teflon tube 
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3.2 Characterization Tools: 

There are several instruments available to confirm the proper formation of synthesized 

nanomaterials. Among them, XRD, FESEM, High Resolution Transmission Electron 

Microscopy (HRTEM), Energy Dispersive X-ray (EDX), XPS, UV-Vis analysis etc. are 

adopted in order to investigate structural, morphological and optical properties. 

 

3.2.1 X-ray diffraction (XRD):  

In 1895, the German physicist Roentgen discovered X-rays and so named due to its 

unknown nature at that time. In 1912, the exact nature of X-rays and its diffraction by atomic 

planes of crystals were properly discovered. This discovery offered a new direction to 

investigate the structure of matter. 

Solid matter can be classified as follows: 

1. Amorphous: The atoms are arranged in a random way. Glasses are amorphous 

materials. 

2. Crystalline: The structure of a crystalline solid is described by considering its 

simplest repeating unit, termed as unit cell. The unit cell consists of lattice points that represent 

the locations of atoms. The dimensions of the unit cell are described by three axes a, b, c and 

the angles between them alpha (α), beta (β), gamma (γ). The entire crystal structure is formed 

by repeating this unit cell in three dimensions. About 95% of all solids can be described as 

crystalline. 

Bragg’s law governs the X-ray diffraction technique for structural analysis. When 

monochromatic X-rays incident on the crystal lattice [Figure 3.3], atomic planes cause 

reflection of incident X-rays. Thus, there exists a path difference in between the rays reflected 

from plane 1 and plane 2. Such rays will reinforce each other only when their path difference 

is an integral multiple of the incident X-ray wavelength. 

    The Bragg’s law can be written as [200]: 2dsinθ = nλ                                                 (3.1) 

where, n is an integer and λ is the wavelength of the X-rays used, θ is Bragg angle and d is the 

interplanar spacing. 
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A Rigaku Ultima III X-ray diffractometer is used for recording the diffraction pattern 

of the samples in θ-2θ configuration with Cu Kα radiation (λ =1.5404 Å) and operated at 40 KV 

voltage and 30 mA current. A photographic image of the X-ray diffractometer is shown in 

Figure 3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 3.4: Experimental set up of X-Ray Diffractometer 

Figure 3.3: (a) Illustration of Bragg’s law and (b) Schematic of X-ray diffractometer 
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3.2.2 Fourier Transform Infrared Spectroscopy (FTIR):  

Infrared spectroscopy provides the study of interactions between matter and 

electromagnetic (EM) fields in the IR region. In this spectral region, the EM waves mainly get 

coupled with the molecular vibrations. As a result of the introduction of Fourier-transform, the 

most significant advances in infrared spectroscopy have been achieved. This type of instrument 

employs an interferometer and exploits the well-established mathematical process of Fourier-

transformation. FTIR spectroscopy has dramatically improved the quality of infrared spectra 

and minimized the time required to yield desired data.  

Most of the commercially available FTIR spectrometers use the Michelson 

interferometer shown in Figure 3.5. 

The basic Michelson Interferometer consists of following components:  

 (a) a broad-band light source which emits light covering the mid-IR range,  

 (b) a beam splitter made of KBr or CsI,  

 (c) two front surface coated mirrors: one is moving and the other is fixed, and  

 (d) a detector. 

Working principles of Interferometer are as follows: 

1) Light from the light source is directed to the beam splitter, which causes half of the 

light reflected and half transmitted.  

2) The reflected light goes to the stationary mirror, where it gets reflected and reaches 

to the beam splitter. The transmitted light travels towards the moving mirror and is reflected 

back towards the beam splitter.  

 

 

 

 

 

 

 

 

 
Figure 3.5: Schematic of Michelson interferometer 
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3) At the beam splitter, each of the two beams reflected from the stationary and 

moving mirrors splits into two: one goes back to the source (and “lost” since it does not reach 

the detector) and the other waves towards the detector. Thus, the detector sees two beams: one 

from the moving mirror and the other from the stationary mirror.  

4) The two beams reached at the detector originate from the same source and possess 

have an optical path difference determined by the positions of the two mirrors. Thus the beams 

possess a fixed phase difference, and therefore, interfere.  

5) The two beams may be made to interfere constructively or destructively for a 

particular frequency by positioning the moving mirror. If the moving mirror is scanned over a 

range, an interferogram is generated with its maximum intensity resulting from constructive 

interference, and the minimum intensity corresponding to destructive interference. 

Experimental set up for the FTIR spectrometer is shown in Figure 3.6. 

 

 

 

 

 

 

 

 

 

 

 

3.2.3 Ultraviolet-Visible spectroscopy (UV-Vis): 

UV-Vis spectroscopy is a technique that measures the amount of discrete wavelengths 

of UV or visible light that are absorbed by or transmitted through a sample in comparison to a 

reference or blank sample. The energy of the ultraviolet radiation that are absorbed is equal to 

the energy difference i.e., bandgap (ΔE = h𝜈). 

Two laws that govern the absorption of light by a medium are known as Lambert’s 

law and Beer’s law. Lambert’s law tells that the absorbance is directly proportional to the 

thickness/path length of the medium. Beer’s law relates concentration of coloured components 

in solution to light transmission or absorption.  

Figure 3.6: Experimental set up of FTIR spectrometer                 
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By combining these two laws, Beer - Lambert law [Figure 3.7] is as follows [201]: 

                                 log (I0/It) = A = αcd                                                                          (3.2) 

where, I0 and It are the incident and transmitted light intensity respectively, A denotes 

absorbance, α denotes molar absorptivity, c is concentration and d is path length. This is the 

basic principle of UV-Vis spectroscopy. 

  

 

 

 

 

 

 The incident photons with energies greater than the band gap energy are absorbed, 

while others are transmitted. This experiment thus provides an accurate measure of the band 

gap energy of any material. Figure 3.8 presents the experimental set up of the UV-Vis 

spectrophotometer. According to Bardeen [202], the relation between the absorption 

coefficient (𝛼) and the band gap (𝐸𝑔) of the material for the parabolic band structure is given 

by [202], 

𝛼ℎ𝜈 = 𝐴 (ℎ𝜈 − 𝐸𝑔)𝑛                                                                                   (3.3) 

where, A is a constant and 𝜈 is frequency of light, 𝑛 is related to the electronic nature of the 

band gap, with values of 3, 2, 3/2, and 1/2 corresponding to indirect forbidden (IF), indirect 

allowed (IA), direct forbidden (DF), and direct allowed (DA) transitions, respectively. 

 

  

 

 

 

 

 

 

 
Figure 3.8: Experimental set up of UV-Vis spectrophotometer 

Figure 3.7: Beer- Lambert law 

law 
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3.2.4 Field Emission Scanning Electron Microscope (FESEM): 

A FESEM is a vacuum based electron microscope that instead of light uses an electron 

beam from a field emission source. 

Figure 3.9 shows the internal construction of the FESEM instrument. It consists of an 

electron gun to generate an electron beam, electromagnetic lenses and apertures to focus the 

electron beam, detector and vacuum system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electron gun produces a stable electron beam with high current, small spot size, 

adjustable energy and small energy dispersion. In modern SEMs, field emission sources, which 

provide enhanced current and lower energy dispersion, are used instead of thermionic emission 

sources like tungsten “hairpin” (Ф=4.5 eV) or lanthanum hexaboride (LaB6) (Ф=2.4 eV). 

Emitter lifetime is another important criterion for selection of electron sources. The most 

widely used electron gun is composed of three parts: a V-shaped hairpin tungsten filament (the 

cathode), a Wehnelt cylinder and an anode, as shown in Figure 3.9. In this system, a strong 

electric field forms on the finely oriented tip and the electrons are drawn toward the anode to 

form an intense electron beam. The combination of different lenses and apertures is used to 

focus the electron beam onto the sample and control the final size and position of beam. 

 EDX is one of the most versatile tools for analysing the compositions of the 

synthesized samples. It is sometimes also referred to as EDS or EDAX analysis. During EDX 

Figure 3.9: Internal construction of FESEM  
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analysis, the specimen is bombarded with an electron beam within an electron microscope. The 

bombarding electrons collide with the host atom and knock some of them off in the process. 

The electrons emitted from the inner shell are eventually filled with the outer shell electrons of 

higher energy, and thus gives rise to emission of X-ray in this method. Such X–rays emitted 

from atoms specify the characteristics of the elements. EDAX is a very important tool for 

identifying the chemical composition of a specimen. The image of FESEM set up is presented 

in Figure 3.10. 

 

 

 

 

 

 

 

 

 

In this dissertation, all the morphologies of nanostructured materials are studied with 

the assistance of the instrument FESEM, S-4800, Hitachi operated at less than 15 kV 

accelerating voltage. Small amount of powder sample is pasted on carbon tape. Sometimes, 

gold or silver coating is necessary for insulating material to eliminate the surface charge 

imbalance and to obtain a better resolution. The EDS part is attached with FESEM S-4800, 

Hitachi. This part is manufactured by Thermo Scientific, Model: Noran System - Thermo 

Scientific UltraDry EDS Detector. 

3.2.5 High Resolution Transmission Electron Microscope (HRTEM): 

It is a characterisation tool that is used to investigate the crystal structure and 

microstructure of the synthesized nanomaterials simultaneously by diffraction and imaging 

techniques. In 1931, Knoll and Ruska investigated the first prototype electron microscope. 

In a conventional TEM, a thin sample is illuminated with an electron beam of uniform 

current density. Electron beam produced from the electron gun, generally made up of tungsten 

or LaB6, is passed through several apertures and lenses as shown in Figure 3.11  and illuminates 

Figure 3.10: FESEM (Hitachi S-4800) set up with EDS attachment 
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the specimen. The electron beam is usually much more energetic than the beam used in SEM 

(150-250 kV in HRTEM compared to 5-30 kV in FESEM). The collimated beam is transmitted 

through the sample and the image is recorded digitally by a CCD camera or by direct exposure 

of a photographic emulsion.  

 

  

 

 

 

 

 

 

 

 

 

The function of this microscope can be divided into two parts: high resolution TEM 

and selected area electron diffraction (SAED). The digital photograph of the HRTEM set up is 

provided in Figure 3.12 

Figure 3.11: Internal configuration of HRTEM 
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.  

 

 

 

 

 

 

 

 

 

 

 

To characterize the synthesized sample, a small amount of powder sample is dispersed 

in appropriate solvent by sonication, and the solution is drop-casted on carbon coated Cu grid. 

Next, the grid is dried for 2-3 h in a drying oven. Finally, sample is ready for measurement and 

the information such as particle size, shape, interparticle interaction, etc. are obtained. 

 

3.2.6 X- Ray Photoelectron Spectroscopy (XPS):  

XPS is one of the most powerful surface analytical techniques capable of providing 

accurate qualitative elemental analysis for all elements except hydrogen and helium, and 

quantitative composition, and also of determining the valence state of elements.  

XPS is based on the photoelectric effect discovered by Hertz in 1887. In this case, 

electron is emitted from the surface due to the interaction of an X-ray photon of appropriate 

energy with the solid surface. The applied X-ray with 1-15 KeV energy, is capable of ejecting 

electrons not only from the outer shells but also from the core levels of all elements appearing 

in the periodic table; the scheme is presented in Figure 3.13(a).  

The governing equation of this phenomenon is as follows [203]:  

ℎ𝜈 = 𝐸𝑏 + 𝐸𝑘𝑖𝑛 + 𝑊𝑓                                                                              (3.4) 

where, 𝐸𝑏  is binding energy, 𝐸𝑘𝑖𝑛 is kinetic energy of photoelectron, 𝑊𝑓 is the work function of 

the specimen under investigation. The experimental set up [Figure 3.13(b)] contains the 

Figure 3.12: Experimental set up of HRTEM (JEOL JEM-2100)  
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following parts: (i) an X-ray source, (ii) an electron energy analyser, combined with a detection 

system and (iii) a sample stage.  

 

 

 

Sample analysis is performed on the SPECS with a hemispherical energy analyzer 

(HSA 3500). Photoelectrons are excited using the monochromatic Mg Kα X-ray (1253.6 eV) or 

Al Kα X-ray (1486.6 eV) as the excitation source operated at 10 kV and with an anode current 

17 mA. 10-8-10-9 Torr pressure range is required for XPS measurement. The photograph of the 

X-ray photoelectron spectroscopy is shown in Figure 3.14. 

  

 

 

 

 

 

3.2.7 Raman Spectroscopy:  

Raman spectroscopy was named in the honour of its inventor, C.V. Raman, who, 

along with K.S. Krishnan, published the first paper on this technique [204]. Raman 

spectroscopy is based on the Raman effect that tells that the frequency of a small fraction of 

scattered radiation is different from the frequency of monochromatic incident radiation. A 

Raman spectrum is a plot of intensity of the scattered radiation as a function of its frequency 

Figure 3.14: Experimental set up of XPS (SPECS HSA 3500) 

Figure 3.13: (a) Basic principles and (b) constructions of XPS  
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deviation from the incident radiation (usually in units of wavenumbers, cm-1). This difference 

is called the Raman shift. In Raman spectroscopy, the sample is illuminated with a 

monochromatic laser beam that undergoes inelastic scattering through its interaction with 

vibrating molecules [205, 206] of the sample, produces the scattered light and thereby, forms 

a Raman spectrum. The deviation in frequency from that of the incident radiation provides 

information about the vibrational, rotational and other low frequency transitions in molecules 

[207]. 

In this work, Raman spectrum has been analysed by a confocal Raman spectrometer 

from alpha 300, Witec, Germany with Laser Source of wavelength 532 nm. The photograph of 

Raman set up shown in Figure 3.15. 

 

 

 

 

 

 

 

 

3.2.8 Contact Angle Meter:  

The property of wettability of any sample surface is measured using a characterization 

tool, known as contact angle meter. This property is important for catalysis, solar cell, coating 

applications, etc. Surface energy of a solid can also be determined from this measurement.  

When any liquid droplet meets a solid surface, the angle between the solid surface and 

the liquid-vapor interface is defined as the contact angle. Wettability of solid surface by a liquid 

can be estimated using Young’s equation. The degree of wetting depends upon the balance 

between the adhesive and cohesive forces acting at the solid-liquid interface. Adhesion is the 

tendency of clinging of two dissimilar particles/surfaces, while cohesion refers to the capability 

to cling two similar particles/surfaces. The rapidness with which the liquid be spread over the 

Figure 3.15: Photograph of Raman instrument 
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solid surface can be explained by adhesion, while the cohesive force describes the ability of a 

liquid to maintain its droplet form avoiding contact with the solid surface.  

Young’s Equation: When a liquid droplet falls on a solid surface, different interfaces are 

created due to the simultaneous presence of solid, liquid and gas, as presented in Figure 3.16. 

If the interfacial free energy between the solid and vapor phases is 𝛾𝑆𝑉, liquid and vapor is 𝛾𝐿𝐺, 

solid and liquid is  𝛾𝑆𝐿 and 𝜃 is the equilibrium contact angle at the solid liquid interface, they 

are related as [208]: 

𝛾𝑆𝑉− 𝛾𝑆𝐿 − 𝛾𝐿𝑉 cos 𝜃 = 0                                                                    (3.5) 

The zero value of 𝜃 implies the perfect wetting. If 𝜃 is within 0° to 90°, the solid surface is 

hydrophilic in nature. For 90°< 𝜃 <150°, the solid surface is hydrophobic in nature. 𝜃>150° 

indicates the superhydrophobicity of the solid surface, which is also termed as “lotus effect”. 

 

 

 

 

 

 

 

 

The instrument to study the wettability of the sample is OCA 15EC, which is 

manufactured by Dataphysics, Germany. The instrument comprises of five different parts: 

sample table, lens, camera, dosing system and external light. The data measurement is carried 

out through SCA software. The image of the instrument is displayed in Figure 3.17. 

Figure 3.16: Basic principle of Young’s equation 
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3.3 Sono (Sonophoto) catalytic activity measurement: 

The experimental set up and procedures for catalytic activity measurement are 

described below. 

 

3.3.1 Experimental setup: 

To perform sonocatalytic and sonophotocatalytic activity, two types of sonicators are 

used, one is bath sonicator [Figure 3.18(a)] and the other is probe sonicator [Figure 3.18(b)]. 

Here, Rectangular bath sonicator [Labman-LMUC 2A, 2.5 L] of 40 KHz frequency provides 

50 W output power. A probe sonicator [PKS-750F] of 20 KHz frequency with 13 mm titanium 

probe is used which provides maximum 750 W output power. 15% of maximum output 

amplitude is utilized during the experiment. For the application of sonophotocatalysis, 400 W 

mercury lamp (λ> 400 nm) [Philips] is employed with bath sonicator.  

 

 

 

 

 

 

Figure 3.17: Set up of contact angle meter 
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3.3.2 Catalytic activity measurement: 

Rhodamine B (RB) is chosen as a representative organic dye for sonocatalytic / 

sonophotocatalytic measurement using our synthesized materials. The as prepared catalyst is 

dispersed within a dye solution of 10-5M initial concentration in a 60 mL quartz beaker. Prior 

to the excitation, solution is stirred in complete darkness for 60 min to acquire 

adsorption/desorption equilibrium. Then, the solution is subjected to ultrasonic irradiation. At 

a regular interval of 10 min, 5 ml solution is collected and centrifuged for 20 min, and then 

remnant RB concentration is detected by UV-Vis spectrophotometer. The catalytic efficiency 

is calculated from the intensity of the characteristic peak of RB observed at wavelength, λ = 

554 nm. 

 In addition, the influence of different parameters viz. initial dye concentration, catalyst 

loading, scavenger, enhancer etc. on the sonodegradation of RB is also investigated.  

3.4 Electrochemical measurements: 

 Electrochemical activity is measured on the basis of two modes: one is potentiostatic 

mode (controls the potential in between two electrodes) and the other is galvanostatic mode 

(controls the current in between two electrodes). Generally, electrochemical analysis is carried 

out in an electrochemical cell that may be a three / two electrode setup. All electrochemical 

measurements are performed in this dissertation using an electrochemical workstation (Autolab 

PGSTAT M204, Netherland) interfaced to a computer by Nova 1.1 software as shown in Figure 

3.19.  

Figure 3.18: Experimental set up of (a) Bath and (b) Probe sonicator 
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3.4.1 Electrochemical cell: 

An electrochemical cell is defined as a device capable of either generating electrical 

energy from chemical reactions or using electrical energy to cause chemical reactions. An 

electrolytic cell is a kind of electrochemical cell that drives a non-spontaneous redox reaction 

by the application of electrical energy. An electrolytic cell has two parts: electrolyte and 

electrodes. The electrolyte is usually a solution of water or other ionic solvents. When an 

external voltage is applied to the electrodes, the ions in the electrolyte are attracted to an 

electrode with opposite charge, where charge-transferring (also called faradaic or redox) 

reactions can take place. Now, a three electrode setup is described below. 

(1) Working electrode: The reaction of interest takes place at this electrode. The 

synthesized materials are used as working electrode to investigate their performances. 

(2) Reference electrode: It is one of the important parts of electrochemistry that serves 

as an experimental reference point. During the experiment, it maintains the constant potential. 

Very commonly used and commercially available reference electrodes are silver/silver chloride 

(Ag/AgCl), saturated calomel (Hg/Hg2Cl2), mercury/mercury oxide (Hg/HgO), etc.  

(3) Counter electrode: This electrode is also named as an auxiliary electrode that 

completes the path of current in the system. It is basically used as a current source/sink, and 

thus mainly inert materials are preferred for this purpose. Graphite and platinum are two 

counter electrode materials widely used in recent days.  

3.4.2 Cyclic Voltammetry (CV): 

Cyclic Voltammetry (CV) is an electrochemical technique, which measures the 

current developed in an electrochemical cell during the cyclic voltage sweep. In CV curves, 

current is plotted with the potential of a working electrode. Each set of repetitive curves can be 

traced for different voltage sweep rates. CV data provides us the information about various 

Figure 3.19: Set up of electrochemical workstation (Autolab PGSTAT M-204) 
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complex redox potentials and the electrochemical reaction involved between the reactions 

occurring at the electrode-electrolyte interface. In case of pseudocapacitive materials, oxidation 

and reduction peaks appear in CV data that help to understand the redox transformation of that 

material. CV technique is also employed to investigate the presence of many dissolved gases 

in the electrolyte. For example, in the presence of O2, a large O2 reduction peak appears in the 

CV curve suggesting the surface redox process responsible for the ORR catalytic activity.  

3.4.3 Rotating Disk Electrode (RDE): 

A rotating disk electrode (RDE) is a hydrodynamic working electrode used in 

electrocatalysis. One motor controller is used to control the rotational speed of the working 

electrode during experiments, where such rotation induces a flux of analyte to the electrode. 

The rotating disk (glassy carbon, GC) electrode is prepared by embedding a conductive disk in 

an inert non-conductive polymer or resin, attached to the electric motor having very precise 

control on the rotation rate. The rotation of the disk is usually described in terms of angular 

velocity. To study the ORR kinetics of catalyst coated electrodes in O2 saturated electrolyte, 

the RDE current - potential values are normally recorded at various electrode rotation. If 

potential of RDE is varied linearly from low to high value, it is called linear sweep voltammetry 

(LSV). In order to obtain the steady-state curves, the potential scan rate is kept normally slow, 

typically less than 10 mV/s. The setup of RDE system is shown in Figure 3.20. 

 

 

 

 

 

 

 

 

 

3.4.4 Other measurements: 

Apart from CV, RDE measurements, there are several techniques viz. galvanostatic 

charge discharge (GCD), electrochemical impedance spectroscopy (EIS), chronoamperometry, 

etc. To evaluate the electrochemical capacitance of materials under controlled current 

Figure 3.20: RDE measurement set up 
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conditions, GCD is a powerful method. This method is also known as chronopotentiometry 

that helps to measure various parameters such as:   

• Capacitance 

• Resistance  

• Cyclability.  

In this method, a current pulse is applied to the working electrode and the resulting 

potential is measured against a reference electrode as a function of time. For the investigation 

of durability of the electrode sample, GCD are performed for thousands of cycles and 

coulombic efficiency and capacitance retention are estimated with cycle number.  

The fundamental approach of the EIS method is the application of a small amplitude 

sinusoidal excitation signal to the system under investigation and the response is measured in 

terms of current / voltage. EIS data dictates us the idea about the interaction between electrolyte 

and material under study (working electrode). This EIS data is graphically presented by 

Nyquist plot or Bode plot. 

Chronoamperometry is a time-dependent measurement where a square-wave potential 

is applied to the working electrode. The current response of the electrode fluctuates according 

to the diffusion of an analyte from the bulk solution toward the electrode surface. Time 

dependent current for the diffusion controlled process occurring at working electrode is 

measured by this technique [209]. Chronoamperometry experiments are carried out to examine 

the long- term durability of the electrocatalysts. 

3.4.5 Sample preparation: 

For supercapacitor application, nickel foam is used as a current collector. Initially, 

foam is cut into pieces with 2 cm × 1 cm dimension and sonicated in 4:1 mixture of water:HCl 

for 5 min. Then, they are washed with de-ionized (D.I) water and ethanol, dried at 60°C. The 

sample paste is made by taking synthesized material, carbon black and polyvinylidene fluoride 

(PVDF) in 8:1:1 ratio. Then a certain amount of N–Methyl Pyrrolidone (NMP) is added to it 

and stirred until the preparation of homogeneous slurry paste. Next, sample slurry is pasted on 

a cleaned nickel foam and dried at 60°C for 6 h. The mass loading of active material is 

estimated from the difference in weight of nickel foam before and after the sample coating. 

Alkaline (NaOH/LiOH) solution is used as electrolyte. 

For the purpose of electrocatalytic measurement, catalyst ink is prepared as follows: 

1 mg of synthesized catalyst materials are dispersed in 1 ml DMF solution, 5% 100 µL nafion 

solution is added and ultrasonicated for 30 min to form the homogeneous solution. Thus, 
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catalyst ink is prepared. 3µL ink is drop casted on the top of the working area [black portion] 

of GC electrode [Figure 3.21] and dried at 60°C in a vacuum oven. Electrocatalytic ORR is 

tested using 0.1 M KOH electrolyte. Prior to each measurement, high purity O2 gas purging is 

done for 30 min to saturate the electrolyte. In this case, electrochemical cell consists of GC 

electrode with 3 mm diameter as working electrode, Ag/AgCl (saturated in 3 M KCl) as 

reference electrode and Pt wire as counter electrode, respectively for performing CV and LSV 

using RDE experiments. The measured potentials with respect to Ag/AgCl reference electrode 

are converted to the reversible hydrogen electrode (RHE) scale by the following Nernst 

equation [210]: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.059𝑝𝐻 + 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0                                                            (3.6) 

where, 𝐸𝑅𝐻𝐸  is the converted potential in reversible hydrogen electrode (RHE) scale, 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 

is the experimental potential measured against the Ag/AgCl reference electrode, and 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙
0  is 

the standard potential of Ag/AgCl at 25°C (0.1976 V). The electrochemical measurements are 

performed in 0.1 M KOH (pH=12) at room temperature; therefore, 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.9056                                                                         (3.7) 

 

 

 

 

3.5 Conclusions: 

In this chapter, various useful techniques for the synthesis of MPc nanostructure and 

its hybrid are discussed. A detailed description of characterization techniques that will be used 

for the characterization of synthesized material is also described. The experimental 

methodologies involved in different applications of synthesized materials are next elaborately 

explained. Implementation of all these methodologies in the synthesis, characterization and 

potential applications of MPcs and their hybrids will be illustrated in the subsequent chapters 

of this dissertation. 

Figure 3.21: Close view of working area of GC electrode 



Chapter 4 

61 
 

 This chapter will elaborate the synthesis routes of CuPc, ZnPc, their rGO, MoS2 based 

heterostructures and characterization results. 

4.1 Materials: 

CuPc powder (β form) and phthalonitrile are purchased from Sigma Aldrich and all 

other chemicals viz. chloroform, TFA (CF3COOH), copper (Cu) powder, zinc (Zn) powder, 

sodium dodecyl sulfate (SDS), ammonium heptamolybdate ((NH4)6Mo7O24.4H2O), graphite 

powder, sodium nitrate (NaNO3), potassium permanganate (KMnO4), 30 wt.% hydrogen 

peroxide (H2O2), N, N-Dimethylformamide (DMF), sulfuric acid (H2SO4), hydrochloric acid 

(HCl), hydrazine hydrate, ammonia, sodium molybdate dihydrate (Na2MoO4·2H2O) and 

thiourea (NH2CSNH2) are bought from Merck, India. D.I water is used for reaction purposes. 

All chemicals are used without any additional purification. 

 

4.2 Synthesis:  

4.2.1    ZnPc nanoflake: 

ZnPc nanoflakes are synthesized following a simple low temperature hydrothermal 

route. In this reaction, Zn powder (0.45 mmol), phthalonitrile (1.8 mmol), SDS (20 mg) and 10 

mg of ammonium heptamolybdate are dispersed in 12 ml water. Then the solution is 

continuously stirred for 40 min. Next, the solution is sealed in a Teflon container (15 ml 

volume) and reaction temperature is maintained at 180ºC for 24 h. Finally, the bluish purple 

precipitate is obtained after washing with 1M aqueous HCl solution, ethanol and water 

separately. The chemical reaction process is shown in Figure 4.1. 

 

 

                                                                                                                                                                                                                 

 

 

Different nanostructures of CuPc can be synthesized using various chemical routes 

e.g. solution (room temperature) and hydrothermal (low temperature) processes. The detailed 

descriptions of these synthesis techniques are explained in this chapter. 

 

 

Figure 4.1: Reaction process for synthesis of ZnPc nanoflake             
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4.2.2 CuPc nanowire: 

CuPc nanowires are synthesized from bulk CuPc powder using a simple self-assembly 

solution method [18, 211]. Initially, commercial CuPc powder (0.0001 M) is dispersed in 300 

ml chloroform solution using ultrasonic bath sonicator. Then, 0.5 M of TFA is added to the 

solution and stirred continuously for 8 h. After that, the bluish precipitate is vacuum filtered 

and dried at 60ºC for 6 h. In chloroform solution, Cu2+ ion of CuPc molecules interacts with 

𝐶𝐹3𝐶𝑂𝑂− ion that acts as bridging agent between two CuPc molecules and helps to the 

formation of CuPc nanowires [18]. The plausible nanowire formation mechanism is 

schematically presented in Figure 4.2. 

 

 

 

 

 

 

 

 

 

 

4.2.3 CuPc nanotube from nanowire: 

For the growth of CuPc nanotubes, the as-prepared CuPc nanowires are dissolved in 

ethyl alcohol and the hydrothermal reaction temperature is maintained at 180°C for 24 h. The 

solution is then allowed to cool naturally for 12 h with subsequent annealing at 70°C resulting 

in the formation of CuPc nanotubes. 

4.2.4 CuPc microrod:  

Following the earlier literature [19], CuPc microrods are synthesized from its 

precursor materials through hydrothermal process. Phthalonitrile and Cu powder are taken in  

4:1 ratio, whereas SDS and ammonium heptamolybdate are mixed in a 2:1 ratio in 80 ml D.I 

water. Then the solution is sealed in Teflon lined stainless steel autoclave and heated at 180°C 

for 24 h. The resulting bluish precipitate is washed by ethanol and water, and dried at 60° C 

for 6 h. The reaction is as follows: 

 

                       

Figure 4.2: Plausible formation mechanism of CuPc nanowire              
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4.2.5 Graphene oxide (GO):  

GO is synthesized by modified Hummer's method [212]. A small amount of fine 

graphite powder and NaNO3 are mixed vigorously in concentrated H2SO4. Next, the beaker is 

kept in an ice bath and KMnO4 is slowly added to this solution. Once the solution turns thicker, 

the ice bath is removed and water is added dropwise until the temperature reaches 90ºC. In the 

last step of preparing GO, 30 wt.% H2O2 is added, while the colour of the solution turns yellow. 

The precipitate is then repeatedly washed by centrifugation and the supernatant is collected. 

After drying in a vacuum oven for 12 h at 70ºC, the brown powder of GO is obtained. The 

complete reaction process is pictorially shown step by step in Figure 4.3. 

 

 

 

 

 

 

 

4.2.6 Molybdenum disulfide (MoS2): 

MoS2 nanostructure is prepared using green synthesis route as described in literature 

[63]. Initially, 0.5 mM sodium molybdate dihydrate and 2 mM thiourea are thoroughly mixed 

in 60 ml water. Then, the solution is transferred in the autoclave and reaction temperature and 

time are set at 200°C and 18 h, respectively. After cooling down, the black precipitate is washed 

with ethanol and water, and subsequent drying process is carried out at 60°C for 8 h. Thus, 

MoS2 nanoflower is prepared. 

4 + Cu
2+

 

SDS, 180°C 

Catalyst 

Figure 4.3: Reaction steps of GO preparation              
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4.2.7 rGO-CuPc hybrid: 

Now certain amount of freshly prepared GO and CuPc nanotube are mixed thoroughly 

in DMF and the solution temperature is raised upto 90ºC. Hydrazine hydrate and ammonia 

solution are then added and after 1 h, the colour of solution turns black. The solution is then 

filtered and washed repeatedly with water. Finally, rGO-CuPc sample is collected after drying 

for 6 h at 70ºC. The synthesis process is schematically shown in Figure 4.4. 

 

 

 

 

 

 

 

 

 

 

4.2.8 MoS2-CuPc hybrid: 

For the preparation of MoS2-CuPc, 0.5 mM sodium molybdate dihydrate, 2 mM 

thiourea and 30 mg CuPc microrod are properly mixed in 60 ml D.I water and then the solution 

is kept in Teflon container at 200°C for 18 h. The bluish black precipitate is washed by ethanol 

and water, and dried at 60°C for 8 h. The complete process of heterostructure formation is 

pictorially presented in Figure 4.5. 

 

 

 

 

 

 

 Figure 4.5: Preparation scheme of MoS2-CuPc heterostructure                

Figure 4.4: Reaction steps of rGO - CuPc formation              
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4.3 Characterizations: 

4.3.1 ZnPc nanoflake: 

❖ Structural analysis:  

The crystallinity of the as-prepared ZnPc nanoflakes is analysed by XRD technique. 

As shown in Figure 4.6(a), the XRD peaks of ZnPc are obtained for the value of 2θ as 6.86o, 

9.14o, 10.5o, 12.51o, 18.16o, 18.68o, 21.16o, 23.66o, 26.18o, 28.06o, which corresponds to 

reflection from (101) , (101), (002), (200), (301) , (202), (112) , (211), (212), (311) and (313)  

planes of ZnPc, respectively which are. All the peaks more or less follow standard JCPDS data 

card (number: 39-1882) [213]. The chemical structure is studied by FTIR spectrum presented 

in Figure 4.6(b). The peaks at 726 and 777 cm-1 are assigned to the C-H out of plane 

deformation, while the peaks at 753, 1085, 1118, 1167 and 1286 cm-1 correspond to C-H in-

plane bending. The peaks at 889 and 1411 cm-1 are assigned to isoindole stretching and peaks 

at 1060, 1332 and 1486 cm-1 corresponds to C-H bending, stretching vibrations of in-plane 

pyrrole and C=C benzene, respectively [6, 214].  

 

Figure 4.6: (a) XRD pattern; (b) FTIR spectrum; high resolution spectra of (c) Zn 2p 

doublet and (d) N 1s of ZnPc nanoflakes. 
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XPS technique is used for the confirmation of exact valence state of the constituent elements 

of ZnPc. The peaks positioned at 1022.5 eV and 1045.6 eV [Figure 4.6(c)] indicate the two 

spin-orbit split components i.e. Zn 2p3/2 and 2p1/2, respectively [215]. The Figure 4.6(d) presents 

the high resolution spectrum of N1s in the range of  394.5 to 403.0 eV [216]. 

❖ Optical study: 

Figure 4.7 depicts the UV-Vis absorption spectrum of ZnPc nanoflakes. The 

absorption band from 300–450 nm corresponds to B band and the band 550 nm to 750 nm 

implies the Q-absorption band of ZnPc. In the Q band, the peaks observed at 604 nm and 667 

nm are found mainly due to the monomeric π-π* transition of the Pc-2 ring. The peak at 637 nm 

is appeared possibly for the vibronic band due to the dimers and multimers [23]. The extremely 

low intense absorption peaks in the lower and higher wavelength sides of 400 nm in UV-Vis 

spectra of ZnPc nanoflakes can be ascribed to n-π* transition linking the nitrogen lone pair 

orbital with the LUMO [10.1155/2008/482373]. 

 

 

 

 

 

 

 

❖ Morphological analysis: 

Morphology of the synthesized ZnPc nanostructures is examined through FESEM 

technique and corresponding images are shown in Figure 4.8. From Figure 4.8(a) and (b), it is 

Figure 4.7: UV-Vis spectrum of ZnPc nanoflakes 

Figure 4.8: FESEM images of ZnPc nanoflakes at (a) 2 µm, (b)1µm and (c) 500 nm length scale  
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clearly seen that some nanoflakes are interconnected with each other. The diameter of the 

nanoflakes is ~ 700 nm and their thickness is ~ 20-40 nm as indicated in Figure 4.8(c).  

 A plausible growth mechanism of nanoflakes formation is depicted in Figure 4.9. In 

the reaction, ammonium molybdate acts as a catalyst to accelerate the hydrothermal reaction. 

At first small nuclei are formed, and they tend to grow the 2d sheet like morphology in the 

presence of surfactant at 180ºC. Here, SDS behaves as a structure-directing agent and 

decomposes into DS- (C12H25-O-SO3
-) and Na+ ion in water medium. At the initial stage of 

reaction, small ZnPc nuclei are formed, where Zn powder acts as the nucleating agent and SDS 

provides the microenvironment for the synthesis of ZnPc [19]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

When temperature increases, ZnPc nuclei tend to form one dimensional nanostructure 

along the c-axis due to its monoclinic unit cell. But DS- ions are anchored with the Zn2+ ions 

of ZnPc structure through the electrostatic attraction of anions and cations [19, 217]. 

Adsorption of DS- ions blocks further nucleation and growth of the self-assembly process 

through π-π and van der Waals interaction for the formation of 1D phthalocyanine 

nanostructure. This soft templating behaviour of SDS in the solution phase profoundly modifies 

the final 2D nanoflake like structures [218]. Another important role of SDS is that it acts as an 

emulsifying agent in the solution phase to provide a hydrophobic environment, as a result 

hydrolysis of phthalonitrile precursor is prevented by this microenvironment [19]. When the 

temperature increases and reaches at 180ºC, surface tension of the system decreases. Such 

Figure 4.9: Schematic formation process of ZnPc nanoflakes 
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reduced surface tension helps to lower the aggregation behaviours and to form a well resolved 

nanosheet like morphology. Similar kinds of observations are also found in literature [219]. 

4.3.2 CuPc nanowire: 

❖ Structural Analysis:  

 The pure phase formation of synthesized CuPc nanowires is confirmed by XRD 

technique. The XRD diffraction pattern is shown in Figure 4.10(a). Two strong peaks 

positioned at 2θ = 6.92° and 7.46° confirm the formation of (001) and (110) planes of CuPc as 

per JCPDS card no: 06-0007. Rest of the peaks are well matched with the same card.  

Our result also proclaims the high crystalline nature of CuPc nanowires. Inset of Figure 4.10(a) 

shows the molecular structure of CuPc (C32H16N8Cu), where two different chemical 

environments of nitrogen atoms are presented. Four innermost nitrogen atoms are connected 

with the central Cu atom, while the rests interact with carbon atoms. This fact is also supported 

by FTIR data (transmittance mode) of our sample. Many prominent peaks are obtained in the 

FTIR spectrum shown in Figure 4.10(b). They indicate different types of chemical bonding, 

enlisted in table 4.1 [18]. 

Figure 4.10: (a) XRD pattern, Inset: molecular structure; (b) FTIR spectrum; high resolution 

spectra of (c) Cu 2p doublet and (d) N 1s of CuPc nanowire 
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 To investigate the actual chemical composition and purity, high resolution XPS 

spectra for Cu and N are shown in Figure 4.10(c) and 4.10(d), respectively. Two distinct peaks 

are observed in Cu 2p region of which one is positioned at 935.1 eV and the other at 954.9 eV, 

corresponding to Cu 2p3/2 and Cu 2p1/2, respectively. This clearly reveals the existence of a 

normal Cu2+ state in CuPc nanostructure. From Figure 4.10(d), N 1s spectrum of CuPc consists 

of two peaks centred at 399.2 eV and 400.4 eV (separation ~1.2 eV) [220], which strongly 

indicate the presence of pyrrolic N (Nα) and meso N (Nβ) atoms in the molecular CuPc structure 

[221, 222].                                                                                                                                                     

❖ Morphology and composition analysis:  

 To investigate the morphology of the as-prepared samples, FESEM technique is 

employed and results are presented in Figure 4.11(a)-(d) with the increasing order of 

magnification. Our prepared samples reveal uniform distribution of distinct wire like 

morphology. These CuPc nanowires are ~ 20-30 μm in length and ~ 150-250 nm in width. 

 

   

 

 

 

 

 

 

 

 

Wavenumber (cm-1) Assignment 

1068, 1089 C-H in-plane deformation 

1120 C-H in-plane deformation 

benzene in-plane deformation 

1166 Cu-N 

1286, 1334 C=N-C at bridge sites 

1421, 1463 C-C ring stretching 

Figure 4.11: (a), (b), (c) & (d) FESEM images of CuPc nanowires at different magnifications 

Table 4.1: Assignment of different chemical bonding in CuPc molecule 
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To investigate the elemental compositions of the grown nanowires, EDX is carried 

out and corresponding atomic percentage of elements (C, Cu and N) is shown  in Figure 4.12. 

Further mapping of these elements on a small portion of the nanowire is displayed to confirm 

the proper elemental distribution over the nanowire. 

 

The microstructure of as-prepared CuPc nanowires is shown in Figure 4.13(a). It is 

evident from the figure that CuPc nanowires are of ~ 20-30 μm length and ~ 100-200 nm width. 

To get more insight about the crystallinity, SAED pattern, as presented in Figure 4.13(b), is 

observed very carefully. For the main diffraction spot, the lattice spacing is found to be 1.19 

nm, that corresponds to (110) planes of α phase CuPc nanowires. These results match with the 

XRD pattern and indicate the proper phase formation with very high crystalline nature. 

 

 

 

 

 

 

 

 

❖ Optical Study and band gap evaluation: 

The CuPc molecule has 4 pyrrole subunits with central Cu atom. These 4 pyrrole 

groups act as negatively charged ligands (Pc2-) and central Cu atom as positive charge that 

forms the electric dipole [223]. A weak interaction exists between the delocalized d orbital of 

Cu atoms and the π orbitals of pyrrole groups. Thus, two molecular orbitals i.e. HOMO (π-

orbitals) and LUMO (π*-orbitals) are created and two characteristic absorption bands in the 

Figure 4.12: EDX of CuPc nanowires 

Figure 4.13: (a) HRTEM image and (b) SAED pattern of CuPc nanowires 
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UV-Vis spectrum, as shown in Figure 4.14(a) [224] are observed. The strong B band absorption 

lies in the region 300-500 nm and relative weak absorption Q band occupies 600-800 nm 

region. The main characteristic peaks found to appear at 377 nm and 628 nm, which correspond 

to B and Q bands, respectively. The characteristic Q band is further divided into two peaks at 

628 nm and 750 nm, known as Davydov splitting. 

The optical bandgap estimation of the CuPc nanowires is done using Eq. (3.3) in 

Chapter 3. For direct transition, n value is assumed as 1/2. Plot of 2( )h  versus h  is shown 

in Figure 4.14(b), and the value of 𝐸𝑔 is calculated by finding the x- intercept of extrapolated 

Tauc plot. 

In this case, the estimated band gap value for CuPc nanowires is found to be 2.49 eV. 

 

 

 

 

 

 

 

4.3.3 rGO-CuPc hybrid:  

❖ Structural analysis:  

Figure 4.15(a) reveals the XRD pattern of rGO-CuPc hybrid in which two intense peaks 

at 2θ = 7.1° and 9.3° correspond to (1̅01) and (101) planes of pristine CuPc tube matched with 

JCPDS data card no: 39-1881. All other remaining small peaks are well matched with the same 

card. The presence of a broad hump around 2θ = 25° confirms the incorporation of rGO sheets 

within the pristine CuPc system. 

Figure 4.14: (a) UV-Vis absorbance spectrum and (b) Band gap evaluation of CuPc 

nanowire 
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Raman analysis:  

For analysing the different vibrational modes, powder samples of CuPc and hybrid 

are considered. The full range of the Raman spectra has been shown (700-3200 cm-1). For 

CuPc, the detected vibrational modes at 744, 830, 950, 1036, 1140, 1334, 1444 and 1520 cm-1 

are assigned to the various in-plane and out-of-plane vibrations (depicted in Figure 4.15(b)). 

These results are in accordance with the work as reported by Ghorai et al. [225] and formation 

of β-phase of CuPc is ascertained. In rGO-CuPc hybrid, additional characteristic peaks 

corresponding to the well documented D (~1350 cm-1) and G (~1595 cm-1) bands of rGO are 

present. It is to be noted that since the B1g peak of CuPc at 1334 cm-1 is in close vicinity of the 

D band of rGO, hence they do not appear separately in the hybrid. 2D peaks of rGO occur in 

the region of 2400-3200 cm-1. Now the 2D region, in the form of a broad hump, can clearly be 

observed in the rGO-CuPc hybrid in the region of 2600-3000 cm-1. Broad hump like nature is 

mainly an indication of multi-layered wrinkled graphene [226]. The magnified portion is shown 

in the inset of Figure 4.15(b), which clearly indicates the 2D band formation is clearly visible 

for the rGO-CuPc system. Strikingly, the same region is flat for the case of pure CuPc. 

Figure 4.15: (a) XRD pattern of rGO-CuPc hybrid; (b) Comparative Raman spectra of pure CuPc 

and rGO-CuPc hybrid; (c) UV-Vis absorbance and (d) band gap evaluation of rGO-CuPc hybrid 
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However, very small peaks are observed in both CuPc and the hybrid, and are related solely to 

low intense Raman peaks of CuPc. 

❖ UV-Vis analysis:  

To evaluate the optical bandgap, UV-Vis absorbance spectra of rGO-CuPc hybrid is 

carried out using DMF solution and displayed in Figure 4.15(c). The region between 300-500 

nm corresponds to B band absorption and 600-800 nm to Q band. In case of hybrid, peak at 262 

nm arises due to the presence of rGO [227]. Absorption edge of the pure CuPc tube [211] is 

slightly shifted to a higher wavelength region (red shift) in case of rGO-CuPc hybrid. 

Therefore, this can be ascribed to the electronic interactions between rGO and CuPc. Bandgap 

is determined using Eq. (4.2) and bandgap of CuPc nanotubes and rGO-CuPc hybrid are 

evaluated to be 2.27 eV and 2 eV as depicted in Figure 4.15(d). Depending on the degree of 

reduction, rGO exhibits optical bandgap of around 1.88 eV [DOI: 10.22068/ijmse.16.1.22]. So, 

for the rGO-CuPc composite, effective bandgap will be the average of bandgap for both 

materials i.e. 2.07 eV. Our obtained results are in close proximity with the average value. In 

another way, this bandgap reduction can also be ascribed due to the enhanced surface charge 

interaction between rGO and CuPc as there is almost 1h ultrasonication during the synthesis of 

rGO-CuPc. Thus, the incorporation of rGO sheets on CuPc results in the decrease in the 

bandgap [228, 229]. The rGO sheets bound to CuPc enhance the transfer of sonochemically 

generated electrons, and thus, suppresses the recombination by the separation of electron–hole 

pairs.     

❖ Raman imaging:  

For Raman imaging, a selected area (20 μm × 20 μm) of the hybrid powder spread on 

a substrate is chosen. As shown in Figure 4.16, Raman image mapping has been executed with 

wavenumbers corresponding to the most intense Raman peaks located around 1444 cm-1 and 

1520 cm-1, which correspond to the (B1g + B2g) and B1g modes of vibrations of CuPc, whereas 

Figure 4.16: Raman imaging of (a) CuPc, (b) rGO & (c) rGO-CuPc 
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the characteristic G band (~1595 cm-1) of rGO is considered. The peaks are detected and images 

corresponding to the spatial distribution of peak intensities have been mapped. (Regions of 

peak selection are marked by colour rectangles in red for CuPc and blue for rGO, as indicated 

in Figure 4.16(a) and (b)). The scale bars in the insets correspond to intensities (CCD counts), 

yellow being the maximum (~520 counts) and black being the minimum (~zero counts). Figure 

4.16(c) shows the combined bitmap image of the two components in the hybrid. The combined 

bitmap clearly shows the distribution of the individual components in the hybrid in a small 

selected area. 

❖ Morphological analysis: 

 Morphology of the as-prepared pristine CuPc tube and rGO enveloped CuPc tube are 

shown in Figure 4.17. Figure 4.17(a), (b) and (d) present the FESEM images in different 

magnifications. As shown in Figure 4.17(a), the wall thickness of pure CuPc tube is around ~ 

70-100 nm. CuPc tube is properly enveloped by rGO sheets, as evident from Figure 4.17(b) 

and (d). Figure 4.17(c) depicts the magnified image of encircled portion of Figure 4.17(b). High 

resolution TEM images are displayed in Figure 4.17(e) and (f) from which the complete 

wrapping of CuPc tube by rGO sheets is also affirmed. 

 

 

 

Figure 4.17: (a) FESEM image of pristine CuPc tube; (b)-(d) FESEM of rGO enveloped CuPc 

tube; (e) and (f) HRTEM images of rGO-CuPc hybrid 
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4.3.4 MoS2-CuPc hybrid: 

❖ Structural analysis:  

 Phase analysis of as-prepared samples is explored by the use of XRD measurement. 

XRD pattern of MoS2-CuPc is presented in Figure 4.18(a), in which all crystallographic planes 

are identified. It is found that phases of both MoS2 and CuPc are coexisting in the diffraction 

pattern of MoS2-CuPc. Intense peaks at 2θ = 7.3° and 9.4° proclaim the formation of (1̅01) and 

(101) planes of CuPc, respectively. All assigned peaks of CuPc are well conformed to JCPDS 

card no: 39-1881. For MoS2 sample, diffraction peaks observed at 2θ = 14.2°, 33.4°, 39.5° and 

49° correspond to different planes like (002), (100), (103) and (105) respectively. The intense 

(002) plane indicates the formation of stacked layer of MoS2. These peaks are indexed with the 

help of JCPDS 37-1492 card [230]. Crystal structure of hydrothermally prepared MoS2 at 

200°C is hexagonal phase [2H form], and it is found in earlier works that with the increase in 

reaction temperature, higher crystallinity and lower defects can be achieved [231]. TEM 

microstructure of MoS2 decorated CuPc microrod is shown in Figure 4.18(b) and corresponding 

enlarged portion of nanosheet on the surface of microrod is presented in Figure 4.18(c). Figure 

4.18(d) indicates the high resolution lattice image of heterostructure and exhibits the interlayer 

distance of 0.65 nm correspond to (002) plane of MoS2 nanosheet; it is in accordance with the 

XRD pattern of MoS2 [231]. The interlayer distance is increased for hydrothermally grown 

MoS2 as compared to bulk 2H MoS2 i.e. 0.62 nm [232]. From HRTEM microstructure, the 

thickness of the grown MoS2 nanosheet is observed to be ~12-14 nm. As the interlayer spacing 

is found as 0.65 nm for (002) plane, ~ 18-22 monolayers of MoS2 are stacked to form the 

nanosheet [233]. 

To obtain deeper insight for the oxidation states of constituent elements in the MoS2-

CuPc hybrid, high resolution XPS analysis is performed. The survey spectrum as presented in 

Figure 4.18: (a) XRD pattern, (b) HRTEM microstructure, (c) magnified nanosheet on microrod 

and (d) high resolution lattice image of MoS2-CuPc hybrid 
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Figure 4.19(a) proves the existence of C, N, Cu, Mo and S elements in the hybrid system. In 

Cu 2p XPS spectra as shown in Figure 4.19(b),  deconvoluted peaks appear at 932 and 952 eV, 

and at 933.9 and 953.9 eV [separation 20 eV], and can be assigned to Cu 2p3/2 and Cu 2p1/2, 

respectively [234]. Weak satellite peak present at 943.9 eV clearly confirms the oxidation state 

of central Cu atom of CuPc in Cu (II) state [235, 236]. In Figure 4.19(c), the high resolution 

spectrum of Mo 3d exhibits two prominent peaks positioned at 228.2 eV and 231.4 eV 

(separation 3.2 eV), which are assigned to the doublet Mo 3d5/2 and 3d3/2, respectively [237]. 

Along with that, a small peak at 225.4 eV of S 2s is also found in the Mo 3d region. The fitting 

of these three peaks reveals the Mo4+ state formation. In Figure 4.19(d), two peaks at 162.2 eV 

and 161.1 eV are attributed to S 2p1/2 and S 2p3/2, respectively [238]. 

N 1s spectra of pristine CuPc and MoS2-CuPc hybrid are presented in Figure 4.20(a) 

and (b) respectively. In CuPc, there are pyridinic N and pyrrolic N situated at 398.6 and 400.1 

eV, respectively [239]. In N 1s of hybrid structure, pyridinic N and pyrrolic N are observed at 

397.3 and 398.4 eV which are shifted to lower binding energy compared to pristine system that 

Figure 4.19: (a) Survey spectrum, High resolution spectra of (b) Cu 2p, (c) Mo 3d and (d) S 2p 
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manifests the co-ordination to both nitrogen with Mo ions at hybrid interface [240]. In addition 

to that, Mo 3p peak also appears in N 1s of hybrid system, and is absent in pristine CuPc system. 

❖ Morphological analysis:  

FESEM images of hydrothermally synthesized CuPc rectangular rod, prior to the 

growth of MoS2 nanoflakes, are shown in Figure 4.21(a) and (b). The rods are in random 

orientation and have an almost smooth surface with approx. 15-20 m length and 350-450 nm 

width. After the hydrothermal step of MoS2 preparation, enormous amount of crosslinked MoS2 

nanoflakes are homogenously grown on the surface of rectangular CuPc microrod as shown in 

Figure 4.21(c). From the highly magnified image in Figure 4.21(d), the thickness of the 

Figure 4.21: (a) Low, (b) High magnification FESEM images of CuPc rod, (c) Low and 

(d) High magnification images of MoS2-CuPc hybrid 

Figure 4.20: N 1s spectra of (a) CuPc and (b) MoS2-CuPc  
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deposited MoS2 nanoflakes is found to be of the order of 10-15 nm. For comparison, pristine 

MoS2 flowers, composed of a huge number of nanoflakes are displayed in Figure 4.22. 

  

 

 

 

 

 

 

 

 

 Plausible growth mechanism of MoS2-CuPc hybrid system is also explored in this 

dissertation. In this case, CuPc microrods act as backbone to guide the deposition of 2D MoS2 

sheet along the length. The drawback of agglomeration of MoS2 flowers can be overcome by 

combining 2D MoS2 sheet and 1D CuPc rod [241]. Initially, surface energy of the nucleating 

substrate plays an important role during the growth process [242]. Therefore, the vertical 

growth of MoS2 is kinetically favourable along the CuPc rod. In general, heterogeneous 

nucleation requires less energy than homogeneous nucleation [242, 243]. As a result, low 

energy is needed for MoS2 to be grown on CuPc microrod in hydrothermal synthesis. 

In the first step, CuPc is sonicated in D.I water rigorously to achieve well dispersion 

due to its hydrophobic nature. Henceforth, sodium molybdate and thiourea are added and 

stirred for one hour. Next, MoO4
2- and (NH2)2CS are synchronized along the CuPc rod as shown 

in Figure 4.23. Hydrothermal temperature is also crucial factor to obtain proper deposition of 

stable 2H-MoS2 [244]. High temperature is always beneficial for the formation of uniform 

MoS2 with high crystallinity due to its uniform nucleation procedure. So the temperature is 

maintained at 200°C.  

                     𝑁𝑎2𝑀𝑜𝑂4 → 2𝑁𝑎+ + 𝑀𝑜𝑂4
2−                                                       (4.2) 

𝑁𝐻2𝐶𝑆𝑁𝐻2 +  2𝐻2𝑂 →  2𝑁𝐻3 +  𝐻2𝑆 + 𝐶𝑂2                                     (4.3) 

𝑀𝑜𝑂4
2− +  3𝐻2𝑆 →  𝑀𝑜𝑆2 +  3𝐻2 + 𝑆𝑂4

2−                                     (4.4) 

2𝑁𝑎+ + 𝑆𝑂4
2− →  𝑁𝑎2𝑆𝑂4                                                             (4.5) 

In the hydrothermal process, the reaction proceeds by the above-mentioned equations. 

During the reaction, released 𝐻2𝑆 from the thiourea [Eq. (4.3)], reacts with MoO4
2- and 

Figure 4.22: FESEM images of MoS2 microflower in different magnifications                  
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produces MoS2, as described by Eq. (4.4). In the autoclave, as the temperature and pressure 

start to rise, MoS2 is nanoparticulated at a specific time. It is termed as nucleation occurring at 

the third step of the synthesis scheme. It helps to reduce the thermodynamic barrier between 

the CuPc and MoS2
 [242]. Due to the presence of facile thermal convection and concentration 

gradient, fluent transportation of molecules as well as ions towards the surface occurs at this 

stage38. Besides, thiourea efficiently synchronizes with molybdenum as the reductive 

functional group NH2 participates in the reaction with the oxygen of MoO4
2-. Therefore, MoS2 

nuclei are developed on the surface of CuPc rod. The whole process is schematically shown in 

Figure 4.23. As the reaction time continues, immature layer of MoS2 flakes is generated from 

the nucleus on CuPc. With time, petal like structure as shown in Figure 4.23 is finally emerged. 

The {001} crystal plane of MoS2 has the lowest surface energy for which the highest rate of 

crystal growth is achieved [245]. As time increases, surface energy at the MoS2 edge increases 

steadily with respect to the surface site. Thus, a fresh crystal plane avails the chance to be 

nucleated along the [001] direction imposed by van der Waals force. Thus, the regrowth takes 

place on the same crystal plane. Such stepwise nucleation and growth are attributed to 

interlayer stacking and bonding of MoS2 on CuPc. 

 

 

 

 

 

 

❖ Composition analysis:  

EDX elemental mapping of MoS2-CuPc hybrid, as shown in Figure 4.24, is carried 

out. It confirms the presence of C, N, Cu, Mo and S along with the focused portion of MoS2-

CuPc hybrid.            

 

 

Figure 4.23: Plausible growth mechanism of MoS2-CuPc preparation 
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EDX spectrum and the corresponding atomic percentages are presented in Figure 4.25, 

and the Mo to S atomic ratio is estimated to be 1 : 2.1, which is in good agreement with the 

actual stoichiometric ratio of MoS2. 

 

 

 

 

 

 

4.4 Conclusions: 

Among various MPcs, ZnPc and CuPc nanostructures have been successfully 

synthesized through low temperature processes. All pristine phthalocyanine and their 

heterostructures with rGO and MoS2 have been prepared through hydro / solvothermal 

methods. After that, several characterization techniques have been employed to study the 

proper formation of nanostructured materials. Some modifications on existing synthesis route 

and novel approaches adopted for the preparation of several MPc nanostructures and their 

hybrids have revealed new synthesis prospects of different nanostructure of MPcs, other than 

CuPc, ZnPc and their heterostructures. 

Figure 4.25: EDX spectrum of MoS2-CuPc heterostructure with atomic percentage                   

Figure 4.24: EDX elemental mapping of MoS2-CuPc 

hybrid 
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5.1 Introduction: 

In the last few decades, due to the rapid industrial development in India, different 

sectors are facing major environmental issues related to waste water management. Different 

types of organic dyes used in textile industry, cause different hazardous effects on human health 

as well as aquatic life [246]. So, catalytic destruction of RB is necessary as it has some adverse 

effects on skin, respiratory and gastrointestinal systems [247]. For dye degradation, ZnO and 

TiO2 are so far considered as well-known photocatalysts under UV light illumination due to 

their wide band gaps (3.1-3.3 eV) [248-252]. As the solar spectrum contains maximum 

percentage of visible light, visible light activated catalysts can efficiently utilize the solar 

radiation; CuPc and rGO-CuPc hybrids possessing appropriate forbidden bandgaps are 

employed in this dissertation. Using these catalysts, moderate photocatalytic performances 

have been reported [62] in 3.5 h. To achieve better performance in a short period, ultrasonic 

irradiation is introduced.  

In this chapter, sonophotocatalytic degradation of RB using CuPc nanowires is 

initially investigated employing a bath sonicator. Sonocatalytic activity of rGO-CuPc 

heterostructures is also carried out by using a probe sonicator towards RB dye removal.  

 

5.2 Sonophotocatalysis by CuPc nanowires: 

 Efficient sonophotocatalytic degradation of RB with the chemically synthesized CuPc 

nanowires at room temperature is performed. Ultrasound irradiation combined with visible 

light in sonophotocatalysis produces synergistic effects that play an important role in superior 

dye degradation performance. The plausible reaction mechanism is also thoroughly discussed. 

The influences of several parameters viz. initial dye concentration, catalyst dosage, etc. on 

decolorization efficiency are also investigated. 

❖ Decolorization efficiency and kinetic study:  

In this experiment, sonocatalysis, photocatalysis and sonophotocatalysis are 

investigated under the presence of CuPc nanowires along with visible light illumination. Figure 

5.1(a) presents the sonophotocatalytic degradation profile of RB dye under visible illumination 

with the presence of catalyst. The figure shows that the maximum absorption peak intensity 

around λ~554 nm decreases with increasing irradiation time. The initial concentration (C0), 

final concentration (C) and decolorization efficiency (D) follow a mathematical relationship 

given as [62]: 

                                               𝐷 =
𝐶0−𝐶

𝐶0
× 100%                                                            (5.1) 
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Figure 5.1(b) presents the plot of decolorization efficiency (%) for sono, photo and 

sonophotocatalysis measurements with irradiation time. From this, it can be concluded that 

maximum efficiency of ~81% is achieved by sonophotocatalysis within 60 min, whereas only 

22.8% and 56.8% degradation can be achieved respectively by photocatalysis and sonocatalysis 

under with similar operating conditions.  

 

The kinetic study is carried out by following Langmuir Hinshelwood apparent first-

order kinetics model [253], according to which we can write, 

𝑙𝑛(
𝐶0

𝐶
) = 𝐾𝑡                                                                     (5.2)  

Here, K denotes the pseudo first-order rate constant (min-1) to be estimated from the reaction 

kinetics. The fitted curves for sono, photo and sonophotocatalysis are shown in Figure 5.1(c). 

Synergy index (SyI) is an important parameter that is used to describe the correlation between 

individual processes and sonophotocatalytic process. SyI can be determined by using the 

following formula [254]: 

𝑆𝑦𝐼 =
𝐾𝑠𝑜𝑛𝑜𝑝ℎ𝑜𝑡𝑜

𝐾𝑝ℎ𝑜𝑡𝑜+𝐾𝑠𝑜𝑛𝑜
                                                                      (5.3)  

Figure 5.1: (a) Degradation profile of RB during sonophotocatalytic process, comparative (b) 

Decolorization efficiency, (c) Kinetic study and (d) Rate constant for sono, photo and 

sonophotocatalysis processes 
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where, 𝐾𝑠𝑜𝑛𝑜𝑝ℎ𝑜𝑡𝑜, 𝐾𝑠𝑜𝑛𝑜 and 𝐾𝑝ℎ𝑜𝑡𝑜 are the rate constants for sonophoto, sono and 

photocatalysis, respectively. From the comparative kinetic study, it is found that 

𝐾𝑠𝑜𝑛𝑜𝑝ℎ𝑜𝑡𝑜>𝐾𝑠𝑜𝑛𝑜>𝐾𝑝ℎ𝑜𝑡𝑜 and the values of these rate constants for three different catalytic 

processes are summarized in the bar graph as shown in Figure 5.1(d). For SyI <1, 

sonophotocatalysis is the combined effect of both sonocatalysis and photocatalysis, while for 

SyI >1, synergistic degradation effect is predominant. SyI is evaluated from Eq. (5.3) and found 

to be 1.609, which implies that the rate constant value for sonophotocatalysis is higher than the 

sum of the rate constants for sonocatalysis and photocatalysis. Thus, sonophotocatalytic 

degradation of RB dye occurs at a rate faster than the respective individual processes under 

same experimental conditions due to an interesting synergistic effect in between ultrasonic and 

visible light irradiation [255]. 

 

❖ Effect of initial dye concentration:  

From the application point of view, it is important to investigate the influence of initial 

RB concentration on sonophotocatalytic degradation efficiency. The catalytic decolorization 

efficiency (%) and reaction kinetics are studied by varying the initial RB concentration from 

1.0 × 10-5 M to 2 × 10-5 M and the results are presented in Figure 5.2(a) and 5.2(b), respectively. 

The catalyst dosage and reaction time are 83.33 mg/L and 60 min, respectively. Our 

experimental results indicate that decolorization efficiency (%) is inversely proportional to the 

initial dye concentration. Increasing concentration of dye leads to reduction in the degradation 

efficiency as well as the rate constant value. Results are summarized in Table 5.1. There are 

different reasons behind such efficiency degradation. First, a certain amount of catalyst dosage 

is able to produce only certain amount of light induced electron-hole pair [256]. Secondly, with 

increasing dye concentration, more RB molecules are adsorbed onto the surface of CuPc 

nanowires, occupying more no. of active sites, and thus maximum amount of visible light is 

absorbed by RB molecules rather than catalyst, thereby efficiency falls [89]. Lastly, the 

production of OH• radicals decreases due to the inaccessible active sites on the catalyst surface, 

that in turn, lowers the catalytic performance. Thus, it can be stated that sonophotocatalysis 

process is favorable at low concentration of organic pollutant. 
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Table 5.1: Effect of initial dye concentration on degradation parameters 

 

 

 

 

 

❖ Effect of catalyst dosage:  

The influence of the catalyst dosage on the decolorization efficiency of RB dye is also 

investigated in this experiment. Figure 5.3(a) and 5.3(b) present the change in degradation 

efficiency (%) with time for the increase in catalyst dosage in the range from 16.67 mg/L to 

116.67 mg/L keeping other experimental conditions fixed and corresponding linearly fitted 

kinetic curves, respectively. The efficiency and rate constant values for different catalyst 

dosage are summarized in Table 5.2. It is observed that as the dosage increases, efficiency and 

rate constant initially increase due to the availability of larger number of active sites [96, 257]; 

but beyond 83.33 mg/L, a decline in efficiency is observed that may occur due to two reasons:  

  1. Due to high catalyst dosage, catalyst particles tend to agglomerate with each other 

reducing active sites for RB adsorption, 

2. Excessive catalyst concentration inhibits the propagation of ultrasound and light 

waves to the catalyst surface [258, 259].  

 

 

 

Initial dye 

concentration 

(×10-5 M) 

   Rate constant  

(min-1) 

Efficiency 

(%)  

1 0.0243 81 

1.5 0.0161 64.4 

2 0.0095 47.5 

Figure 5.2: (a) Influence of initial dye concentration and (b) corresponding kinetic study 
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 Table 5.2: Effect of catalyst dosage on degradation parameter 

 

 

 

 

 

 

 

 

 

❖ Effects of radical scavenger and enhancer: 

In industrial wastewater, several ions may be present that either help to enhance or to 

diminish the catalytic degradation of dyes. To investigate their effect, 0.1 M KCl and 3.6 mM 

ammonium persulfate (APS) are used as scavenger and enhancer, respectively. 

Sonophotocatalytic RB degradation profile under the presence of scavenger and catalyst is 

presented in Figure 5.4(a). Use of scavenger degrades efficiency from 81% to 75% as chloride 

ions are strong OH• radical scavenger; possible reactions are as follows [89, 260]: 

                𝑂𝐻• + 𝐶𝑙− → 𝐶𝑙• + 𝑂𝐻−                                                                                                    (5.4) 

                𝑂𝐻• + 𝐶𝑙− → 𝐻𝑂𝐶𝑙•−                                                                                                          (5.5) 

                𝐶𝑙• + 𝐶𝑙− → 𝐶𝑙2
•−                                                                                                                 (5.6) 

                𝐶𝑙− + ℎ
+ → 𝐶𝑙2/𝐶𝑙

•                                                                                                            (5.7) 

 

Catalyst 

dosage 

(mg/L) 

Rate constant     Efficiency 

(min-1)           (%) 

16.67 0.0073                40.4 

50 0.0140                56.8 

83.33       0.0243                  81 

116.67 0.0137                62.5 

Figure 5.3: (a) Effect of catalyst dosage and (b) corresponding kinetic modeling 
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Scavenger test also affirms the dominant role of radicals in dye decolorization. 

Efficiency is also enhanced from 81% to 89% with the use of APS, as sulfate radicals finally 

help to generate more OH• radicals. The plausible reactions are presented below [89]: 

𝑆2𝑂8
2− + 𝑢𝑙𝑡𝑟𝑎𝑠𝑜𝑢𝑛𝑑 → 2𝑆𝑂4

•−
                                                                 (5.8) 

                       𝑆𝑂4
•− + 𝐻2𝑂 → 𝑆𝑂4

2− + 𝐻+ + 𝑂𝐻•                                                            (5.9) 

                       𝑆𝑂4
•− + 𝑑𝑦𝑒 → 𝐵𝑦 − 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                                 (5.10) 

In addition to that, one control experiment is carried out without catalyst just to 

determine the effect of ultrasonic irradiation and only 35% of RB decolorization is obtained. 

Comparative results with enhancer, scavenger and control experiment are shown in Figure 

5.4(b). 

Earlier in Chapter 2 [section 2.3.1.1], it have been already stated that during the 

cavitation process of sonocatalysis, a localized high temperature and pressure are created 

within the center of the bubble, but it does not cause any serious effect on CuPc nanostructures; 

they are not cracked during the catalytic treatment. To ensure that, morphological study is 

carried out after sonophotocatalytic degradation process, and more or less similar kind of wire-

like structure is observed as evident from Figure 5.5. 

 

 

 

 

 

 

 

 

 

Figure 5.4: (a) Effect of scavenger on RB degradation and (b) Comparative study with 

enhancer, scavenger and sonolysis 

Figure 5.5: CuPc nanowire (a) before and (b) after sonophotocatalytic degradation 
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❖ Synergistic effect and mechanism of sonophotocatalytic degradation: 

Photocatalysis in combination with the sonocatalysis process provides a synergy 

effect that can help to degrade organic pollutants from industrial wastewater. Prominent  

synergistic effects are observed because of the basic mechanism of chemical effects to degrade 

pollutants and physical effects to provide the effective contact between the generated radicals 

and organic pollutants [261]. As a consequence of using ultrasonic irradiation, some chemical 

effects like generation of radicals and physical effects viz. shock waves, cause generation of 

cavity bubbles and micro-turbulence.  

When aqueous solution is irradiated by ultrasound, cavitation bubbles are formed. The 

ultrasound assisted catalysis of organic compounds occurs in three different regions in the 

aqueous solution: (1) within the cavity, (2) in the bulk solution and (3) at the interface region 

between the cavitation bubbles and the bulk solution, and. In regions (1) and (3), the pyrolysis 

and radical reactions mainly occur while in region (2), the reactions with 𝑂𝐻• radicals are 

predominant.  On account of ultrasound irradiation in the aqueous medium, two phenomena 

play the important role for decomposition of RB dye; one is generation of “hotspot‟ and the 

other is “sonoluminescence”. Mechanisms of these two processes are already described in 

Chapter 2. Significant amount of 𝑂𝐻• radicals can be generated by ultrasonication of pure 

water following the reactions mentioned in Eqs. [2.1-2.5]: 

As RB dye is hydrophilic in nature, decolorization of RB dye is achieved through the 

hydroxylation reaction in the bulk liquid medium. The generated 𝑂𝐻•radicals possess high 

reactivity and short life time. Under normal conditions, they always try to recombine with 

another 𝑂𝐻• to form water molecules (𝐻2𝑂) or hydrogen peroxide (𝐻2𝑂2) before arriving at 

the surface of the RB molecule. Thus, there are some uncertainties about the amount of 𝑂𝐻•  

radicals that effectively come in contact with the dye surface [262]. Such uncertainties can be 

eradicated if the visible light driven photocatalysis and sonocatalysis are applied together and 

the effect of sonophotocatalysis is greater than the combined effect of two individual processes, 

which is also in good correlation with our experimental findings. Apart from these, this process 

has certain advantages: 

(i) Ultrasonic vibration can cause the cleaning of the catalyst surface by removing the 

unwanted pollutants, thus providing more active sites on the surface, and thereby 

enhancing the catalytic action towards the decomposition of RB dye. 

(ii) Both oxidation and reduction processes of the RB dye are favorably influenced by 

the ultrasonication process [263, 264]. 
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(iii) Sonication process intensifies micro-turbulence in the liquid, which helps in proper 

mixing of catalysts in the aqueous solution by inhibiting the agglomeration of 

catalyst particles. It therefore, reduces the mass transfer limitations, and enhances 

the degradation efficiency. 

(iv) The synergistic effect of visible light and ultrasonic irradiation facilitates much 

higher concentration of 𝑂𝐻• radical that is mainly responsible for degradation. As 

a whole, this synergy helps to decompose and mineralize the generated intermediate 

by products. 

 

 

 

 

  

 

 

 

 

 

 

 

 

The plausible reaction mechanisms can be represented in a pictorial form as shown in 

Figure 5.6. On visible light illumination, CuPc molecules got excited through the process of 

intersystem crossing (ISC). Thus, electrons from HOMO are elevated to LUMO level by 

creating holes in HOMO. These electrons react with molecular oxygen and produce 

𝑂2
•−radicals, which further create  𝑂𝐻

• radicals. These radicals act as strong oxidizing agents 

and help to mineralize the pollutants completely. The reactions that govern sonophotocatalytic 

process are as follows [23]: 

                𝐶𝑢𝑃𝑐
 ℎ𝜈 
→    𝐶1 𝑢𝑃𝑐∗(𝑒−+ ℎ

+)
 𝐼𝑆𝐶 
→    𝐶3 𝑢𝑃𝑐∗                                                  (5.11) 

𝐶3 𝑢𝑃𝑐∗ + 𝑂2 → 𝐶𝑢𝑃𝑐
•+ + 𝑂2

•−

                                                              
(5.12) 

                         𝑂2
•− + 𝐻2𝑂 → 𝐻𝑂2

• + 𝑂𝐻−                                                                       (5.13) 

Figure 5.6: Schematic representation of reaction mechanism for RB degradation 
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                       𝐻𝑂2
• + 𝐻2𝑂 → 𝐻2𝑂2 + 𝑂𝐻

•
                                                                              (5.14) 

                       𝐻2𝑂2 → 2𝑂𝐻
•
                                                                                                (5.15) 

                       𝑂𝐻• + 𝑅𝐵 → 𝐸𝑛𝑑𝑠𝑝𝑒𝑐𝑖𝑒𝑠                                                                                    (5.16) 

                       𝐶𝑢𝑃𝑐•+ + 𝑅𝐵 → 𝐸𝑛𝑑𝑠𝑝𝑒𝑐𝑖𝑒𝑠                                                                      (5.17)  

Our synthesized CuPc nanostructures can efficiently degrade ~ 81% towards RB dye 

degradation within 60 min. This performance is much better than those in more-or-less all cases 

reported so far. To compare the performances of various organic and inorganic materials along 

with their composites, results based on different degradation processes are compiled in Table 

5.3. 

Table 5.3: Results for different catalysts based on degradation process  

 

 

 

 

 

 

 

 

  

 

 

 
 

 

 

 

5.3 Sonocatalytic degradation by rGO-CuPc heterostructure: 

rGO enveloped CuPc nanotube (rGO-CuPc) is chemically synthesized and well 

characterized. Next, its applicability in the field of sonocatalytic RB dye removal using probe 

sonicator is examined. Influence of various process parameters on dye degradation is also 

probed in this chapter. A plausible reaction pathway towards dye removal is described in detail. 

❖ Decolorization efficiency and kinetic study:  

Comparative study of sonocatalytic removal of RB dye in presence of rGO-CuPc 

hybrid and pristine CuPc tube is carried out, respectively. In these set of experiments, different 

Sample Dye Efficiency 

(%) 

Time 

 (h) 

Mechanism Ref. 

TNCuPc/TiO2 RB 87 4  Photocatalysis 

 

[221] 

FeTNPc/BiOCl MO ~35  1  Photocatalysis 

 

[265] 

ZnTCPc/UIO-66 (Zr) 

 

MB ~65 1 Photocatalysis [266] 

CuPc/rGO RB ~40 1  

 

Photocatalysis [62] 

PDIC12/CuTcPc 

 

RB ~50 1  Photocatalysis [267] 

TNFePc RB ~68 1  Photocatalysis 

 

[268] 

CuPcTs/TiO2 MO ~52 1  Photocatalysis 

 

[269] 

ZnPc RB 88.5 11  Photocatalysis 

 

[23] 

CuO- TiO2/ rGO MO ~62 1  Sonophotocatalysis [270] 

TiO2/NiO MO ~69 1  Sonophotocatalysis 

 

[271] 

CNTs/TiO2 MO 66.2 1  

 

Sonophotocatalysis [272] 

CuPc nanowire RB 81 1  Sonophotocatalysis Our work 
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parameters such as initial dye concentration, catalyst dosage, ultrasonic power and irradiation 

time, all are kept constant for both samples. Figure 5.7(a) presents the UV-Vis absorbance 

spectrum of RB aqueous solution catalyzed by rGO-CuPc hybrid system for regular time 

interval. Above spectrum shows that intensity of the peak positioned at 554 nm decreases with 

increase in irradiation time and almost completely disappears after a time interval of 100 min. 

This finding asserts the effectiveness of the hybrid system for successful decolorization of such 

textile dye. Figure 5.7(b) and 5.7(c) show the relative absorbance plot and the corresponding 

logarithmic plot of RB degradation due to the pristine and hybrid system. The relative 

concentration is found to decrease with irradiation time, and beyond 100 min approaches near 

zero value in hybrid system. Kinetic study of RB degradation is usually performed by following 

Langmuir-Hinshelwood model for pseudo first order reaction kinetics as mentioned in Eq. 

(5.2).                                                                

For both the samples, the logarithmic decay graph is divided into two decay zones 

with two distinct K values: 1st zone for first 70 min and 2nd zone for last 30 min [273, 274]. It 

Figure 5.7: (a) Degradation profile of RB during sonocatalytic process using rGO-CuPc, 

Comparison of (b) Relative concentration variation, (c) Logarithmic plot with respect to time and 

(d) Decolorization efficiency for both samples 
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is clear from Figure 5.7(c) that the degradation rate is much higher in the 2nd zone compared to 

that in the 1st zone for both the cases [249]. Different rate constant values for two different 

samples are given in Table 5.4. From these data, it can be proclaimed that rGO-CuPc hybrid 

exhibits nearly double and even higher rate constants in 1st and 2nd zone compared to those for  

pristine CuPc tube, respectively. In both cases, 2nd zone rate constants are around 3.5 times 

larger than 1st zone. Variation of decolorization efficiency [calculated from Eq. (5.1)] of rGO-

CuPc and pure CuPc are shown in Figure 5.7(d) with irradiation time. With increase in time, 

efficiency increases and finally reaches values of 92.22% and 70%, respectively. Here, 

surrounding rGO layers restrict the recombination of electron hole pairs within CuPc, thus 

enhancing its catalytic performance with respect to pristine CuPc. 

 

Table 5.4: Rate constant values for CuPc and rGO-CuPc hybrid 

 

 

 

 

 

 

❖ Effects of radical Enhancer and Scavenger:   

To explore the role of radical enhancers or scavengers during sonocatalytic removal, 

APS and sodium carbonate (Na2CO3) are used respectively. Figure 5.8(a) and 5.8(b) presents 

the variation of relative concentration and decolorization efficiency, respectively in the 

presence of enhancer and scavenger along with those of rGO-CuPc hybrid. APS with 2 mM 

concentration enhances the reaction rate as well as the decolorization efficiency from around 

92% to 96% (approx.) of RB under similar operating conditions like catalyst dosage, reaction 

time and ultrasonic power. Due to ultrasound, the addition of peroxydisulfate (𝑆2𝑂8
2−) can 

cause the generation of sulfate radicals (𝑆𝑂4
•−) which then react with water and form hydroxyl 

(𝑂𝐻•) radicals indicated by Eqs. (5.8 to 5.10) [89]. 

Sample Rate Constant (×10-2) (min-1) 

 1st zone (K1) 2nd zone (K2) 

Pristine CuPc Tube 0.7 2.42 

rGO-CuPc 1.5 5.62 
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The contribution of radical scavenger is not only just reduction of the decolorization 

efficiency, but also proclaiming the free radical (𝑂𝐻•) attack as the dominant controlling 

mechanism of sonocatalytic degradation of organic dye in comparison with pyrolysis alone. 

The addition of Na2CO3 causes the decrease in decolorization efficiency approximately from  

92.22% to 75% within 100 min reaction time. 𝑂𝐻• radicals produced from cavitation bubbles 

are scavenged by 𝐶𝑂3
2−anion and 𝐶𝑂2 is released in the system. Scavenger can also hamper 

the cavitation effects leading to decrease in the decolorization efficiency of the pollutant [86]. 

The plausible reactions [Eqs. (5.18-5.20)] under the presence of radical scavenger are as 

follows [86]: 

                   𝐶𝑂3
2− + 𝑂𝐻• → 𝐶𝑂3

•− + 𝑂𝐻−                                                                    (5.18) 

                     2𝐶𝑂3
•− + 𝐻2𝑂 → 2𝐶𝑂2 +𝐻𝑂2

− + 𝑂𝐻−                                                     (5.19) 

 

                     𝐻𝑂2
− + 𝑂𝐻• → 𝑂𝐻− + 𝐻𝑂2                                                                        (5.20) 

 

❖ Effects of others parameters:   

There are several other parameters such as dissolved gas, pH etc. that influence the 

sonocatalytic degradation. The effect of dissolved gases on the degradation efficiency is also 

investigated using N2 gas at ultrasonic frequency 20 kHz. The highest absorption peak falls 

under the N2 atmosphere as shown in Figure 5.9(a). From Figure 5.9(b), it is evident that 

degradation efficiency is reduced to 66.43 % from 92.22 % in N2 saturated aqueous solution. 

During ultrasonic degradation, dissolved oxygen plays the important role to produce 

𝑂𝐻• radicals which are primarily responsible for dye degradation. Thus, this result also 

describes the reaction mechanism accurately [5]. Solution pH is also an important parameter 

that influences the RB degradation under ultrasonic vibration. Sonocatalysis has been 

performed under three different pH values and the resulting decolorization efficiencies are 

Figure 5.8: (a) Relative concentration variation and (b) decolorization efficiency with 

enhancer and scavenger for RB removal 
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presented in Table 5.5. Figure 5.9(c) also presents the above results with irradiation time for 

rGO-CuPc sample. In acidic pH, efficiency decreases due to corrosion of the catalyst surface 

and powerful radical scavenging property of Cl
- ion [89]. In alkaline pH, efficiency reduces to 

a greater extent due to decrease of oxidation potential of 𝑂𝐻• radical at high pH value. Thus 

RB degradation ability of 𝑂𝐻• radical is lower in alkaline solution than in acidic solution [97].  

Table 5.5: Performance of rGO-CuPc heterostructure under pH variation 

 
Sample name pH~1 pH~6 pH~10 

rGO-CuPc 77.6% 92.22% 51.00% 

 

To reveal the effectiveness of this process in comparison with conventional 

photocatalysis and sonolysis (absence of catalyst), we have performed the experiment using 

visible light and only ultrasonic irradiation keeping all other experimental conditions unaltered. 

For comparison, degradation efficiencies for these processes are depicted in Figure 5.9(d). By 

photocatalysis, ~26.35% decolorization efficiency is obtained within 100 min, while using 

Figure 5.9: (a) Absorbance spectra of RB under N2 atmosphere; Effect of (b) dissolved N2 

gas; (c) pH variation on sonocatalytic degradation and (d) Comparison between 

photocatalysis, sonocatalysis and sonolysis 
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ultrasonication ~92.22% efficiency is achieved. Another difference from conventional 

photocatalysis is that ultrasound driven catalysis is a quite time efficient removal method, 

implying within a shorter duration, higher efficiency can be achieved. From point of view of 

degradation efficiency, sonocatalysis that does not involve any external light source comes out 

as the most powerful technique. The sonolysis process, without catalyst, is also carried out and 

found to degrade ~ 48% RB due to generation of 𝑂𝐻• radicals through cavitation process. 

 

❖ Proposed Pathway for sonocatalytic degradation:  

Due to the effect of sonoluminescence, a broad spectrum of visible light is emitted. 

CuPc is excited by visible light and creates sonogenerated electron-hole pairs [Eq. (5.11)]. The 

excited electrons in the LUMO level of CuPc are transferred to the rGO sheets [Eq. (5.21)]. 

The electron transfer rate is guided by thermal radiation generated from the collapse of 

cavitation bubbles. The trapped electrons get readily transferred into oxygen molecules to 

produce superoxide (𝑂2
•−) radical ions [Eq. (5.22)]. The electron-hole pairs may recombine or 

react with water molecules. But introduction of rGO sheets reduces the chances of 

recombination of electron-hole pairs [275]. The 𝑂𝐻• radicals formed by both sonolysis and 

catalysis, directly decompose the dye molecules into the end products following Eq. [(5.13-

5.17)]. The complete reaction pathway of sonocatalytic degradation is depicted in Figure 5.10.
                 

 

                   𝐶3 𝑢𝑃𝑐∗ + 𝑅𝐺𝑂 → 𝐶𝑢𝑃𝑐•+ + 𝑅𝐺𝑂(𝑒−)                                                        (5.21) 

                    𝑅𝐺𝑂(𝑒−) + 𝑂2 → 𝑅𝐺𝑂 + 𝑂2
•−

                                                                      (5.22) 
 

 

 

 

 

 
 

 

 

 

 

 

 

In the sonocatalysis reaction, electron transfer resistance and separation efficiency of 

sonogenerated charge carriers (electrons and holes) are the most crucial factors to yield the 

Figure 5.10: Schematic representation of proposed reaction mechanism 
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improved charge separation, EIS measurement of pristine CuPc tube and rGO-CuPc hybrid is 

performed. Their experimental and fitted Nyquist plots are shown in Figure 5.11(a). Electron 

transfer resistance can be determined from the semicircular arc radius of EIS spectra in high 

frequency region. In general, the small radius of the arc indicates low electron transfer 

resistance [276]. In this case, rGO-CuPc catalyst shows prominent depressed semicircle in high 

frequency region as compared to pristine CuPc tube. To determine the exact value of charge 

transfer resistance (Rct), both EIS spectra are fitted by Randles circuit which is shown in Figure 

5.11(b). The value of Rct is found as 177 Ω and 47.7 Ω for CuPc tube and rGO-CuPc, 

respectively. The lowest electron transfer resistance can be ascribed to introduction of rGO 

nanosheets with CuPc tubes to form intimate interfacial contact with each other that can 

enhance the interfacial charge transfer process leading to further improvement of the catalytic 

activity [277]. 

 

 

The improved catalytic performance has a good agreement with wettability. From the 

contact angle measurement, enhanced wettability of CuPc is observed caused by the wrapping 

with rGO sheet. Surface of CuPc nanotube is hydrophobic in nature and exhibits water contact 

angle of 140ᵒ with significant stability upto 500s [Figure 5.12(a)]. After rGO modifications, 

the sample exhibits an initial contact angle of 90ᵒ, followed by rapid fall of water droplet is 

observed within 140 s [Figure 5.12(b)]. Thus, hydrophilic nature is incorporated in CuPc tube 

by wrapping with rGO sheets, which enhance the charge transfer mechanism and thereby, 

sonocatalytic dye degradation. 

 

Figure 5.11: (a) EIS measurement of CuPc tube and rGO-CuPc; (b) Equivalent circuit 

model 
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Morphology retention after sonocatalysis with advanced probe sonicator is an 

important issue. To perform this, samples are collected after catalysis through vacuum filtration 

and repeatedly washed by ethanol and D.I water. Next, the samples are dried at 60°C for 2 h. 

After that, morphology of the rGO-CuPc is observed by FESEM; the corresponding images 

are shown in Figure 5.13. The figure reveals the presence of more or less similar kind of rGO 

enveloped CuPc tube-like structures. Such degradation in morphology is absent after 

sonocatalytic treatment of 100 min. 

5.4 Conclusions: 
          

 In brief, sonophotocatalytic RB dye degradation has been explored under the presence 

of CuPc nanowires. To investigate the synergistic effect of sonophotocatalytic process, a 

comparative study of individual processes has been made and RB decolorization efficiency as 

high as ~81% within 60 min of irradiation time has been reported. The effects of initial dye 

concentration, catalyst dosage and other factors on degradation efficiency have also been 

probed to establish the optimum operating conditions. The plausible synergy mechanism of 

sonophotocatalysis has been explained. In order to improve the RB removal efficiency, rGO-

Figure 5.12: Contact angle of (a) CuPc and (b) rGO-CuPc with stability 

Figure 5.13: Morphology of rGO-CuPc with (a) low and (b) high magnifications after 100 min 

sonocatalysis 
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CuPc heterostructure has been employed as sonocatalyst. Comparative study has also been 

carried out to find out the role of rGO in the hybrid system with respect to the pristine material, 

and maximum ~ 92.22 % RB decolorization has been achieved within 100 min of irradiation 

time. Influences of the enhancer, radical scavenger, pH and dissolved gas on the degradation 

efficiency have been investigated. Studies reported in the present chapter have led the final 

choice of rGO-CuPc hybrid as an efficient sonocatalyst and CuPc nanowire as 

sonophotocatalyst for wastewater treatment. 
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6.1 Introduction: 

 In response to changing environmental conditions, energy has become a primary focus 

of the scientific community. Thus, development of some emerging materials as well as 

technology is of prime focus for energy storage and conversion. The rapidly growing field of 

flexible and wearable electronic devices causes a crying need for high-performance lightweight 

energy storage devices. SC is one of such attractive energy storage devices. In this chapter, 

supercapacitive properties of unsubstituted ZnPc and CuPc will be examined in alkaline media. 

To meet the increasing energy demands, renewable energy conversion systems like fuel cells 

play a major role. To overcome the shortcomings of noble metal based electrocatalysts as stated 

in Chapter 2 [section 2.3.2.2], it is very urgent to invent some noble metal free efficient ORR 

electrocatalysts as alternatives to Pt. Here, the applicability of CuPc hybrids with rGO and 

MoS2 will be explored in ORR applications due to their various exciting inherent properties, 

low cost and abundant supply. 

 

6.2 Storage: Electrochemical Supercapacitor 

6.2.1 CuPc nanowires: 

Electrochemical measurements are carried out in 1M NaOH solution in three electrode 

configurations. CV graph is recorded in the potential window 0 to 0.6 V vs. Ag/AgCl. The 

influence of varying scan rates (5 – 100 mVs-1) on voltammetric current responses is shown in 

Figure 6.1(a). The CV nature of CuPc nanowires predominantly comprises faradaic redox 

peaks positioned at 0.4 V and 0.2 V in NaOH electrolyte at a low scan rate of 5 mV/s. CuPc 

molecules contain pyrrolic nitrogen atoms having strong electron donating properties [278]. 

Such pyrrolic groups help to improve both the pseudocapacitive behavior and specific 

capacitance. The specific capacitance can be evaluated by using the following formula [279]: 

                                 

2

1

2 1( )

V

V

JdV

C
V V

=
−


  (F/g) (6.1) 

where, J is current density (A/g),  is scan rate (Vs-1) and 2 1( )V V−  is the potential window (V). 

The estimated capacitance value from the CV graph with respect to varying scan rates is 

presented in Figure 6.1(b). The values of specific capacitance are 406, 286, 196, 109 and 66 

F/g at the scan rate of 5, 10, 20, 50 and 100 mVs-1 respectively. It is found that the value of 

specific capacitance reduces at higher scan rates [280]. This can be ascribed to the diffusion 

limit of ions present in the electrolyte solution. In case of low scan rates, the electrolyte ions 
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are allowed to access maximum surface area of electrode material over longer diffusion times. 

This indicates improvement in ion storage capability of material as well as specific capacitance 

values. Similarly, high scan rates provide shorter diffusion times reducing the chance of 

interaction of the ions with the electrode material surface. 

To obtain deeper insight, GCD profile is recorded at different values of current density 

in the potential window 0 – 0.5 V vs. Ag/AgCl, and is shown in Figure 6.2(a). The specific 

capacitance can be estimated using the following formula [281] as:  

                                                       
I t

C
m V


=


   (F/g)                                                                      (6.2) 

where, I is discharging current (A), Δt is discharging time (Sec), m is mass (g) and ΔV the  

potential window (V). The capacitance value obtained for 0.3 A/g is 260 F/g and the specific 

capacitance gradually decreases with increase in current density, as evident in Figure 6.2(b).  

Figure 6.1: Electrochemical properties of CuPc nanowires: (a) CV graph and (b) Specific 

capacitance at various scan rates 

Figure 6.2: Electrochemical properties of CuPc nanowires:(a) Charge Discharge profile and 

(b) Specific capacitance at different current densities 
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Similar to low scan rate, low current density also provides longer time to the electrolyte 

ions to acquire more active sites on the surface of the electrode material. As a result, specific 

capacitance is enhanced. Similarly, electrolyte ions get less time to access the surface-active 

sites on the electrode at high current density that results in low specific capacitance.             

EIS measurement is performed to gain deeper insights into the charge transfer 

mechanism that takes place at the electrode/electrolyte interface. Nyquist plot consists of the 

real component (X- axis) and the imaginary component (Y-axis). The real part provides the 

information associated with the ohmic property, whereas the imaginary part shows capacitive 

behavior of the electrode material. In our case, electrolyte is water with ionic salts e.g. NaOH 

that behaves as ionic liquid. The migration of ions determines the current in the aqueous bulk 

solution, where the resistance to ionic migration is denoted by the term "solution resistance" 

(RS). In three electrode system, Rs is the uncompensated solution resistance between the 

working and reference electrodes. There is a transition between electronic and ionic conduction 

at the electrode-electrolyte interface. Across the solution/electrode interface of each electrode, 

the electric charge transfer process is guided by an electrochemical reaction (electrolysis) 

[282]. Electrochemical discharge of the species is determined by their electrochemical 

polarizability, i.e. their ability to liberate or acquire an electron at electrochemical potential. 

Immediately adjacent to the electrode, the impedance generated by the discharge processes 

occurring in "Helmholtz" interfacial layer of the sample are represented by "charge transfer" 

resistance Rct. In this study, conventional double-layer capacitor, Cdl do not behave ideally due 

to the distribution of currents and electroactive species. Instead, these capacitors behave as a 

constant phase element (CPE) offering a reactance defined as follows [283]: 

                                                       (6.3) 

where,  is assumed to be pure capacitor (C) and the value of the exponent n is equal to 1 in 

ideal case. For CPE, the value of n should be less than 1.  

In the Nyquist plot shown in Figure 6.2(a), a depressed semicircle is observed at  high 

frequency region that corresponds to a parallel combination of resistance and capacitance. The 

intercept of that semicircle on the X-axis denotes the series resistance (RS). An electrical 

equivalent circuit is used to fit the experimentally observed Nyquist plot as shown in the inset 

of Figure 6.3(a). 

 For CuPc nanowires, RS is obtained as 1.67 Ω from fitted data and 1.78 Ω from 

experimental data. It indicates that the circuit fitting is appropriate here. The diameter of the 

0

1

(j )
CPE n

Z
Y 

=
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semicircle denotes the charge transfer resistance (Rct). The value of Rct is found as 14 Ω. Both 

the n values associated with CPEs are fractional and approach to 1. 

According to the enlarged illustration of the semicircle shown in the inset of Figure 

6.3(a), it is found that the semicircle is not proper, rather depressed to some extent. Cole - Cole 

distribution function is expressed as follows [284], 

𝐹( 𝜏) =
1

2𝜋
[𝑠𝑖𝑛( 𝛼𝜋)/(𝑐𝑜𝑠ℎ( 1 − 𝛼)𝑠 − 𝑐𝑜𝑠( 𝛼𝜋))]                            (6.4)    

where, 𝑠 = 𝑙𝑛( 𝜏/𝜏0), 𝜏 is the relaxation time and 𝜏0 is the relaxation time where 𝐹( 𝜏) attains 

its peak value. The value of 𝛼 (radian) can be determined from the angle between the real axis 

and the radius of the semicircular arc. When 𝛼=0, this relation denotes Debye relaxation 

(proper semicircle), and for 0 < 𝛼 <1, non - Debye type relaxation (depressed semicircle) [285]. 

In this case, the estimated value of 𝛼 is 0.317 suggesting that the fitted values of Rs and Rct are 

based on Cole-Cole distribution. 

 

Figure 6.3: CuPc nanowires: (a) Nyquist plot and fitted circuit (Inset); (b) Capacitance retention 

and Coulombic efficiency; (c) first and (d) last 5 cycles among 3000 cycles 
 



Chapter 6 

103 
 

There are two important parameters namely stability and coulombic efficiency that 

describe the long time stability of the material. Coulombic efficiency (η) is defined as  [283]: 

                                                    100%d

c

t

t
 =                                                                     (6.5) 

where, dt  and ct are the discharging and charging time, respectively. Here, stability of our 

electrode is measured at 6 A/g by running 3000 charge - discharge cycles continuously, which 

is reflected from Figure 6.3(b). Almost 99% efficiency and only 15% capacitance loss with 

respect to the initial value are observed. The slight increasing trend in the specific capacitance 

is noted in the first 250 cycles. It can be attributed to the activation process and wettability of 

the surface of electrode material in the electrolyte [286, 287]. Beyond that, the depreciation of 

capacitance retention is observed due to slight detachment of active material into the electrolyte 

after long cycle of charge - discharge operation [288]. Among 3000 cycles, the first and the 

last 5 cycles are presented in Figure 6.3(c) and 6.3(d), respectively, indicating that the 

pseudocapacitive nature of the charge-discharge curve is preserved. Finally, reusability of any 

material demands the retention of nanostructure after such long cycling operation. Therefore, 

morphological study is repeated for electrode sample after 3000 cycles. FESEM images of 

CuPc nanowires are shown in Figure 6.4, proclaiming that almost wire-like morphology is 

preserved. 

 

 

 

 

 

 

 

 

 

6.2.2 ZnPc nanoflakes: 

To evaluate the electrochemical properties of ZnPc nanoflakes, CV and GCD 

measurements are carried out in a three-electrode cell. Figure 6.5(a) shows the typical CV 

curves of ZnPc electrode at different scan rates in 1M aqueous LiOH electrolyte. The values of 

Figure 6.4: CuPc nanowires in two different magnifications: scale bar of (a) 3 µm and (b) 1 µm 

after 3000 charge discharge cycles 
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areal capacitance are calculated using Eq. (6.1) where J is taken as mA/cm2. A decreasing trend 

in capacitance with increasing scan rates are observed in Figure 6.5(b). 

 

 

 

 

 

 

 

 

To further determine the electrochemical performances, GCD measurements are also 

done at constant current density and are shown in Figure 6.6(a). The electrode exhibits areal 

capacitance of 486.4 mF/cm2 at current density 2.4 mA/cm2 [Figure 6.6(b)]. 

Some important parameters need to be investigated for practical applications of 

supercapacitor. The long-term cycling stability is one of them. Cycling stability of ZnPc 

electrodes are investigated by continuous measurements of GCD over 2000 cycles at a current 

density of 72 mA/cm2 within the same potential range. The first and last five cycles are shown 

in Figure 6.7(a). It can be seen that, charge discharge curve of the last five cycles retains their 

original form that represents the long-term cycle stability. After 2000 cycles, electrode shows 

a slight decrease in capacitance that clearly indicates good capacitance retention. The variation 

Figure 6.5: Electrochemical performances of ZnPc flakes:(a) CV graph and (b) Specific 

capacitance at various scan rates 
 

Figure 6.6: Electrochemical performances of ZnPc flakes: (a) Charge Discharge profile and (b) 

Specific capacitance at different current densities 
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of specific capacitance retention and coulombic efficiency as a function of cycle number are 

presented in Figure 6.7(b). Initially, the specific capacitance increases due to slow penetration 

of liquid electrolyte into the active material of ZnPc electrode. After that, slightly decreasing 

nature is observed with the increase in the cycle number and finally 95.13% retention is 

achieved. Coulombic efficiency is calculated by using Eq. (6.5) and 98.99% efficiency is 

achieved after 2000 cycles. 

 

6.3 Conversion: Electrochemical oxygen reduction reaction 

6.3.1 rGO-CuPc hybrid: 

In order to investigate the ORR activity, CV and LSV measurements of pristine CuPc 

nanotube and rGO-CuPc hybrid are carried out in O2 saturated 0.1 M KOH solution. As evident 

from LSVs presented in Figure 6.8(a), 6.8(b) and 6.8(c), the magnitude of current density (jORR) 

increases with increasing rotation speed ranging from 225 rpm to 1600 rpm. Associated 

parameters of ORR process for all samples are presented in Table 6.1. Notably, ~1.5 fold and 

~1.3 fold enhancement in jORR at 1600 rpm is observed for rGO-CuPc hybrid material 

compared to pristine CuPc and rGO, respectively. The onset potential value remains unaffected 

for all rotation speeds in every catalyst.  

 

 

 

 

 

 

 
Figure 6.8: RDE current responses for (a) CuPc, (b) rGO and (c) rGO-CuPc 

 

Figure 6.7: (a) First 5 and last 5 charge discharge cycles and (b) Coulombic efficiency and 

retention after 2000 cycles 
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Table 6.1: Kinetic parameters for ORR process. All potentials are measured in RHE. 

Electrocatalyst EORR (V) EOnset (V) jORR (mA/cm2) n Tafel Slopes (mV/dec) 

CuPc tube 0.50 0.69 -1.57 2.7 82 

rGO 0.56 0.71 -1.85 2.93 81 

rGO-CuPc 0.58 0.72 -2.39 3.5 78 

 

Moreover, as shown in Figure 6.9(a), 6.9(b) and 6.9(c), the Koutecky–Levich (K-L) 

plots are linear and almost parallel in nature for various electrode potentials, suggesting a first 

order reaction kinetics. The typical K-L equation [Eq.(6.7)] is given as [152]: 

1

𝐽
=

1

𝐽𝐾
+

1

𝐽𝐿
                                                                    (6.6) 

    
1

𝐽
=

1

𝐽𝐾
+

1

𝐵𝜔
1

2⁄
                                                                (6.7) 

with 𝐵 = 0.21 𝑛𝐹𝐷
2

3⁄ 𝜈
−1

6⁄ 𝐶𝑂2
 and 𝐽𝐾 = 𝑛𝐹𝐾𝐶𝑂2

.  

 

In Eqs.[6.6, 6.7], 𝐽, 𝐽𝐾 𝑎𝑛𝑑 𝐽𝐿 represent the measured, kinetic and diffusion - limiting 

current densities, respectively; n represents the number of electrons transferred per oxygen 

molecule, F is the Faraday constant (F = 96485 C mol−1), D is the diffusion coefficient of O2 in 

0.1 M KOH (1.9 × 10−5 cm2/s), 𝑣 is the kinematic viscosity of the electrolyte (0.01 cm2/s), and 

𝐶𝑂2  is the bulk concentration of O2 (1.2 × 10−6 mol/cm3). In this case, as the rotation speed is in 

rpm, the constant factor 0.21 is used. 

The number of electron transfer, calculated from the slope of the curves, is found to 

be ~2.7, 3.0 and 3.5 for pristine CuPc tube, rGO and rGO-CuPc hybrid, respectively, as 

presented in Figure 6.10(a).  The CV graph of all samples in O2 saturated electrolyte is shown 

in Figure 6.10(b). As evident from the figure, rGO-CuPc hybrid exhibits a positive shift (~80 

Figure 6.9: K-L plots of (a) CuPc, (b) rGO and (c) rGO-CuPc at various potentials 
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mV) in cathodic ORR peak (EORR) compared to pure CuPc in O2 saturated solution. CV of 

hybrid system is also carried out in N2 saturated solution and shown in Figure 6.10(b) that 

clearly confirms the absence of oxygen reduction peak. Tafel plots in Figure 6.10(c) of the as-

synthesized catalysts exhibit smaller slope for rGO-CuPc than their individual counterparts 

(CuPc and rGO), that indicates the improved activity of the hybrid. The superiority in catalytic 

activity for rGO-CuPc hybrid is ascribed to the synergistic effect between them as well as high 

conductivity of graphene. Being a supplementary electron provider, rGO helps to enhance the 

sluggish kinetics of ORR. In addition, rGO acts as a peroxide cleaner to remove the 

intermediate peroxide accumulated on the surface of the cathode catalyst, leading to the 

improved ORR activity of hybrid material. 

6.3.2 MoS2-CuPc hybrid: 

In order to evaluate the ORR activity of MoS2-CuPc as electrocatalyst, LSV 

measurement is performed in O2 saturated 0.1M KOH solution in the potential window -0.1 V 

to 0.9 V vs. RHE at 10 mVs-1 scan rate. Rotational speed is varied from 400 to 2500 rpm for 

each case. Figure 6.11(a), 6.11(b) and 6.11(c) depict the polarization curves for CuPc, MoS2 

and MoS2-CuPc samples, respectively with varying rotational speed. For each samples, 

magnitude of limiting current density increases with the increasing rotation speed due to the 

reduction of diffusion length. The K-L plots (1/j vs
1/2−

) at different potentials are shown in 

Figure 6.11(c), 6.11(d) and 6.11(e) for CuPc, MoS2 and MoS2-CuPc samples, respectively. 

Slopes of linearly fitted K-L plots at various potentials are used to calculate the number of 

electron transfer (n) [Eq.(6.7)] as shown in Figure 6.12(a). Pristine CuPc and MoS2 can reduce 

the O2 partially via two electron transfer pathway, whereas MoS2-CuPc can efficiently reduce 

O2 by following four electron pathway. Similar observation is found in previous reports for 

pristine MoS2 [64]. 

Figure 6.10: (a) Electron transfer number at different potentials, comparison of (b) CV graph and 

(c)Tafel plots of three samples 
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Comparative LSV at 1600 rpm for all samples are shown in Figure 6.12(b). Several 

important parameters, as listed in Table 6.2, are extracted from LSV that, in turn, help to 

investigate the electrocatalytic activity of catalysts towards ORR. Among them, Eonset remains 

constant for every rotational speed in each case. It is evident from Table 6.2 that for MoS2-

CuPc, Eonset is higher than those for pristine MoS2 and CuPc, respectively by 40 mV and 90 mV. 

Again, E1/2 determines the electroactivity of material, and for MoS2-CuPc,  the value of E1/2 is 

larger by 50 mV and 20 mV compared to those for CuPc and MoS2 respectively. Large E1/2 

indicates the superior ORR kinetics of MoS2-CuPc.  

Figure 6.11: RDE current responses for (a) CuPc, (b) MoS2 and (c) MoS2-CuPc at different rpm; 

corresponding K-L plots of (d) CuPc, (e) MoS2 and (f) MoS2-CuPc at varying potential 

Figure 6.12: (a) Electron transfer no. at different potential and (b) comparison of LSV at 1600 rpm. 

MoS
2
-CuPc MoS

2
-CuPc 
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CV measurements are recorded at 10 mVs-1 in O2 saturated 0.1 M KOH solution and 

shown in Figure 6.13(a). A pronounced cathodic peak corresponds to Eorr is observed in the 

CV graph for all cases; such values of Eorr are listed in Table 6.2. Prominent positive shifts in 

all potentials demonstrate remarkably enhanced ORR performance of hybrid nanostructures. 

The limiting current density (jorr) at 1600 rpm for MoS2-CuPc is found to be -2.36 mA/cm2, 

which is higher than those in respective counterparts. The long-term stable operation is an 

important issue for catalytic application. Here, durability test is performed through 

chronoamperometric response of MoS2-CuPc catalyst for 8000 s at 0.6 V vs. RHE. For 

comparison, standard Pt/C is also examined under similar operating conditions as presented in 

Figure 6.13(b). This MoS2-CuPc reveals very slight reduction in current by around 2.4 % after 

8000 s, whereas 12.6 % decay is observed for Pt/C with respect to initial current. Such stable 

operation is ascribed to highly crystalline nature [as observed in XRD pattern] that may be 

beneficial for the structural stability.  

The structure - activity relationship is an important perspective for better 

understanding of the electrocatalyst towards ORR. Engineering the morphological structures 

is an approach for enhancing the electrochemical performance of catalysts efficiently. It 

Catalyst E
onset

 (V)
 

E
orr

 (V) E
1/2

 (V) j
orr

 (mA/cm2) n (@ -0.1V) 

CuPc  0.66 0.52    0.46 -1.23 2.0 

MoS
2
 0.71 0.57

  

   0.49     -1.96 2.3 

MoS2-CuPc 0.75 0.59    0.51 
 

    -2.36 3.9 

Table 6.2: Kinetic parameters for ORR process. All potentials are in RHE scale 

Figure 6.13: (a) CV graph of three samples and (b) chronoamperometric stability of MoS2-CuPc and Pt/C. 

MoS
2
-CuPc 

MoS
2
-CuPc 
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involves several factors such as mass transfer, active site exposure, ionic/electronic 

conductivity, local electronic configurations, etc. 1D microrod possesses high length to 

diameter ratio that in turn, facilitates large electrode/electrolyte interface [289]. In the absence 

of CuPc 1D microstructure, there is always a tendency for MoS2 nanoflakes to stack together 

through π-π interaction and forms 3D flower like structure that in turn results the blockage of 

electroactive edge sites [290]. Thus, limited ORR activity of MoS2 is observed. In the presence 

of CuPc microrod in hydrothermal process, ultrathin MoS2 nanoflakes are uniformly deposited 

in a vertical orientation over the entire wall surface of CuPc microrod with numerous exposed 

edge active sites that support an efficient ORR process [291]. It is also worth noting that the 

whole hybrid composed of CuPc and MoS2 reveals enhanced ORR activity than that of pure 

MoS2 sheets as well as pristine CuPc. Therefore, the role of CuPc can be assumed to be a 

support to grip the MoS2 nanoflakes rather than a co-catalyst. Due to such supportive effects of 

the 1D microstructures, the fully exposed active sites and efficient mass/electron transfer can 

be achieved [291]. Comparative overall performances of phthalocyanine based catalysts are 

summarized in Table 6.3. However, compared with the Fe/Co-based phthalocyanine 

(FePc/CoPc) materials, CuPc normally exhibits poor ORR activity [as shown in Table 6.3], 

that needs to be enhanced. Therefore, MoS2 2D nanosheet is grown over 1D structure to 

synergistically improve the activity by engineering the structure. Pristine 1D CuPc and flower-

like MoS2 show moderate ORR activity, but their heterostructure manifests improved activity.  

Table 6.3: Performnaces of various catalysts in alkaline electrolyte 

 

 

 

 

The formation of edge active sites for electrocatalyst samples is investigated through 

determination of electrochemically active surface area (ECSA). ECSA is estimated by 

calculating the value of Cdl for all samples and is found to be directly proportional to Cdl. For 

that purpose, CV responses for CuPc, MoS2 and MoS2-CuPc are recorded in the non-Faradic 

region as shown in Figure 6.14(a), 6.14(b) and 6.14(c), respectively. From the slope of the 

linearly fitted graphs, Cdl is evaluated. The Cdl value is highest for MoS2-CuPc as compared to 

Materials Eonset (V vs. RHE) E1/2 (V vs. RHE) n Ref. 

 

FePc 0.87 0.64 3.6-3.9 [138] 

MoS2 0.65 --- 2.7 [292] 

NiPc/GCB 0.76 0.55 2.64 [146] 

FePc/OMC 0.725 0.623 3.95 [147] 

MoS2/graphene 0.73 --- 3.75-3.90 [292] 

FePc-MoS2 

MoS2-CuPc 

0.90 

             0.75 

0.89 

0.51 

4.0 

3.9 

[64] 

This work 
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those for their individual counterparts, as depicted in Figure 6.14(d)  The trend of edge active 

sites follows the following order: MoS2- CuPc >MoS2>CuPc. This result clearly indicates the 

formation of more edge active sites in the hybrid. 

Further detail characterization is performed to determine the role of edge active 

centers. For this purpose, the ORR performances of MoS2-CuPc and pure CuPc are investigated 

in 0.1 M KOH with addition of 5 mM KSCN. As seen from Figure 6.15, in presence of KSCN, 

both E1/2 and current density get reduced that reveals the poisoning effect of M−N (M= Mo/Cu) 

sites by the coordination of SCN– ions to the M sites which implies the deterioration in 

performances of both samples. Due to the effect of KSCN, E1/2 is shifted by -30 mV and -80 

mV for CuPc and MoS2-CuPc, respectively. Therefore, Mo-N sites are the predominant active 

edge sites for ORR than Cu-N sites due to the strong E1/2 shift in hybrid system than pristine 

CuPc [293-295]. Based on the above results, highly crystalline, uniform and dense nanosheet 

decorated CuPc microrod may act as promising ORR electrocatalyst due to its pronounced 

catalytic activity in alkaline media, excellent durability and facile preparation method. 

Figure 6.14: CV graph of (a) CuPc, (b) MoS2, (c) MoS2-CuPc and (d) estimation of Cdl 
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LSV and corresponding plot of electron transfer number (n) at various potentials for 

commercially available 20 wt% Pt/C are shown in Figure 6.16. 

6.4 Conclusions: 

In the present chapter, two types of electrochemical activities for the energy storage 

and conversion have been discussed using MPc nanostructured electrode and their hybrid with 

rGO and MoS2. Initially, performance of pristine forms of CuPc and ZnPc nanostructures has 

been examined for supercapacitive activity in alkaline media. Both the materials have shown 

moderate activity and the approach may be extended for the symmetric/asymmetric 

supercapacitor device fabrication. For the hybrid systems, synergistic effect in between rGO 

and CuPc, is mainly responsible for the improvement of the performances as compared to 

individual counterparts. MoS2-CuPc has emerged as the best performing electrocatalyst for 

cathodic ORR process.  

 

Figure 6.16: (a) RDE plots and (b) corresponding electron transfer number (n) of Pt/C                  

Figure 6.15: Effect of KSCN in (a) CuPc and (b) MoS2-CuPc hybrid 
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7.1 Introduction: 

Organic photovoltaic devices have attracted research interest over conventional 

silicon based inorganic photovoltaic devices having inherent limitations of high reflection and 

low absorption of the solar spectrum. While adequate absorption of solar radiation needs quite 

a thick silicon layer (in the order of µm) [296], a very thin (100-300 nm) layer of active material 

used in OSC is found to absorb enough solar radiation. This keeps the production cost of OSC 

low. Other advantages of organic polymer based solar cells are their low weight, mechanical 

flexibility, semi-transparency, and easy manufacturing process. But their prime limitation is 

low PCE. Organic materials inherently possess low permittivity and thus make dissociation of 

photo-generated excitons difficult. Researchers are trying hard to improve the efficiency by 

adopting different pathways such as incorporation of different transport layers, exploring new 

absorber materials, etc. [297, 298]. In contrast, quite large values of PCE have been reported 

for Pb-based solar cells [299-301]. The environmental issues associated with the hazardous 

effects raised from Pb content materials suggest use of new Pb-free perovskite material as 

absorber. Theoretical and experimental results have established superior intrinsic stability of 

IHPs over OIHPs [302-305].  

In this dissertation, various transport layer materials for both electrons and holes are 

explored for further performance improvement in OSCs as well as Pb free PSCs. The entire 

solar cell study is based on simulation. Solar cell performances of two types of organic BHJ 

absorbers, OC1C10PPV:PCBM and P3HT:PCBM, and cesium based Pb free double-perovskite 

(Cs2TiBr6) are investigated. Suitability of different materials including CuPc, one of our 

synthesized and characterized materials is also examined as transport layers in OSCs as well 

as PSCs.   

 

7.2  ATLAS simulation of solar cells: 

In this dissertation, design and simulation of solar cells are carried out through a 

commercial semiconductor device simulator ATLAS, from SILVACO, Inc. Due to the 

reduction in overall semiconductor device dimensions, ATLAS become an important tool to 

characterize as well as optimize electronic devices for a wide range of applications. This type 

of device simulation guides us to gain the knowledge about the physical processes within a 

device and eventually helps to predict the behaviour of the device. Reliability as well as 

scalability of electronic devices can be furnished by the simulation upto certain extent, which 

in turn, enhances the production speed with minimized risk and uncertainties. Atlas is a 
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versatile 2D as well as 3D device simulator to carry out DC, AC, and transient analysis for 

wide varieties of semiconductor material-based devices. There are some major tools 

incorporated in this software such as ATHENA, ATLAS, DECKBUILD, TONYPLOT, etc. 

Here, the device configurations are constructed using DECKBUILD, and ATLAS platform is 

used to simulate it. The simulated results are displayed with the help of TONYPLOT. The 

generalized simulation code is provided in Appendix. 

 

7.3 Simulation of organic solar cells: 

 In this chapter, performances of BHJ solar cells [Figure 2.12 in Chapter 2] using two 

different polymer blends as the active materials are compared. Investigations are further 

extended for two different cathode materials. At first, the BHJ of OC1C10PPV:PCBM is 

simulated by Silvaco ATLAS. The solar cell parameters are investigated with variation in the 

above active layer thickness to find out the appropriate thickness that yields the highest 

conversion efficiency. As P3HT:PCBM matrix is very popular due to its long-time outdoor 

stability [306], BHJ solar cell with P3HT:PCBM blend of the above thickness is also simulated, 

and a comparison of the above two OSCs is made. Finally, different transport layer materials 

are incorporated with best performing organic polymer blend to further improve the solar cell 

performance. 

7.3.1 OC1C10PPV:PCBM based Organic solar cell: 

For simulation of organic polymer based BHJ solar cells, the simplest device 

configuration as Cathode/Absorber/Anode is considered [Figure 7.1]. Parameters used for 

simulation of solar cell with OC1C10PPV:PCBM blend are summarized in Table 7.1 [307]. 

 

 

 

 

 

 

 

 

 

 

 Figure 7.1: Simulated device configuration of basic solar cell 
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Table 7.1: Parameters for OC1C10PPV:PCBM based solar cell simulation 

 

 

 

 

 

 

 

 

 

 

 

Thickness of the absorber material is denoted by ‘d’. εr, χ and Eg denote relative 

permittivity, electron affinity and bandgap energy of the BHJ polymer blend, respectively. µn 

(µp) is the mobility of electrons (holes), Nc, Nv is the density of states at conduction and valence 

band edges and kf specifies the decay rate of excitons. 

Initially, solar cell with ITO/OC1C10PPV:PCBM/Al configuration is simulated by 

Silvaco ATLAS software. The thickness dependent solar cell performance is studied by varying 

the thickness of absorber material from 80 nm to 350 nm keeping all other parameters intact. 

The resulting J-V characteristics is presented in Figure 7.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As seen from Figure 7.2, the value of Jsc is increased with the increase in absorber 

layer thickness up to 300 nm. The thickness dependency of Jsc and FF is presented in Figure 

7.3(a). Initially, Jsc value increases from 1.707 mA/cm2 @ 80 nm to 4.17 mA/cm2 @ 300 nm and 

then slightly decreases beyond 300 nm. Significant enhancement in Jsc is attributed to the fact 

Parameters Value 

d (nm) Variable 

ԑr 3.4 

χ (eV) 2.9 

Eg(eV) 1.34 

Nc, Nv (cm-3) 2.5×1019 

kf (s
-1) 1.5×106 

µn (cm2/Vs) 2.5×10-3 

µp (cm2/Vs) 3×10-4 

a.singlet (nm) 1.3 

Figure 7.2: J-V characteristics for different thickness of OC1C10PPV: PCBM blend  
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that a thicker absorber can absorb greater amount of solar radiation that causes generation of 

appreciable amount of photogenerated excitons. Dissociation of such excitons finally yield 

large free carrier density. Beyond 300 nm, a slight declining tendancy in Jsc is observed. Despite 

of higher photo absorption, chances of carrier recombination are also increased in thick active 

layer. The value of FF gradually falls with the increase in layer thickness. Although proper 

understanding of FF is still under debate, many factors viz. interfacial recombination, carrier 

mobility, series (Rs) and shunt (Rsh) resistances, morphology and miscibility of donor-acceptor 

polymer influence it [308]. The variations in series and shunt resistances also affect the shape 

of the J-V characteristics with increasing absorber thickness [309]. Thus, FF varies. 

 The influences of active layer thickness on Voc and PCE are presented in Figure 7.3(b). 

The Voc remains almost invariant to layer thickness beyond 150 nm. The value of Voc is directly 

related to the effective energy gap between the LUMO level of the acceptor and the HOMO 

level of the donor, thereby providing the primary driving force towards charge separation. The 

value of Voc for OSC can be determined by the following empirical relation [308]: 

𝑉𝑜𝑐(𝑖𝑛 𝑒𝑉) = (|𝐸𝐻𝑂𝑀𝑂
𝑑𝑜𝑛𝑜𝑟| − |𝐸𝐿𝑈𝑀𝑂

𝑎𝑐𝑐𝑒𝑝𝑡𝑜𝑟|) − 0.3                                         (7.1) 

where, 0.3 eV is an empirical value for efficient charge separation [310]. In the present case, 

the value of Voc should be around 1V. Losses due to both radiative (Vr) and non radiative 

recombination voltage (Vnr), Vnr being the dominant one, make Voc much smaller than the 

estimated value (here of 1V). Such loss in Voc in turn, limits the PCE in OSC. With the increase 

in active material thickness, the overall efficiency of the device increases, attains initially a 

maximum value, and then starts to fall. The reason for such fall in PCE is that the carriers have 

to cover a longer path to reach the electrodes and result in enhanced recombination in too thick 

Figure 7.3: Impact of OC1C10PPV:PCBM blend thickness variation on (a) Jsc and FF and (b) PCE and Voc   
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active layer. Thus, 220 nm thick OC1C10PPV:PCBM polymer blend is found to yield the 

highest PCE and Voc, and moderate Jsc and FF. 

Next, the role of electrode WF is investigated using aluminium (Al) (WF ~ 4.1 eV) 

and Ag (WF ~ 4.26 eV) with 220 nm OC1C10PPV:PCBM blend thickness. Corresponding J-V 

characteristics are shown in Figure 7.4. When Al is replaced by Ag, higher value of cathode 

work function causes reduction in built-in potential. It reduces the electric field across the 

active material and causes inefficient collection of photo-generated carriers [311]. Therefore, 

the value of Voc decreases. 

 

 

 

 

 

 

 

 

 

 

7.3.2 P3HT:PCBM based Organic solar cell: 

Next, a P3HT:PCBM based solar cell will be investigated here. The cell of similar 

configuration as PPV based one is simulated here just by replacing the donor polymer with 

P3HT. Parameters used for P3HT:PCBM based simulation are summarized in Table 7.2. 

 

Table 7.2: Parameters used for P3HT:PCBM solar cell simulation 

 

 

 

 

 

 

 

 

Parameters Value Ref 

d (nm) 220 Our work 

ԑr 3.4 [312] 

χ (eV) 3.7 [155] 

Eg (eV) 1.5 Our work 

Nc, Nv (cm-3) 5.0×1020 [155] 

kf (s
-1) 1.4×104 [312] 

µn (cm2/Vs) 0.1 [312] 

µp (cm2/Vs) 0.01 [312] 

a.singlet (nm) 1.8 [312] 

Figure 7.4: J-V graph of OC1C10PPV:PCBM solar cell with Al and Ag cathodes 
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The simulated J-V characteristics of P3HT:PCBM based solar cell with two different 

electrode materials, Al and Ag are presented in Figure 7.5. When Al is used instead of Ag, all 

the solar cell parameters improve, especially, Voc, which is strongly affected in a similar 

manner as described in earlier section. 

 

 

 

 

 

 

 

 

 

 

7.3.3 Comparison of OC1C10PPV and P3HT based solar cells: 

Finally, performances of two photoactive materials (220 nm thick) are compared 

considering Al as the cathode material. J-V characteristics for both absorber materials are 

shown in Figure 7.6. The entire Air mass 1.5G (AM 1.5G) spectrum of solar radiation lies in 

the wavelength range of 300-1000 nm [313]. PPV based donor material exhibits narrow 

absorption coverage; absorption edge observed around 550 nm. In contrast, broader absorption 

coverage [300 -700 nm] of P3HT causes significant absorption of solar radiation, and therefore, 

generation of larger number of excitons than in PPV. As a result, remarkable enhancement in 

Jsc is observed for P3HT:PCBM solar cell as compared to PPV based solar cell. 

Figure 7.5: J-V graph of P3HT:PCBM solar cell with Al and Ag cathodes 
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Key solar cell parameters are extracted from the J-V characteristics and presented in 

Table 7.3, which establish the superiority of Al as cathode material over Ag for both types of 

polymer blend. It is evident from Table 7.3 that the P3HT:PCBM system exhibits superior 

performance than OC1C10PPV:PCBM for both cathode materials. As compared to 

OC1C10PPV:PCBM solar cell, P3HT:PCBM solar cell exhibits Jsc and FF improved by more 

than 44% and 63%, respectively with Al as cathode material. The value of FF determines the 

quality of a solar cell. When OC1C10PPV is replaced by P3HT, Rsh increases from 0.34 KΩcm2 

to 0.84 KΩcm2, while Rs decreases from 97 Ωcm2 to 18.6 Ωcm2; All these result in the J-V 

characteristics closer to the ideal one. In addition, the PCE value approximately gets doubled 

for P3HT:PCBM system with around 5% reduction in Voc. Such depreciation has also been 

experimentally reported in literature [164]. Higher hole mobility in P3HT may be responsible 

for such improved performance than PPV based solar cell [314]. Thus, the investigations 

presented in last few sections, establishes the P3HT:PCBM solar cell with Al cathode as the 

best performing one. Therefore, in the following section, approaches will be made to further 

improve its performance. 

 

 

 

Figure 7.6: Comparative J-V characteristics of two polymer blends with Al cathode  
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Table 7.3: Simulated parameters for both solar cells with various cathode materials 

 

 

7.3.4 Performance improvement of P3HT:PCBM solar cell: 

In some polymer blend, variations in photoactive layer thickness impose complex 

influence on solar cell parameters. In order to find the optimum absorber layer thickness, the 

trade-off between light absorption and charge carrier collection should be made. A thick active 

layer is capable of absorbing significant amount of radiation, and yields large no of 

photogenerated carriers, but it also hampers efficient charge collection due to nongeminate 

bulk recombination. In recent time, Li et al. reported the range of optimum active layer 

thickness obtained from experimental as well as simulation based study for three different 

polymer blends [315]. The range of optimum thickness was found as 145-155 nm for 

P3HT:PCBM blend. Another experimental study done by Islam and his group revealed that 

highest solar light absorbance was observed for 150 nm (approx.) thick P3HT:PCBM. In 

addition, there is other design criterion related to choice of the top metal electrode in the above 

OSCs. The top metal must possess high stability in air, as it is exposed to atmosphere. Gold 

(Au) (WF ~ 5.1 eV) offers significant intrinsic stability in air compared to Al and Ag, as they 

both exhibit the rapid oxidation tendency [316]. Comparative solar cell parameters obtained 

from simulation of 150 nm thick P3HT:PCBM active layer with Al and Au top electrodes are 

listed in Table 7.4. 

 

Table 7.4: Key parameters for P3HT:PCBM solar cells with various top electrodes 

 

 

 

 

 

Active Material 

(220 nm) 

J
sc 

(mA/cm2) V
oc 

(V) FF  (%) PCE (%) 

Ag Al Ag Al Ag Al Ag Al 

  

OC
1
C

10
PPV: PCBM 

  
3.28 

 

3.78 
  

0.4397 
 

0.5993 
  

31.86 
 

35.18 
  

0.4597 
 

0.7973 

  

P3HT: PCBM 

  
4.95 

 

5.13 
  

0.4397 
 

0.5683 
  

49.33 
 

57.55 
  

1.075 
 

1.679 

P3HT:PCBM 

 (150 nm) 
J

sc
 (mA/cm2) V

oc
 (V) FF (%) PCE (%) 

Al 3.82 0.20 50.66 0.39 

 

Au 4.35 0.36 69.28 1.08 
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The results obtained so far proclaim quite low PCE. Therefore, to boost the conversion 

efficiency further, investigation is carried out for the above structure incorporating additional 

transport layers in it in order to prevent the interfacial carrier recombination. 

 A generalized device structure with interfacial layers has been presented in Figure 

2.11 in Chapter 2. Transport layers offer multiple functionalties. First, they lower the energy 

barrier between the photoactive layer and the electrode: and thus favor efficient charge 

extraction through ohmic contacts. Second, appropriate transport materials can serve as 

selective contacts for single charge carriers i.e. electrons or holes. Finally, transport layers 

provide protection of underlying absorber layer. Inverted OSC configuration is adopted here. 

Traditionally, a layer of the TCO namely FTO (WF ~ 4.4 eV) is used as the bottom layer of 

solar cell. In between FTO and the absorber, ETLs are added, specifically, n-type materials viz. 

TiO2, ZnO and CdS are tried here. On the other side, p-type interface layer is inserted in between 

absorber and the top electrode. Generally, p-type layer like PEDOT:PSS is used as standard 

HTL in conventional design, but its acidic nature poses serious limitations in long-term stability 

of the device [317]. To overcome the problem, several p-type inorganic transition metal oxides 

— V2O5 [318], MoO3 [319], WO3 [320], NiO [321], etc. are used. In this chapter, inorganic NiO 

and organic CuPc are now investigated as the replacement of PEDOT:PSS. Excellent 

hydrophobicity of CuPc is one prime advantage that is beneficial for protection of the cell from 

atmospheric moisture.  

Initially, ZnO and CuPc are chosen respectively as ETL and HTL, in P3HT:PCBM 

solar cell. The effect of variation in thickness of ZnO and CuPc on the cell performances is 

studied. The thickness of the ZnO layer is first varied, keeping absorber and CuPc thickness as 

150 nm and 10 nm, respectively. A 60 nm thick ZnO layer yields the highest efficiency and fill 

factor as evident from Figure 7.7(a). Next, thickness optimization of CuPc is carried out taking 

Figure 7.7: Effect of thickness variation of (a) ZnO and (b) CuPc on P3HT: PCBM solar cell  
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150 nm thick absorber and 60 nm thick ZnO layer, from which a 10 nm CuPc layer is found to 

perform the best [Figure 7.7(b)]. 

Next, the solar cell configured with all the above optimised layers are simulated, 

where electron mobility (𝜇𝑛) in the absorber polymer blend is varied over the range of 10-5 to 

103 cm2/Vs. Variation of hole mobility (𝜇𝑝) is also considered using the common useful 

approximation: 𝜇𝑛 = 10𝜇𝑝 [312]. Dependence of Jsc and Voc on electron mobility in the active 

material is presented in Figure 7.8(a) and 7.8(b), respectively. After an initial increase, Jsc 

attains a more-or-less saturated value for 𝜇𝑛 varying over a range of (10-3-1) cm2/Vs. The value 

of Voc falls due to the increase of the Langevin recombination at higher mobilities (𝜇𝑛 > 0.1 

cm2/Vs) [322]. Langevin recombination (R) increases with increase in carrier mobility through 

the radiative recombination constant k, expressed as follows: 

𝑘 =
𝑞

𝜖0𝜖𝑟
(𝜇𝑛 + 𝜇𝑝)                                                          (7.2) 

Where the Langevin recombination (R) itself is given as: 

𝑅 = 𝑘(𝑛𝑝 − 𝑛𝑖
2)                                                           (7.3) 

Here, 𝑛𝑖 is the intrinsic carrier density, 𝑛 and 𝑝 are electron and hole concentration, 𝜖0 is the 

permittivity of vacuum and 𝜖𝑟 is the relative permittivity of semiconductor. 

The variation of FF and PCE is depicted in Figure 7.9(a) and 7.9(b), respectively. This 

trend in variation of FF with carrier mobility results from the opposite kind of mobility 

dependence of Jsc and Voc. The highest PCE is observed around 𝜇𝑛 = 0.1 to 1 cm2/Vs. Beyond 

this range of 𝜇𝑛, i.e. for both high and low values of electron mobility, deterioration in PCE 

appears as evident from Figure 7.9(b). For low mobility, PCE decreases due to increased carrier 

recombination and reduced dissociation probability of excitons [312]. The optimum solar cell 

Figure 7.8: Effect of active layer carrier mobility variation on (a)Jsc and (b) Voc for P3HT:PCBM 

solar cell 
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performance in terms of FF and PCE is obtained at electron mobility of 1 cm2/Vs. Thus, further 

investigations will be carried out with 𝜇𝑛= 1 cm2/Vs and 𝜇𝑝=0.1 cm2/Vs. 

 

Using the optimum carrier mobilities, HTLs of various materials (PEDOT:PSS, CuPc and NiO) 

are tried with ZnO as ETL. The simulated J-V characteristics of cell with different HTLs are 

shown in Figure 7.10(a). The energy band diagram of P3HT:PCBM device structure with 

additional transport layers are presented in Figure 7.10(b). As clear from Figure 7.10(b), the 

ETL not only aids electrons to reach the cathode, but also puts a barrier to flow of generated 

holes. Similarly, introduction of HTL allows holes to flow to anode but blocks electrons. 

PEDOT:PSS is widely used HTL material and very much suitable for conventional architecture 

where it gets deposited on FTO. But in inverted cell configuration, when deposited over organic 

Figure 7.10: P3HT:PCBM  solar cell (a) J-V characteristics with various HTLs and (b) Energy 

band diagram 

(a) (b) 

Figure 7.9: Effect of active layer carrier mobility variation on (a) FF and (b) PCE for P3HT:PCBM 

solar cell 
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(hydrophobic) polymers, film morphology and electrical properties of PEDOT:PSS get 

severely affected due to its hydrophilic nature. As evident from the results summarized in Table 

7.5, employing CuPc as HTL along with ZnO as ETL, yields a PCE 3.3 times higher than that 

of the cell having no transport layer [Table 7.4]. However, NiO emerges as the best candidate 

for HTL. 

                   Table 7.5: Solar cell parameters for different HTL materials 

 

 

 

 

 

 

 In the next step towards optimisation of the solar cell configuration, NiO is used as 

the HTL material, and the other three materials (CdS, TiO2, ZnO) are tried as ETLs. Results 

summarized in Table 7.6 proclaim ZnO as the best ETL material. Slightly larger values of Voc, 

FF and PCE are observed in ZnO as compared to TiO2 based solar cell. The reason for slight 

increament in Voc in ZnO based cell is ascribed to the slower rate of recombination of charge 

carriers. Experimental evidence of smaller time constant for charge recombination in ZnO than 

TiO2 has been presented by Son et al. [323]. In addition, higher transparency of ZnO than other 

ETL materials in UV to visible region allows more photons to reach the photoactive layer, 

resulting the high PCE in ZnO based OSC [324]. So, the proposed configuration of the best 

performing solar cell is finalised as FTO/ZnO/P3HT:PCBM/NiO/Au, which yields  ~ 4%  PCE 

and ~ 84% FF on the basis of optimised carrier mobilities. Incorporation of transport layers on 

either side of absorber layer creates many heterojunction interface (ETL/absorber and 

absorber/HTL). Transport of generated electrons/holes from active layers to respective 

electrodes is aided by these junctions. Thus, efficient charge seperation is accomplished, which 

in turn, led to significant enhancement in solar cell parameters. 

Table 7.6: Solar cell parameters for different ETL materials 

 

 

 

 

 

HTL J
sc

 (mA/cm
2

) V
oc

 (V) FF (%) PCE (%) 

CuPc 4.76 0.902 83.57 3.59 

PEDOT: PSS 4.79 0.944 84.39 3.82 

NiO 4.91 0.945 84.52 3.92 

ETL J
sc

 (mA/cm2) V
oc

 (V) FF (%) PCE (%) 

CdS 4.83 0.946 82.07 3.75 

TiO2 4.91 0.944 82.51 3.82 

ZnO 4.91 0.945 84.52 3.92 
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A maximum PCE of only ~ 4% is achieved from organic polymer based solar cell with 

incorporated tranport layers. To get reasonably larger PCE, PSC will be next explored. 

However, high performing PSCs are in general Pb based materials that cause environmental 

hazards. Thus, a PSC based on an environment friendly absorber material will be investigated 

in next section.  

 

7.4 Simulation of Lead free perovskite solar cell: 

Among various Pb-free perovskites, Cs2TiBr6 is chosen here due to few advantages of 

Ti as mentioned earlier in Chapter 2. In designing Cs2TiBr6 based PSC, cell architecture is 

comprised of a light-absorbing layer of perovskite, ETL and HTL. Proper choice of material 

and thickness of above layers is very crucial in determining the overall performance of 

designed cell. The schematic structure of such PSC is shown in Figure 7.11.  FTO is used as 

the cathode, while the anode material is chosen as Au, Ag or Cu. For ETL, inorganic metal 

oxide such as TiO2 [325], ZnO [326], SnO2 [327] are commonly used. Organic materials viz. 

polytriarlyamine (PTAA) [325], spiro-OMeTAD [194] and PEDOT:PSS are the initial choice 

for HTL [328]. But their chemical and thermal instability and high cost are important deterrent 

towards proper development of such PSCs. However, P3HT and CuPc, a small molecule 

organic material are expected to be the potential candidates for HTL. P3HT possesses good 

optical and electrical properties, supports easy fabrication processes [329] and of low cost, 

while CuPc exhibits good thermal and chemical stability and moisture resistance property, 

which make it appropriate for encapsulation layer of PSCs [330, 331]. Along with organic 

HTLs, inorganic HTLs such as, NiO, CuI may be the potential alternatives for transport layers 

in PSCs. However, the properties like large bandgap, suitable work function, deep VB level 

around 5.3 eV [332] have made NiO more popular. In this section, three hole transporting 

materials – two organic (CuPc and P3HT) and the third one inorganic (NiO), are explored along 

with TiO2 as the electron acceptor.  
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For simulation of the Pb free PSC, the thickness of Cs2TiBr6 absorber material is taken 

as 200 nm as per the existing literature [198]. In addition to efficient electron collection, as 

TiO2 behaves also as a window layer to allow incident solar radiation to reach the absorber 

material, thickness of TiO2 must be chosen properly. In order to investigate the influence of 

one transport layer, its thickness is varied in presence of the other layer, following the scheme 

reported in [333]. The thickness of TiO2 is first varied between (10-100) nm with a 10 nm thick 

NiO film. Simulation results presented in Figure 7.12(a) show that the FF falls monotonically 

with thickness of TiO2, whereas slight improvement appears in PCE. It was experimentally 

observed that around 10 nm thin TiO2 film yields 75% (approx.) transmittance of incident solar 

radiation, while thicker films cause enhanced light scattering and reduce effective utilization 

of incident illumination [334]. Thus, the thickness of ETL is chosen here as 10 nm. Similarly, 

NiO layer thickness is varied over the range of (5 – 100) nm taking thickness of TiO2 and 

Cs2TiBr6 layers, respectively as 10 nm and 200 nm. Result in Figure 7.12(b) demonstrates the 

gradual deterioration in FF for the variation in NiO thickness over the entire range. Thick 

transport layers, however, show a tendency for development of cracks over large areas [334]. 

On the other hand, as too thin NiO and TiO2 layers lack reproducibility and may get affected 

by the presence of pinholes, at least 10 or 20 nm thickness is recommended for their pinhole 

free deposition [333]. Thus, we choose a 10 nm thick NiO layer, which also yields the highest 

FF, as is evident from Figure 7.12 (b). 

 

 

Figure 7.11: Schematic structure of proposed Cs2TiBr6 solar cell 
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In this study, influences of different HTLs on the cell performance are also 

investigated. For simulation of a cell with TiO2 and CuPc, P3HT (S1) [S stands for simulation] 

or NiO, the time - resolved photoluminescence (PL) decay times of individual materials are 

taken from the existing literature. The simulated J-V characteristics and the various solar cell 

parameters extracted from them are presented respectively in Figure 7.13 and Table 7.7.  

 

 

 

Results indicate NiO outperforms the other two hole transporting materials - CuPc and 

P3HT. In order to validate our simulated results, Cs2TiBr6 cell with TiO2 and P3HT (E1) [E 

stands for Experimental] is further simulated taking the PL lifetime of TiO2/Cs2TiBr6 and 

Cs2TiBr6/P3HT interfaces from the work reported by Chen et al. [198].  

The simulated results [row 4, Table 7.7] match reasonably with the experimental 

results reported in Ref. [198]. However, presence of glass substrate and defect densities in the 

Figure 7.13: J-V characteristics of Cs2TiBr6 solar  

cell with different  HTLs 

Table 7.7: Solar cell parameters for different HTLs 

 

 

HTL 

material 
J

sc
 

(mA/cm
2

) 

V
oc

 

(V) 

FF 

(%) 
PCE 

(%) 

CuPc 6.24 1.05 55.30 3.65 

P3HT (S1) 6.37 1.14 56.62 4.12 

NiO 6.40 1.14 64.57 4.70 

P3HT (E1) 6.47 1.10 45.46 3.24 

Figure 7.12: Impact of thickness variation of (a) TiO2 and (b) NiO layers on FF and PCE for 

Cs2TiBr6 based PSC 
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materials in real solar cell structure may be responsible for the above mismatch appeared 

between the experimental and simulated results.  

Next, different cell configurations with undoped and doped transport layers are 

simulated further. Existing literature reported that presence of some of the dopants may 

improve the overall performance, but degrade cell stability in case of P3HT [335]; while in the 

case of CuPc, dopants impose a negative impact on film morphology [336]. As apparent from 

Figure 7.13, NiO has emerged as the most efficient of all the three HTL materials considered 

here. Therefore, different device configurations marked as (A - E) with undoped and doped 

TiO2 and NiO layers are further simulated here.  

The J-V characteristics of various cell configurations are presented in Figure 7.14 and 

the solar cell parameters, determined from the above characteristics are shown in Table 7.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Device Configuration J
sc

 (mA/cm
2

) V
oc

 (V) FF (%) PCE (%) 

(A) FTO/Cs
2
TiBr

6
/Au 5.53 0.56 58.20 1.81 

(B) FTO/n+ TiO
2
/Cs

2
TiBr

6
/Au 5.96 0.59 64.69 2.29 

(C) FTO/Cs
2
TiBr

6
/p+ NiO/Au 5.94 0.91 57.50 3.12 

(D) FTO/TiO
2
/Cs

2
TiBr

6
/NiO/Au 6.40 1.14 64.57 4.70 

(E) FTO/n+ TiO
2
/Cs

2
TiBr

6
/p+ NiO/Au 6.33 1.14 76.34 5.50 

Table 7.8: Solar cell parameters for different cell configurations 

 

 Figure 7.14: J-V characteristics of Cs2TiBr6 solar cell with different configurations 
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Simulated results reveal the prominent roles of the two terminal layers n+ TiO2 [Conf. 

B] and p+ NiO [Conf. C] in improving performance of the basic cell [Conf. A]. Here, TiO2 and 

NiO layers are doped with dopant concentration 1016 cm-3 and 1019 cm-,3 respectively. NiO with 

exact stoichiometric form is a wide bandgap semiconductor and possesses very high intrinsic 

resistivity [337], which results in poor FF of the corresponding cell. Thus, heavier doping is 

chosen for NiO. Doping in both TiO2 and NiO layers reduces the interfacial charge transport 

resistances and facilitates efficient carrier extraction. This leads to modification in the J-V 

characteristics through tremendous improvement in FF. Similar influence of doping in 

transport materials has also been reported experimentally [333]. Performance of the final cell 

structure [Conf. E] with both doped layers is improved synergistically in terms of FF and PCE. 

It yields respectively 17% and 18% increment in PCE and FF with respect to the cell with 

undoped layers [Conf. D]. 

The maximum achievable FF is estimated using the expression given below [338]: 

                   
ln( 0.72)

1

oc oc

oc

v v
FF

v

− +
=

+
                                                                                   (7.4) 

with 𝑣𝑜𝑐 =
𝑞𝑉𝑜𝑐

𝜂𝐾𝑇
. Here, voc is defined as normalized open circuit voltage and η is the ideality 

factor for diodes. For perovskite based absorber, Voc exceeds 1, and thus FF may be as large as 

0.9, calculated using Eq. (7.4) with η=1. It sets the theoretical limit to FF that can never be 

realized in practice. Since the SRH recombination model is employed in simulation, η=2 [339], 

instead of its ideal value 1 is considered in estimating the FF, and the maximum attainable limit 

of FF comes out to be 82%. The simulated FF appears as around 76%, well below the 

theoretical limit, as it should be. Thus, to enhance the cell performance, doping of transport 

layers can be treated as an effective way to modulate their electrical and optical properties. 

The role of different electrode materials is further examined in the present study. All 

the above results are obtained with Au as the anode material. After otherwise finalizing the 

structure of the proposed solar cell, its performance is investigated for other two anode 

materials, such as Ag and Cu (WF ~ 4.7 eV). Simulated results are presented in Figure 7.15 and 

Table 7.9. Results indicate that the cell performance improves with metal of higher work 

function. Both the table and figure also reveal that Au outperforms the other two anode 

materials. Thus, the structure of the proposed inorganic Pb-free PSC finally emerges as FTO/n+ 

TiO2 (10 nm)/Cs2TiBr6 (200 nm)/p+ NiO (10 nm)/Au.  
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Experiments based on Pb PSC reported 330 nm as the optimum thickness for absorber 

materials [340-343]. Therefore, the proposed cell is further simulated with 330 nm thick 

absorber material (Cs2TiBr6) along with both 10 nm thick n+ TiO2 and p+ NiO layers. The J-V 

characteristics are shown in Figure 7.16 and the resulting cell parameters are listed in Table 

7.10. The table also includes results of the earlier Conf. E (with 200 nm thick Cs2TiBr6) for 

easy comparison. Respective enhancements in PCE and Jsc by almost 54% and 61% are clearly 

evident, along with nominal deteriorations in FF and Voc.  

Electrode Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

Silver (Ag) 6.27 1.01 66.91 4.26 

Copper (Cu) 6.28 1.13 73.48 5.24 

Gold (Au) 6.33 1.14 76.34 5.50 

 Figure 7.15: J-V characteristics of Cs2TiBr6 solar cell with various anode materials 

Table 7.9: Solar cell parameters for different anode materials 
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The final simulated structure and corresponding energy band diagram are presented 

in Figure 7.17(a) and 7.17(b), respectively. 

Thickness (nm) Jsc (mA/cm2) Voc (V) FF (%) PCE (%) 

200  6.33 1.14 76.34 5.50 

330  10.25 1.12 73.59 8.51 

Table 7.10: Solar cell parameters for different absorber thickness 

 

 Figure 7.16: J-V characteristics of two different absorber thicknesses in Cs2TiBr6 solar cell 

Figure 7.17: Cs2TiBr6 solar cell: (a) final simulated structure and (b) Energy band diagram 
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7.5 Conclusions: 

 In this chapter, two different kinds of solar cells have been studied through their 

simulation using Silvaco ATLAS Device simulator.  

 In the first part, performances of organic polymer based BHJ solar cells with 

OC1C10PPV:PCBM and P3HT:PCBM as absorber materials have been optimized and 

compared. From simulations of cells with cathode of Al and Ag, Al has been found to 

outperform Ag. The BHJ solar cell with P3HT:PCBM blend has yielded PCE more than double 

of that offered by the other one, for both cathode materials, although the highest efficiency thus 

achieved lies only around 1.7%. Next, performance of P3HT:PCBM blend has been further 

improved by incorporating transport layers for efficient collection of both types of 

photogenerated carriers in inverted cell configuration. Au has been used as the top electrode 

due to its inherent high atmospheric stability. After optimization of transport layer materials 

and their thicknesses, more than 3 times improvement in PCE, with respect to the basic cell, 

has been achieved using CuPc as HTL and ZnO as ETL. However, the final structure, evolved 

as FTO/ZnO/P3HT:PCBM/NiO/Au, yields PCE, FF and Voc respectively of around 4%, 84% 

and 0.945, a truly remarkable improvement. 

 Lead free inorganic Cs2TiBr6 perovskite solar cell has been studied in the second part 

of the chapter. The sole available report [198] on Cs2TiBr6 established superior thermal, optical 

and moisture stability of the material with respect to OIHP material. In addition, Cs2TiBr6 based 

solar cell was also reported to provide around 330 h of stable operation [198]. Thus, long 

duration stable operation and most importantly, the environment friendly nature are expected 

to develop Cs2TiBr6 PSC as one of the front runners in the field of next generation solar cell. 

Therefore, in order to improve the performance of Cs2TiBr6 PSC, it has been further designed 

and simulated with various transport layers - TiO2 as the material for ETL, and CuPc, P3HT 

and NiO for HTL. To derive even higher PCE, three anode materials – Au, Ag and Cu have also 

been explored. The proposed Cs2TiBr6 (200 nm) PSC employing doped TiO2 (10 nm) and NiO 

(10 nm) layers has resulted in PCE of 5.5% against that of only 3.3% reported in the-then sole 

available work on Cs2TiBr6 based PSC [198], an experimental investigation made by Chen et. 

al. In presence of CuPc as HTL, the PCE gets doubled in comparison with basic device 

configuration [conf. A] with an ETL of TiO2. The best performing structure has emerged finally 

as FTO/TiO2 (10 nm)/Cs2TiBr6 (330 nm)/NiO (10 nm)/Au, yielding PCE as high as 8.5%, much 

higher than that offered by the above organic solar cells, but still quite low compared to the 

Pb-based PSCs.  
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 Though NiO has been found to be the best performing HTL material for both OSCs 

and PSCs, strong moisture resistance property of CuPc [Figure 5.12 in Chapter 5] makes it 

very attractive material for HTL in above cases. Thus, CuPc will be the appropriate choice for 

HTL material in designing highly stable solar cells, although their efficiencies will be 

compromised to some extent. 
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The final chapter summarizes the remarkable findings and contributions of this 

dissertation to some energy and environment related fields, and also points out the future scopes 

of further research. The first section of this chapter summarises the significant results obtained 

from research works carried out and presented in this dissertation. The next section focusses 

on the possible scopes of works that can be pursued as further extension of the above work. 

 

8.1 Summary of results: 

A comprehensive survey of existing literature in all the fields like synthesis, 

characterization, catalysis, solar cell, etc. are performed thoroughly in order to formulate the 

research problems based on CuPc and ZnPc, two prominent members of the family of organic 

semiconductor namely MPc, and their hybrid structures with 2D layered materials rGO and 

MoS2. In this dissertation, synthesis of above materials and their appropriate applications in the 

field of next generation electronic devices including supercapacitors, fuel cells and solar cells 

are explored.  

ZnPc nanoflakes, CuPc nanowires, nanotubes, microrods, rGO wrapped CuPc 

nanotube and MoS2 decorated CuPc microrods are successfully synthesized following proper 

synthesis routes. All such synthesized samples are subsequently subjected to extensive 

characterization processes to confirm their proper formation. 

To resolve environmental issue related to wastewater released from textile industry, 

CuPc nanowires and rGO-CuPc hybrid are employed as catalysts in the processes for waste 

water treatment. Ultrasound based AOPs are also employed in the presence of catalyst for 

degradation of textile dyes (viz. RB) present in wastewater. By the process of 

sonophotocatalysis with CuPc nanowires as catalyst, around 81% RB degradation efficiency is 

achieved in 60 min, using bath sonicator as the source of ultrasound. rGO-CuPc hybrid 

efficiently removes around 92% RB in 100 min in presence of ultrasonic irradiation from probe 

sonicator. The influences of several parameters viz. dissolved gas, pH, scavenger, enhancer, 

etc. on catalytic activity are also investigated. The significant contribution of rGO to the hybrid 

system is also probed to justify the enhancement of catalytic activity as compared to pristine 

CuPc nanotube. The CuPc nanowires and rGO-CuPc hybrid emerge as efficient 

sonophotocatalyst and sonocatalyst respectively, for the waste water treatment. As per the 

Examiner’s comment, it is true that efficiency of RB dye degradation is low as compared to 

other standard inorganic materials. Metal Phthalocyanine (MPc) class of organic materials are 

not well studied in the field of photocatalysis, so our objective is to investigate about the 
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activity of such materials to have new insights. I have performed the catalysis of RB taking 

very small amount of catalyst (CuPc) dosage as compared to reported inorganic materials.  

CuPc is expected to act as promising semiconductor material in modern electronics involving 

organic materials, e.g. in organic solar cell, OFET, etc. and also to be used as self-cleaning 

material in future electronic devices. 

In the context of energy storage and conversion, electrochemical properties viz. 

supercapacitance and ORR are examined using MPcs and their hybrids. Pristine forms of CuPc 

and ZnPc are employed as supercapacitor anode materials in alkaline media, and both are found 

to exhibit moderate activity with good cycling stability. Next, electrocatalytic ORR activity of 

rGO-CuPc and MoS2-CuPc hybrids are investigated using 0.1 M KOH electrolyte. Both follow 

the efficient four electron reaction pathway for the reduction of O2 as compared to their 

individual counterparts. Excellent stability is observed in MoS2-CuPc hybrid as compared to 

Pt/C. Thus, MoS2-CuPc hybrid emerges as the potential electrocatalyst material for future 

generation metal-air battery and fuel cell applications. 

Finally, for the purpose of solar energy harvesting, simulation based studies are 

carried out for two different kinds of solar cells using Silvaco ATLAS Device simulator. 

Organic polymer based BHJ solar cells are studied first with OC1C10PPV:PCBM and 

P3HT:PCBM as absorber materials. P3HT:PCBM  is found to be the more efficient photon 

absorber, yielding PCE of 1.7% for the BHJ solar cell. In attempt to improve the cell 

performance, various transport layers are introduced on either side of the absorber, where the 

materials and their thicknesses are optimized properly. P3HT:PCBM solar cell designed with 

HTL of CuPc improves the cell efficiency by 3.3 times compared to its basic structure. 

However, the most efficient cell configuration emerges as FTO/ZnO/P3HT:PCBM/NiO/Au, 

offering PCE and FF of around 4% and 84%, respectively. Next, new kind of Pb-free double 

perovskite absorber material, Cs2TiBr6 is chosen as a replacement of traditional Pb-based 

materials due to the environmental issues raised from the presence of Pb. A variety of HTL 

materials are tried to improve the performance of the cell with ETL of TiO2. Among them, 

HTL of CuPc makes the PCE almost double of that of the basic device structure. Following a 

sequence of optimizing steps, the final structure results as FTO/TiO2(10 nm)/Cs2TiBr6(330 

nm)/NiO(10 nm)/Au, yielding PCE as much as 8.5%. Although this PCE is much higher than 

that obtained from the above organic polymer based solar cell, it is still quite low with respect 

to the PCE offered by Pb-based PSCs. But most importantly, high moisture stability of CuPc 

and long duration stable performance of Cs2TiBr6 are expected to make such material 

combination popular in designing environment friendly solar cells in near future. 
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8.2 Future scopes of work: 

The work presented in this dissertation carry quite importance in the present scenario, 

reflected from recent literature, and, may be further extended in the following directions. 

Among various MPcs, CuPc and ZnPc nanostructures and CuPc based heterostructures have 

been synthesized and characterized here. Recently, Verma et al. has synthesized CuPc 

nanotube, described in this thesis, for the preparation of rGO-CuPc hybrid, and carried out 

measurements to find their tribological properties [344]. In addition, wastewater remediation 

by the photo assisted dye removal as well as aqueous Cr(VI) reduction process using GO/N-

CuMe2Pc nanorod hybrid and TAZnPc-PANI@Fe2O3, respectively has been reported in recent 

years [345, 346]. As an extension of the work in the fields of energy storage, one may fabricate 

symmetric/asymmetric SC devices using CuPc as electrode material, and study their suitability 

for driving portable electronic components. There are lots of possibilities to synthesize ZnPc 

based heterostructures as well as CuPc heterostructures with different materials other than rGO 

and MoS2. Hybrids of ZnPc and CuPc with carbon and MXenes have also been examined as 

electrode materials for SC and ORR applications [235, 347, 348].  

In the field of photocatalytic applications, efficiency of dye removal process by any 

single material is limited by fast recombination of photogenerated electron hole pairs, that in 

turn, hamper the generation of 𝑂𝐻. radicals. These 𝑂𝐻. radicals help to degrade organic 

contaminants present in wastewater. Type II heterojunction was well studied for efficient 

photocatalytic activity due to the increase in charge carrier separation, and thereby, reducing 

the recombination of electrons and holes [349-351]. The effect of type I heterojunction on 

photocatalytic degradation of pollutants is still unexplored. In recent years, investigation of 

photocatalytic hydrogen production using type I heterojunction have been initiated [352]. A 

recent study [353] demands that photocatalytic H2 production by water splitting can also be 

accomplished by CuPc and ZnPc based type I heterojunction. In addition, ultrasound along 

with light assisted catalytic activity of such hetero-interface needs further investigation. 

In the field of solar energy harvesting, the work on environment friendly PSC [354] 

presented in this dissertation, has already arrested intense interest of researchers and as a result, 

a number of works have been already reported [355-357]. In some works, a variety of HTL and 

ETL materials are used in simulation of Cs2TiBr6 solar cells to achieve higher PCE. In addition, 

life cycle assessment of Cs2TiX6 and Cs2TiI6-xBrx based solar cells has been investigated by 

Chakraborty et al. in recent times [358]. Such studies proclaim the emerging prospects of these 
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classes of Pb free perovskite based solar cells to preserve the environmental sustainability. 

There are other numerous Pb free double perovskite materials viz. Cs2AgBiBr6 [359-361], 

Cs2AgSbBr6 [360, 362, 363] etc. Investigation of such Pb free solar cell based on simulation 

and experiment will open up a new era of environment friendly solar cells. 
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Appendix 

 

In Silvaco ATLAS simulation platform, DECKBUILD is the central runtime 

environment in which entire device structures can be specified by the users. Before starting to 

write the program code for any device simulation, ATLAS is called by users to perform the 

device simulation in the following way: 

go atlas 

 

// Structure specification 

** Definition of Mesh 

X.MESH LOCATION=<VALUE> SPACING=<VALUE> 

Y.MESH LOCATION=<VALUE> SPACING=<VALUE> 

** Assignment of different materials in several regions 

REGION number=<integer> <material type> <position parameters> 

** Definition of electrode 

ELECTRODE NAME=<electrode name> <position parameters> 

** Specification of doping 

DOPING <distribution type> <dopant type> <position parameters>  

 

// Description of material models 

** Definition of material parameters 

MATERIAL <identification> <material parameters>  

[material parameters include Electron affinity (AFFINITY), room temperature band gap 

(EG300), electron (MUN) and hole (MUP) mobility, electron (TAUN0) and hole (TAUP0) 

recombination lifetimes, valence (NV300), conduction (NC300) band density of states etc.] 

** Specification of doping 

MODELS <physical model> <model-dependent parameters> <general parameters> 

[The physical models are classified into five categories: mobility, recombination, carrier 

statistics, impact ionization, and tunnelling. SINGLET, Langevin and Singlet dissociation 

models are used in OSC simulation and Shockley-Read-Hall (SRH) is used in PSC simulation.] 
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** Assignment of contact materials 

CONTACT NAME=<name> <property specification>   

 

// Selection of numerical solution methods 

** Specification of method 

METHOD <methods>  

[Three numerical techniques i.e. GUMMEL, NEWTON and BLOCK are commonly used. 

NEWTON is set as the default method.] 

// Specification of optical source 

Beam num=<VALUE>, f. radiate=<library name> 

[To incorporate uniform photogeneration rate, C-interpreter function stored in library is used.] 

// Solution specification 

LOG OUTFILE=<filename>  

SOLVE V(initial) =<VALUE> V(step) =<VALUE> V(final)=<VALUE> name=electrode 

LOAD INFILE=<filename>  

SAVE OUTFILE=<filename> 

 

// Analysis of results 

EXTRACT INITIAL INFILE=”<filename>”  

[Indication of file name before extraction of parameters] 

EXTRACT NAME="Voc" X.VAL from CURVE(v."anode,” i."cathode") where Y.VAL=0.0 

[Extraction of Voc from simulated I-V data] 

TONYPLOT IVcurve.dat  [graphical presentation of simulated data] 

 

end 
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