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Abstract 

Cellulose is the most abundantly available renewable polymers on the planet, which have received 

scientific attention from numerous research communities. Cellulose nanocrystals (CNCs) are 

crystalline nanorods obtained through the acid hydrolysis of cellulosic materials such as wood 

pulp, cotton fibers, carded hemp, etc. Nontoxicity, formidable colloidal solidity, outstanding 

biocompatibility and biodegradability, and transparency are fundamental properties of CNCs and 

motivation for the construction of CNC-based blends and polymer nanocomposites improved 

properties. The optical properties of the host polymers such as absorption and fluorescence can be 

enhanced by blending with CNCs, as the needle-shaped morphology of CNCs can provide a 

spindle for the wrapping and untwisting of polymer chains, thus reducing concentration quenching 

while increasing the conjugation length. Recently, highly photoluminescent 

metallophthalocyanine conjugated with cellulose nanocrystals exhibited potential applications in 

organic electronic devices. The purpose of this project is to study the as-synthesized 

metallophthalocyanine conjugated CNC materials for electronic device applications. 

The first study involves the formation of a thin films of zinc phthalocyanine covalently conjugated 

with cellulose nanocrystals (ZnPc@CNC). ZnPc@CNC thin films formed on FTO (bottom 

contact) using the drop-casting technique followed by metal top-contact deposition exhibit a 

significant hysteresis in their current-voltage plots indicating electrical bistability. The memory 

devices use hysteresis by associating the conductive state at zero voltage with a Boolean 1 and 0, 

which shapes the premise for most logic circuits in use. It was seen that the device based on bare 

ZnPc results in zero current at zero voltage and conjugation of CNC is responsible for the 

improvement in electrical properties of the organic material. This research provides a new and 

facile strategy to fabricate memory devices. 
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The second study involves the assessment of as-synthesized cobalt phthalocyanine (CoPc) and its 

CNC conjugate (CoPc@CNC) for rhodamine B (RhB) photodegradation application. The superior 

photocatalytic performance of the conjugate as compared to the bare CoPc has been rationalized 

by experimental observations. Although CoPc is regularly utilized to sensitize other active 

photocatalysts to enhance the RhB dye degradation, photocatalytic dye degradation of stand-alone 

CoPc without the addition of any oxidants has not been reported yet. In this work, we have 

systematically investigated the photocatalytic dye degradation potential of octacarboxylated CoPc 

and CoPc@CNC systems without any added oxidant under visible light. In the first 30 minutes of 

the dark cycle, it was noticed that bare CoPc adsorbed ~80% of the RhB dye; however, no 

photocatalytic activity was observed under AM1.5G one sun-simulated light. On the other hand, 

the same amount of CoPc@CNC conjugate adsorbed ~25% of the RhB dye in the dark cycle and 

demonstrated good photocatalytic activity with almost 80% of dye degradation. In addition, the 

latter has also exhibited the enhanced electronic properties of active materials due to the existence 

of electrically insulating and naturally occurring polymers (i.e., CNCs). 
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Preface 

This thesis is focused on the application of CNC conjugated metallophthalocyanine for water 

treatment and the memory devices. The covalent conjugation of CNCs with 

metallophthalocyanines was performed by Dr. Pawan Kumar. My role consisted of the formation, 

spectroscopic characterization, and electrical testing of thin films of ZnPc@CNC and CoPc@CNC 

conjugates. I also performed measurements of the photocatalytic activity of ZnPc@CNC and 

CoPc@CNC conjugates. 

Chapter 3 of this thesis is under review as Chaulagain, N.; Alam, K.; Kumar, P.; Kobryn, A.; 

Gusarov, S.; Shankar, K., " Zinc Phthalocyanine Conjugated Cellulose Nanocrystals for Memory 

Device Applications" 

Results presented in Chapter 4 of this thesis are under review as Alam, K.; Kumar, P.; Chaulagain, 

N.; Zeng, S.; Goswami, A.; Vaidzadeh, E.; Kar, P.; Bernard, G.; Michaelis, V.; Kobryn, A.; 

Gusarov, S.; Shankar, K., " Conjugating Cobalt Phthalocyanine with Cellulose Nanocrystal for 

Visible-light Driven Photoreduction and Photodegradation" 
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Chapter 1 

1. Introduction 

1.1 Motivation 

In today's world, the prefix nano has become a local dialect; the word initially sparked outrage 

from the research world as a catch-all buzzword and is now found in medicine, future energy 

systems, polymer, quantum computing, and various technologies [1][2]. The size of the worldwide 

market for products and services incorporating nanotechnology is estimated to be hundreds of 

billions of dollars [3]. Nanomaterials have seen fast development since Gleiter's successful 

development of nanocrystalline materials in the 1980s was a turning point in the field [4], with a 

wide gamut of applications in chemistry, material science, catalysis, physics, and biomedical 

engineering [5]. Materials prepared from bio-based materials have piqued researcher’s interest due 

to their extraordinary high potential for fabricating various high-value products with minimal 

environmental impact [6].  

Cellulose nanomaterials can meet the increasing demand for green and biocompatible products 

and are viewed as a virtually limitless source of feedstock [7][8]. Different types of nanomaterials 

such as cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) can be extracted from 

cellulose by utilizing various reaction strategies, owing to its polymeric structure and 

semicrystalline nature [9].  

CNCs have received massive attention from the scientific community [3][10]. Needle-shaped or 

rod-shaped CNCs, about 100 nm long particles (figure 1.a), are synthesized from lignocellulosic 

biomass via different mechanical and chemical treatments [11] and exhibit a highly crystalline 
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nature. Wood pulp, bast fibers, cotton linters, microcrystalline cellulose, algal cellulose, bacterial 

cellulose, and tunicin are the starting materials for producing these nanomaterials [3][12]. CNCs 

being non-hazardous, eco-friendly, mechanically robust, crystal clear, and firmly hydrophilic with 

a superior surface density of OH groups, enables to be applied in various applications such as 

emulsion stabilizers [13], pH sensing, chemobiological sensing, surface-enriched Raman 

scattering (followed by Ag coating) [14], polarization-modulating thin films [15] and so on.   

 

Figure 1: (a) Transmission electron micrograph of cellulose nanocrystals, (b) Evolution of the 

specific surface area of rod-like nanoparticles as a function of their diameter, assuming a density 

of 1.5 g.cm-3 from crystalline cellulose [reproduced from ref. [3], with permission from (Journal 

of polymer science)] 
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Functional nanomaterials offer the arrangement of unique materials with advanced features by 

incorporating several additives and taking advantage of synergistic physicochemical, catalytic, 

electronic, mechanical, optical, and other phenomena. Functional nanomaterials have a high 

potential for advanced applications and covalently uniting hydrophobic particles via reactions with 

pendant hydroxyl groups on the CNCs surface, such as esterification, acetylation, silylation, and 

polymer grafting, is one of the strategies. CNC-based nanocomposites have shown remarkable 

optoelectronic and structure-modifying properties, increased Young's modulus by a factor of ten 

and produced significant changes in the thermal stability [12][16][17]. CNCs are the ideal 

candidates for nanostructured materials because they have a high dynamic range and a specific 

surface area (figure 1.b) due to their nanoscale dimensions [18]. Mechanical properties can be 

improved with the rise of nano-confinement effects in larger interfacial regions and strong 

interactions with the reinforcing filler and the polymer matrix. Modern nanocomposites are 

expected to excel in current industrial applications.  

1.2 Importance of cellulose nanocrystals 

Rod-shaped CNCs are organic polysaccharide compounds consisting of linear polymerized chains 

of β(1→4) linked D-glucose units, which can be easily prepared from lignocellulosic biomass 

using a mixture of automated and chemical methods [11]. In the arena of polymer nanocomposites, 

CNCs are being studied extensively with polyethylene, polyvinyl alcohol, polyvinyl acetate, 

polylactic acid, PEDOT: PSS, etc., for the development of reinforced construction and packaging 

materials [19], MEMS sensor [20], water purification membranes [21], and conductive inks and 

substrates [22].  
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Being an advanced material, CNCs require a plan to design a manufacturing metrology framework 

for determining its properties and ultimate products [23]. Charged CNCs, also referred to as 

cellulose nanowhiskers enable examination of rod-particle behavior with polyelectrolytic 

properties [24]. Functional nanomaterials emerging from wood have a great potential of building 

nanocomposites with biodegradable characteristics [10], [25]. Owing to good biocompatibility, 

CNCs have also been used in several biomedical applications. It is a non-toxic substance that poses 

no significant health risks when used in the human body. Bioimaging and drug delivery systems 

may benefit from modified CNCs with fluorescent materials [26]. 

There are quite a few porphyrins and phthalocyanine-based catalysts reported in the current 

literature, but cellulose supported system, which has the potential to increase the effective surface 

area of the catalyst through reducing the different aggregation states, are surprisingly scarce [12-

15]. 

Cellulose has been used as a filler substance in polylactic acid (PLA) which is a bioplastic and 

helps to improve the produced plastic in an ecofriendly and biodegradable manner [27][28][29]. 

The improved water-insoluble CNC is evenly distributed and has been used as a part of the polymer 

network. Polymethyl methacrylate (PMMA) was modified using CNC and was further integrated 

into a PMMA plastic network [30]. The addition of CNC in PMMA improves the mechanical 

properties (tensile and elastic), and the outstanding dispersion of CNC inside the polymeric matrix 

justifies this enhancement.   

When a biodegradable polymer is used as a packaging material, barrier properties need to be 

considered. CNC has been studied as a barrier material in several applications. Water and oxygen 

permeability can be reduced by the addition of CNC into the film [31]. These nanofillers act as 

blocking specialists inside the polymeric matrix, promoting a convoluted way to saturation of the 
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water and gas molecules, which expands the obstruction properties of the fabric (figure 2). Barrier 

properties of the material are improved due to the morphology, orientation, and good dispersion 

of the CNCs within the polymer matrix.  

 

Figure 2: Schematic representation of the addition of CNCs resulting in a more convoluted way 

for water and gas molecules to diffuse. 

However, there are a plethora of material compatibility issues with CNC-polymer nanocomposites 

that include non-uniform dispersion of CNCs in polymer matrices, poor understanding of CNC-

polymer interfaces, inability to control the morphology of CNCs and polymer chains in the 

nanocomposite matrix and, a lack of understanding of the impact of preparation on final execution. 

Also, plenty of characterization issues associated with CNC-polymer nanocomposites hinder the 

analysis of problems and generation of solutions to address those problems, which limits its 

commercialization. The inner configuration of CNC-polymer nanocomposites is troublesome to 

image utilizing electron microscopy methods due to inadequate differentiation between CNC and 

the polymer lattice (a consequence of poor secondary electron contrast between the CNC and 

polymer). Likewise, various spectroscopical methods (Raman, FTIR, XPS, etc.), owing to the 
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superiority of feeble van der Waals connections among CNCs and polymer network, come up short 

in distinguishing interesting attachments between CNCs and polymer groups [32]. In this regard, 

photoluminescence (PL)- centered strategies can overcome troubles in clarifying the inner 

structure of nanocomposites. Likewise, physical properties of CNC-polymer nanocomposites 

(charge, potential, adhesion force, etc.) can be mapped utilizing advanced scanning probe 

microscopic procedures. Renewable source materials, low safety concerns, low weight, and 

surface tunability of the material helps CNCs to surpass all the disadvantages, for which CNCs are 

being studied and extensively utilized as a nanofiller fabric. 

1.3 Metallophthalocyanine and its conjugation with CNCs 

Phthalocyanines (PCs) are among those organic semiconductors which are widely investigated due 

to their importance as organic dyes, organic photoconductors, organic hole transport layers and 

nonlinear optical materials. PCs have several advantages such as being stable against thermal and 

oxidative deterioration of molecules up to fairly high temperatures and bear excellent 

photoconductive properties. The majority of PCs are classified as p-type semiconductors 

distinguished by low mobility and low carrier concentration [33]. Due to ease of synthetic 

modification, long π-electron conjugated system and absorption bands ranging from UV to IR 

region, PCs bears potential applications in organic electronic devices such as sensors [34][35], 

light-emitting diodes [36][37], memory devices [38] and solar cells [39]. 

In a metal complexed heteroaromatic scheme, zinc phthalocyanine (ZnPc) is a part of the 

metalloporphyrin family with amplified intramolecular conjugation. It manifests 𝜋-conjugated 

structure and shows the structural self-organization characteristics seen in energy migration (i.e. 
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exciton transport) [40]. ZnPc is highly photoluminescent, and for the specific solvents, its PL 

quantum yield is reported as high as 38% [41][42].  

ZnPc-containing molecules are exceptionally bright fluorophores as it has a very high absorption 

coefficient (~2.5×105 cm-1) and significant PL quantum yield (~30%) which is helpful for imaging 

applications. The multibillion-dollar market for imaging labels is currently dominated by 

PEGylated miniature grain colorants, inorganic semiconductor quantum dots, and gold 

nanoparticles. As both phthalocyanines and cellulose nanocrystals are less toxic, low cost, and 

earth-abundant materials, it helps to make CNC-ZnPc a fascinating nominee for bioimaging uses. 

Interfacial characterization and fundamental structural analysis of CNC-based nanocomposites can 

be performed via PL and SPM constructed systems. Kazi Alam et al. [43] reported the synthesis 

and characterization of ZnPc@CNC conjugates and the material was used in this project for 

memory device application. 

Similarly, copper-tetrasulfonate phthalocyanine grafted CNC has been portrayed as a diverse 

catalyst meant for the oxygen-consuming oxidation of alcohols and alkyl arenes [44], where the 

grafting protocol did not involve covalent attachment, rather a more common route, magnetic 

stirring was employed. Tetraamino cobalt phthalocyanine was conjugated with cellulose through 

aldehyde groups created on cellulose surface [45][46]. Covalent immobilization of cobalt 

phthalocyanine (CoPc) onto cellulose was reported by Ahmad Shaabani et al. by introducing a 

slightly modified route,  where cellulose tosylate was prepared as an intermediate product before 

the covalent attachment [47]. In addition, as-synthesized pristine octacarboxylated CoPc and 

CoPc@CNC conjugate have been tested for rhodamine B (RhB) dye degradation applications. 

Experimental and theoretical findings indicated remarkable modifications in the electronic 

properties of CoPc@CNC conjugate compared to bare CoPc, conducive for excitonic applications.  
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Chapter 2 

2. Material synthesis and characterization 

2.1 Synthesis 

The details of the synthesis protocol of pristine octacarboxylated phthalocyanine (ZnPc-(COOH)8) 

and its conjugate with sodium-doped cellulose nanocrystals (ZnPc@NaCNC) have been reported 

by Kazi Alam et al.[43]. The conjugation protocol briefly involves the following major steps 

(figure 3). First, lab-synthesized ZnPc–(COOH)8 using previously reported procedures was 

reacted with thionyl chloride (SOCl2) to obtain octacarbonylchloride phthalocyanine, 

ZnPc-(COCl)8. The activated –COCl group on ZnPc-(COCl)8 was reacted with –OH functional 

group of CNC surface to form ester linkage (–COO–). Thus, the ZnPc molecules are covalently 

conjugated to CNC. Alberta Innovates and FPInnovations provided the sulfuric acid hydrolyzed 

CNCs and sodiated sulfate type of CNCs, which were dubbed AI-CNCs and Na-CNCs, 

respectively. Conjugation of these two types of CNCs with ZnPc formed ZnPc@AI-CNC and 

ZnPc@Na-CNC, respectively. 
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Figure 3: Step 1: Synthesis of zinc octacarboxyphthalocyanine (ZnPc(COOH)8). Step 2: ZnPc-

(COOH)8 is transformed into activated zinc octacarbonylchloride phthalocyanine. Step 3: ZnPc-

CNC conjugates are formed by covalently functionalizing AI-CNC and Na-CNC with ZnPc via 

the ester bond [reproduced from ref. [43], with permission from (ACS Applied Materials and 

Interfaces)]. 

Figure 4 shows the significant color shift in CNCs following ZnPc coupling, with conjugated 

ZnPc@AI-CNC and ZnPc@Na-CNC sharing the dazzling green hue of ZnPc. Within the UV/blue 

and red spectral districts, the bare octacarboxylated ZnPc (blue curve in figure 4.e) clarifies the 

Soret and Q-bands of metallophthalocyanines respectively. It is essential to point out that the 

absorption amplitude in bare ZnPc has a significant drop-off in absorption (450-550 nm) 

immediately following the Soret band and prior to the onset of the Q-band. The absence of a sharp 

drop in absorption in the spectral range of 450 - 550 nm for ZnPc@CNC conjugates is because of 

the existence of the larger ZnPc aggregates surrounding the CNCs that produce absorption in this 

range. 
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Figure 4: Optical micrograph of (a) bare AI-CNC, (b) bare Na-CNC, (c) ZnPc@AI-CNC, and (d) 

ZnPc@Na-CNC, (e) UV-vis spectra of ZnPc and conjugated CNC thin films. 

The covalent functionalization of CNCs with CoPc was conducted in Dr. Shankar’s Lab utilizing 

the availability of the abundant -OH functional groups on CNCs and activated -COCl group on 

CoPc-(COCl)8, which react together to form ester linkage (-COO-). In general, a calculated amount 

of CNCs was dispersed in anhydrous DMF using probe sonication for 6 h. The obtained suspension 

was transferred to a round bottom flask and 20 wt% CoPc-(COCl)8 and 1 mL of triethyl amines 

(to extract formed HCl from the reaction) were added. The contents of the RB flask were stirred 

at 130 °C for 12 h under a nitrogen atmosphere. After cooling to room temperature, the 

CoPc@CNCs suspension was centrifuged and washed with DMF to remove unreacted CoPc, 

followed by washing with methanol and drying under vacuum conditions. 

2.2 Characterization 

UV-vis spectroscopy: The absorption of UV or visible radiation from ground state to excited state 

is caused by the excitation of outer electrons. Bouguer-Lambert-Beer law states that the 

absorbance (A) is directly proportional to the path length (b) and the concentration of the absorbing 

substance (C), giving an expression as A=ϵbC, which mainly works for liquid samples [48]. 

Depending on the structural groups present within the molecules, the molecule absorbs radiation 

of various wavelengths and the solvent in which the absorbing species is dissolved influences the 

spectrum of that species [49]. When it comes to a rough solid sample, incident light infuses the 

sample and goes through several reflections, refractions, and diffractions, and diffusely emerges 

at the surface. The diffused reflectance spectrum is measured, and the diffusely reflected light must 

be collected with an integrated sphere. 
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The optical properties of the metallophthalocyanine and its CNC conjugates were studied using a 

Perkin Elmer Lambda-900 NIR-UV (near-infrared to ultraviolet) spectrophotometer operating in 

the transmission mode. Bare and conjugated powders were dispersed in an organic solvent, and 

the solutions were drop-coated on a glass substrate followed by drying on a hot plate at 70 ℃.  

Dynamic light scattering (DLS): The DLS technique has been used to calculate particle size 

distributions in water for pure CNC and CoPc@CNC specimens. A Nano-ZetaSizer (Malvern 

Instruments) instrument was employed in this experiment. Even before the experiment, diluted 

liquids were used to avoid undesired aggregation. Data acquisition was performed in triplicate to 

maintain statistical significance. The set temperature was 25 ℃. Malvern Nanosizer software, 

which uses the standard resolution cumulants method, was used to analyze data.   

Fourier Transform Infrared (FTIR) Analysis: The molecular structure of the sample is 

determined by analyzing the absorption frequency due to vibration of chemical bonds, either 

stretching or bending or torsion modes. FTIR is an improved absorption spectrometry technique 

using mathematical Fourier transform and is performed to obtain FTIR spectrum, from the infrared 

region of the electromagnetic spectrum, making IR measurements more accessible and faster.  

X-ray diffractometry (XRD): This technique is applied to characterize solid-state materials, 

providing important information about the crystalline phase and average crystallite size. The 

structure of a crystal is analyzed by X-ray diffraction patterns, formulated using Bragg’s law [50]; 

2dsinθ = nλ           (i) 

Where d is the s-spacing, the perpendicular distance between pairs of adjacent planes in the crystal, 

θ is the incident angle, n is the number corresponding to the plane’s layer and λ is the wavelength 

of the X-rays. 
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XRD patterns of bare material and the conjugate were acquired on a Bruker D8 advance 

diffractometer. This tool is equipped with a 2D detector (VANTEC-500) and has a radiation 

source, namely a Cu X-ray tube (Cu–Kα, IμSμ, λ = 0.15418 nm) operating at room temperature at 

50 W. 

E-beam deposition: Electron beam deposition is a method wherein an electron source generates 

electron beams that are used to irradiate an evaporant material in a high vacuum (10-6 Pa), 

gradually heating and vaporizing the material followed by condensation of the vapor that travelled 

to the substrate along a line-of-sight to create a uniform thin film on a substrate. Here, the 

evaporant material is heated directly since the kinetic energy of the electrons itself is a heat source. 

Electron beams can be monitored and inspected at high rates of speed within a plot using an 

electromagnetic field. It is possible to decorate the device with multiple layers during a single 

processing sequence by using multiple crucibles and vaporization sources. This technique helps to 

complete the device by forming the bottom contact and for those devices using bare glass as the 

substrate, e-beam evaporator is used to form both the top and the bottom contacts (figure 5).  
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Figure 5: Electron Beam-Physical Vapor Deposition (EB-PVD) chamber at the UofA nanoFAB 

Electrical transport measurements: After the fabrication of a complete device, it is important to 

measure the J-V characteristic of the device to study its electrical properties. On a probe station, 

we examined the electrical characteristics by sweeping the applied bias and probing the resulting 

current. During the J-V measurement, the lower electrode is grounded, and all voltage signals are 

applied to the top electrode. A Keithley 4200 semiconductor parameter analyzer was used on a 

probe station to study the DC sweep electrical characteristics. Light mode of operation was carried 

out by one sun AM1.5 G illumination from a Newport Class A solar simulator at 100 mW/cm2. 

  



14 
 

Chapter 3 

 3. Thin films of conjugated nanocrystals (ZnPc@CNCs) for memory device 

application 

3.1 Motivation 

In the last several decades, the massive new information revolution has seen a remarkable 

explosion in global data and information. As a result, demand for low-cost, low-power, highly 

reliable, and massively scalable memory and processing products are growing [51]. The total 

quantity of data generated, recorded, duplicated, and processed throughout the world is continually 

rising, with 59 Zettabytes by 2020, and it is estimated that it will exceed over 149 Zettabytes by 

the year 2024 [11]. This necessitates the creation of a new "universal memory" platform capable 

of high rate, wide distribution, and non-volatile storage, combining the advantages of DRAM, 

HDD, and flash storage into a state-of-the-art data capacity advancement [13][52]. With 

consideration of the rapid development of internet-of-things (IoT), memory devices are desired to 

be mechanically flexible, bio-friendly, and indeed implantable for individual healthcare and smart 

therapeutic gear [14]. Semiconductor devices based on silicon have been around for a long time, 

having some serious downscaling limitations when it comes to data fidelity, heat death, and large 

manufacturing costs. This motivates the design and physical realization of elective data capacity 

gadgets most of which are made of advanced materials and work on a wholly distinct mechanism.  

Energy is consumed while processing information. Millions of binary calculations are going on in 

the background at incredible speeds when information is being processed. We must pay an energy 

cost while processing information, the so-called dynamic power consumption during memory data 

transition [53][15][54], but the cost of doing calculations is not the only energy cost of running a 



15 
 

system. We need to consider the energy loss in the form of heat while operating, and this heat 

originates from the resistance that electricity meets when charge flows through the material. 

Research is ongoing to minimize this energy wastage and ameliorate the overall device 

performance. 

3.2 Background 

More productive and speedier memory structures are in high demand than ever before. Organic 

memory technology has the potential to transform the current situation as the fabrication of organic 

memory devices uses a low-cost spin-on or dip-coating process to deposit polymer films with 

active organic materials. The requirement of transistors can easily be dispensed by a simple 

crossbar structure that decides the manufacturing of organic memories. Since the bit-cell array can 

be formed in a two-step lithographic process rather than several lithographic stages, the average 

production cost can be significantly reduced. This introduces the possibility of manufacturing an 

inexpensive three-dimensional memory structure. Based on the design structure (figure 6) and its 

characteristics, it is possible to categorize organic memory devices into a resistive switch and 

‘write once, read many times’ devices, molecular memory devices, and polymer memory devices. 

 

Figure 6: Structure of organic memory devices, (a) resistive switch memory device, (b) polymer 

memory device, (c) molecular memory device 
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Organic thin films are being utilized in several new electronic, optical, and mechanical devices as 

an organic photoconductor and are mainly used as charge transfer polymer. These polymers 

perform both the charge separation and conduction processes and currently, these roles are 

separated into different layers, each of which could be optimized. The organic layers are deposited 

onto the substrate by spin-on or by drop-casting method once the requisite materials are dispersed 

in a solvent. When solvent evaporates, a thin film of fabric within the locale of tens to hundreds 

of nanometers thick is cast on the foot layer of anodes. Upper electrodes are kept as the last step 

in fabrication to complete the device.  

As a voltage is applied through the memory module, the conductivity of the organic layer changes, 

storing a piece of data in the chip. Within the larger part of organic memory devices, the bistability 

of the devices is illustrated by examining the J-V characteristics and showing that for a given read 

voltage, there lie two distinctive conductivity states and subsequently two different current 

reactions.   

3.3 Working principle of an organic memory device 

Research and development on products such as field-effect transistors, organic light-emitting 

diodes (OLED), and organic photovoltaics (OPV) have been extensively carried out using organic 

materials, but electronic memory devices using organic materials are still in the exploration 

stage[19], [20], [55]–[57]. In most organic memory devices, metal electrodes are sandwiched 

between two organic semiconductor layers, and the current-voltage characteristics exhibit 

bistability having two path-dependent conduction states at the same applied voltage [58]. It is in 

demand for a non-volatile solid-state memory device to overcome the speed and cost constraints 

of today’s technologies.  
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Organic thin films have tunable electronic properties, simple solution processability, and superior 

mechanical flexibility, making them first-choice materials for possible molecular-scale 

applications. Organic memory devices store information differently, for example, based on the 

high and low conductivity state of the active layer in response to an external electric field, in 

contrast to encoding “0” and “1” as the charge stored in traditional silicon-based devices [59][60]. 

The electrical conductivity of the active layer depends upon the changes in carrier concentration 

or mobility, or both, which may affect conductance levels. Switching mechanism in an organic 

memory device is divided into thermochemical responses [21][22], ion migration [61][62][32], 

interfacial reaction [63][64], trapping of charges [65][66][66], charge transfer [67][68][69], 

electrochemical redox reaction [70][71] and conformational change [72][73].  

The charge transfer mechanism is mainly caused by the effect of the electric field. The 

phenomenon of charge transfer can happen in an electron donor-acceptor system under the 

influence of an external electric field, where a certain fraction of the electrons in the donor region 

are transferred into the acceptor region [68][74]. Partially filled molecular orbitals are formed by 

this process which increases the free charge carrier concentration with high mobility, leading to 

the switching of the donor-acceptor systems into a high conductive state. The charge transfer 

process can be reversible and is governed by the direction of the electric field. The magnitude of 

the external electric field defines the essence of charge carrier interaction established within the 

system and the dissemination homogeneity within the switching framework. 

 Here, we describe a memory effect in a thin film device based on organic materials, which has the 

potential to take precedence over existing memory devices since the material has the basic 

requirements for binary information storage and presents the potential for organic memory 

applications. The use of organic material results in electrical bistability due to field-induced charge 
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transfer (or trapping) between molecules after applying voltage pulse. For the numerous 

envisioned applications of organic electronics, the capacity to store data is basic, and to store this 

data, memory devices rely on hysteresis. Studying of actual hysteresis of the device helps to 

recover the stored data.  

3.4 Experimental details 

The processing solution was prepared by dissolving 25 mg of ZnPc@CNC into 1mL of deionized 

water. The obtained solution was subjected to a strong ultrasonic bath to obtain a homogeneous 

mixture. Three different solutions named bare ZnPc, ZnPc@Na-CNC, and ZnPc@AI-CNC were 

prepared using the same wt. ratio. 

All devices were fabricated by first cleaning the 2.5 cm × 2.5 cm fluorine-doped tin oxide (FTO) 

coated glass substrates in different solvents like isopropyl alcohol, acetone, and deionized water 

several times. FTO on glass acts as the bottom contact, and Au electrodes were evaporated for the 

top contact with the thickness of 80 nm. Following the accumulation of organic thin films on FTO, 

the device was dried for several hours before the top Au electrodes were evaporated. The top 

electrode or contact was formed using a circular mask of 2 mm diameter, and the J-V 

characteristics were measured using Keithley 4200 semiconductor parameter analyzer. 
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Figure 7: Electrical measurements of metal/organic/metal (MOM) sandwiched device. 

A uniform solution of ZnPc@CNC and bare ZnPc is synthesized and drop cast onto the FTO glass 

substrate. The device is completed by depositing the patterned Au as the other electrode on the 

sandwich structure (figure 7).  

3.5 Results and discussion 

The research into the behavior of organic materials is generally carried out optically and 

electrically. The electrical method helps to analyze the conductivity properties either using planar 

or sandwich devices. Sandwich configuration is taken into consideration while designing thin-film 

devices like diode, memory devices, solar cells, and transistors [75]. Carrier transport mechanism 

and carrier injection from the metal electrode into the organic semiconductor play a vital role in 

defining the performance of any organic thin-film devices. Here, we present the study of the 

electronic structure of ZnPc@CNC and bare ZnPc by conducting the DC electrical measurements 

using sandwich configuration. ZnPc is an organic semiconductor with an exciton binding energy 

> 300 meV [76]. 
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The device designed with metal/ZnPc/metal structure having p-type organic semiconductor 

material with low mobility and high thermal activation energy suggests ohmic or hopping 

conduction where conduction is via holes [77].  ZnPc thin films are known to suffer from a high 

density of trap states. Electrical conductivity depends on phthalocyanine compound and the 

conjugation of cellulose nanocrystals with the metal phthalocyanine helps facilitate the charge 

transfer. Intrinsic conductivity is due to partial charge transfer in the phthalocyanine from its ring 

to the central metal atom. Shihub and Gould et al. [78] reported the temperature dependence of 

conductivity in organic semiconducting thin films of phthalocyanines. A maximum current at 

100℃ was reported for the zinc phthalocyanine, which was due to desorption of water vapor in α-

form. Increasing the temperature above 300℃ will permanently increase the conductivity as the 

phase changes to the β-form. The primary process of photocarrier generation is governed by the 

charge transfer excitation or the intermolecular electronic excitations and is often mixed with 

intramolecular excitations in the linear molecular phthalocyanine crystals[77]. Most of the metal 

phthalocyanines such as CuPc, NiPc, etc undergo a dimorphic transformation when dissolved in 

organic media. At the same time, the ZnPc is exceptional and forms various crystal phases with 

respect to the solvent medium [79]. The purity of the material is to be considered while studying 

the electrical behavior as the J-V characteristics of the impure ZnPc material are non-linear and 

show greater current drift and hysteresis when voltage cycled [33]. Also, the device having the 

active materials (metallophthalocyanine conjugated with CNCs) exhibits a significant hysteresis 

which indicates the electrical bistability [80]. 
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Figure 8: Current density-voltage curve of (a) FTO/ZnPc/Au, (b) FTO/ZnPc@Na-CNC device. 

The arrow indicates the voltage sweep direction.  

Figure 8.a shows a slight asymmetry in the j-V curve which occurs when charge injection from 

one of the contacts is better than from the other. Thus, for positive bias, the current density values 

reach ~0.45 mA cm-2 at +5 V while they reach a mere 0.2 mA cm-2 at -5 V bias. In this case, the 

gold contact appears to be a better injector of holes into ZnPc compared to FTO, which is 

completely consistent with the higher work function of gold (~ 5 eV) vs. FTO (~4.6 eV). Another 

important thing to notice in figure 8.a is that the j-V curves in the dark and under solar light 

illumination are nearly identical, which clearly indicates the complete absence of 

photoconductivity. This, in turn, is due to the inability of photogenerated excitons in ZnPc to be 

dissociated.  

As the sweeping path is shifted from positive to a negative voltage, the device current steadily 

decreases, and similar nature is recorded during the negative cycle. Such occurrence of multi-

conductive states for the constant bias is known as electrical bi(multi)-stability or as "switching 

impact" [81]–[83]. Electrical, magnetic, or optical field, chemical energy transfer, and so on 
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provoke this type of phenomenon [84]. After withdrawing the stimulation, if the contrast between 

two states continues for a long time, it is defined as a "memory" [82], and if the difference 

disappears, then at that point, it may be a threshold [85] type of switching. Trapping of charges 

inside the defect sites, or percolating path formation, or distortion in the molecular configuration 

can also result in such a switching phenomenon [86]. At the lower voltage, the current is much 

lower or almost zero, and when the applied bias hits the inflection level, electrons experience huge 

attractive force inside the energy well of ZnPc and set out to jump over the hurdle, which results 

in the increased number of escaping electrons with increment in bias. Therefore, the current 

ameliorates at +1.5 V, releasing the trapped charges from the potential well. On reverting from 

+ve to -ve path, there are no electrons to come out as the well is almost empty, resulting in current 

declination. Since the energy well in the bare ZnPc is relatively shallow, the minute hysteresis is 

visible for scanning range of 2 V or more. 

Non-zero-crossing J-V characteristics in the memory system are debatable features and are 

categorized into three kinds of physical mechanisms. (i) Capacitive effect in the device. The 

capacitive effect in the non-zero-crossing J-V curve is symmetric and is noteworthy [84][85]; (ii) 

Ferroelectric or piezoelectric polarization effect. The occurrence of polarization under applied 

electric field and the residual polarization at zero voltage results in non-zero-crossing J-V curves 

in the system [89][90]; (iii) Internal electromotive force or battery effect. Redox reaction inside 

the device can produce a battery effect in the system, developing non-zero-crossing J-V curves, 

which are asymmetrical [91]. 

Figure 8.b shows the electrical characteristics of the FTO/ZnPc@Na- CNC/gold sandwich device, 

which are completely different from those of FTO/ZnPc/Au. The maximum currents are smaller 

than in ZnPc films, but the non-linear behavior is smaller in absolute terms and the electrical 
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behavior is more symmetrical. At zero-bias, non-zero current values are obtained in forward (-5 to 

+5 V) and reverse (+5 to -5 V) scans. The shape of the hysteresis no longer resembles typical trap 

limited conduction wherein the maximum deviation or “spread” between the j-V curves 

correspond to the forward and reverse scans occurs at high values of bias. In figure 8.b, the 

maximum “spread” occurs close to zero bias, which is indicative of charge storage and reminiscent 

of ferroelectric piezoelectric curves. The hysteresis demonstrated by the device is sufficiently 

large, and the maximum difference of 0.028 mA/cm2 to 0.03 mA/cm2 at 0 V is perceptible enough 

to permit conclusive write, read and delete states. Photoconductivity is again negligible in the 

ZnPc@Na-CNC film.  

The presence of CNC in the ZnPc@CNC devices is responsible for behaving like a memory device 

giving rise to hysteresis and short circuit current at zero voltage which is absent in bare ZnPc 

devices. Hysteresis is utilized by the memory devices by associating the conductive states at zero 

voltage with a Boolean 1 and 0, which shapes the premise for most rational circuits in use 

nowadays. Injection of electrons into the ZnPc due to the initial negative voltage will start to 

monitor the supplied potential, whereas the definite voltage throughout the device force varies 

from the supplied potential. For the FTO/ZnPc@Na-CNC/Au device, the zero current is measured 

at +2.0 and -1.7V in the descending and ascending sweep, respectively. These voltages are induced 

due to the storage of charges, for which it remains consistent. The data collected suggest that ZnPc 

molecules are charged to define the charge transfer, indicating that our devices are non-volatile. 
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Figure 9: Transient analysis of (a) FTO/ZnPc/Au, (b) FTO/ZnPc@Na-CNC device. 

It takes a few seconds for the system to achieve equilibrium with a consistent current contrast for 

both low and high conductive states (figure 9). The solidity of our device under stress was recorded 

in the uninterrupted bias condition without any significant device degradation. Although the 

mechanism is still beneath examination, we believe that the piezoelectric behavior of CNCs and 

the trap-mediated conduction in ZnPc coincide to generate the observed bistability. The 

mechanism we propose is somewhat analogous to that of a ferroelectric random access memory 

(FRAM). The piezoelectric CNC acts as a field-dependent variable capacitor. During the forward 

scan, the CNC capacitor experiences charging and concurrently, traps in ZnPc are filled by holes 

injected from the contacts resulting in a higher effective drift mobility and a concomitantly 

increasing conductivity (nonlinear increase in current) [92]. In the reverse scan, detrapping takes 

place and close to zero bias, trapped charge carriers in ZnPc would normally be completely 

depopulated but this is countered by the discharge of the CNC capacitor providing additional 

charge, hence allowing a higher than normal current at zero bias. Another potential interpretation 

of these results is that conjugation to CNC slows down the depopulation of trapped carriers by 
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increasing the capacitance in the reverse scan (and hence a larger RC time constant) while not 

significantly affecting the rate of trap filling in the forward scan. 

 

Figure 10: Response of FTO/ZnPc/Au and FTO/ZnPc@Na-CNC/Au samples at room temperature 

for 5 minutes cycling. 

The current at zero time is much larger for device based on bare ZnPc in comparison to 

ZnPc@CNC- based device during AM 1.5 sun illumination and is maintained throughout the dark, 

whereas in the case of ZnPc@CNC based device the rate of increase and decrease in current during 

different mode is constant (figure 10) and this consistency is present throughout the device 

operation.  
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Figure 11: (a) Current density-voltage curve of FTO/ZnPc@AI-CNC device. The arrow indicates 

the voltage sweep direction, (b) Transient analysis of FTO/ZnPc@AI-CNC device, (c) Response 

of FTO/ZnPc@AI-CNC/Au samples at room temperature for 5 minutes cycling. 

Similar behavior was recorded for the ZnPc@AI-CNC device (figure 11) in comparison to the 

ZnPc@Na-CNC device. It clearly defines the importance of CNC in designing electronic devices 

to decorate with different electrical properties. The existence of piezoelectric nanocrystals in the 

ZnPc@CNC devices is likely responsible for the memory device-like behavior giving rise to 

hysteresis and short circuit current at zero voltage which is absent in bare ZnPc device. When the 

thin film is exposed under illumination, the ZnPc surface accumulates electrons causing CNC to 

become positive, resulting in a significant change in the surface potential for the CNC-ZnPc 

conjugates. Hence, following the charge transfer, carriers are produced, and the device's 

conductivity increases dramatically. 



27 
 

3.6 Conclusion 

The preferences of covalently implanting ZnPc–(COOH)8 particles on the surface of CNCs to 

progress the electrical properties of ZnPc were explored. Both ZnPc films and ZnPc@Na-CNC 

films exhibited hysteresis in their current voltage characteristics but the ZnPc@Na-CNC showed 

an enlarged hysteresis close to zero bias. Pristine ZnPc device exhibits a typical trap-mediated 

bistability with two different conductivity levels for the same bias depending on the scan direction 

(i.e. depending on whether traps are populated or depopulated) and the presence of CNCs in the 

ZnPc@CNC device is responsible for enlarging the hysteresis close to zero bias in the system. 

This electrical bistability is surmised to occur due to an interaction of the piezoelectric properties 

of CNCs with trap-mediated conduction in ZnPc. ZnPc@CNC is a new type of organic 

semiconductor with vast potential in printed and flexible electronics. 
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Chapter 4 

 

4. Visible-light driven photodegradation using cobalt phthalocyanine 

conjugated with cellulose nanocrystals 

4.1 Introduction  

Several harmful chemicals arrive on a diurnal basis as industrial waste materials, imposing serious 

and inevitable threats to humanity’s sustainable future. A concerted global effort towards solving 

such a precarious issue is currently underway for the sake of the preservation of the natural 

ecosystem. Solar energy harvesting devices have the potential to address both future energy crises 

and the purification of nature.  Among various materials and systems, metallophthalocyanine 

structures with high chemical stability and structural tunability play an important role in this 

regard, as they have shown impressive activity towards efficient photocatalysis either as a stand-

alone catalyst or as a hetero system coupled with other catalysts [93]–[95]. 

Contamination of water is considered an environmental issue that has picked up urgent 

mindfulness in recent years. Dyes and persistent organic contaminants are cardinal toxins taking 

place in nature. Even a minute amount of these pollutants can posture sufficient wellbeing 

sicknesses in human resources. Textile, pharmaceutical, pesticide, and petrochemical industries 

regularly produce such waste and discharge into the environment. Membrane separation, solvent 

extraction, adsorption, filtration are some of the traditional methods for removing contaminants 

from the setting [96]–[98].   

Most of the advanced oxidation processes for water treatment include photocatalysis, wet 

oxidation, and sonolysis. Among all, photocatalysis is one of the best methods which has pulled 
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in exceptional consideration as solar energy can easily be transformed to the effortless storing of 

H2 and CO2 transformation to hydrocarbon fuels. The photocatalytic degradation mechanism has 

been divided into four steps, explained with a flow diagram (figure 12). 

 

Figure 12: Simplified energy flow diagram in an organic semiconductor device. 

There are numerous advantages of photocatalysis in comparison to traditional methodologies for 

dye degradation, water treatment, air purification, CO2 photoreduction, and so on. Photocatalysis 

is a phenomenon of converting light energy into chemical energy to carry out the redox reaction, 

resulting in reduced recalcitrant pollutants. There is the involvement of three major steps in the 

entire process, that is, the generation of the charges, division of charged components, and their 

utilization [99][100].  The point of interest in utilizing photocatalytic processes in natural 

contaminants includes their non-toxic nature, financial performance, lack of further spoilage, and 

high conversion efficiency. The efficiency of photocatalytic degradation depends on the electron-

hole pair separation efficiency and absorption. 

4.2 RhB dye as an organic pollutant  

The dye under consideration is rhodamine B (RhB), which is found in reddish violet powder and 

is highly water-soluble. RhB dye is broadly utilized as a colorant in materials and food stuff. It is 

harmful if swallowed and causes irritation to the skin, eyes, and respiratory tract. Hence, keeping 

the hazardous nature and hurtful impacts in view, systematic efforts to remove the RhB dye from 

wastewater was carried out utilizing photochemical techniques.   

4.3 Principle of photocatalysis and degradation of organic pollutants 
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Photocatalysis is a light-induced redox reaction that can help to eliminate environmental 

pollutants. When a photocatalyst surface is exposed to light, photon energy (hυ) more than or equal 

to band gap energy results in the motion of electrons from the valence band to the conduction band 

leading to the formation of electron-hole pair in both the bands, respectively. The hydroxyl (OH•) 

radicals produced by the water molecules or the holes generated in the valence band oxidize the 

pollutants, and the oxygen adsorbed on the photocatalyst is reduced by the electrons. The solid 

reduction capacity of excited electrons in the conduction band responds to liquidated molecular 

oxygen in water or adsorbed oxygen on the exterior of the photocatalytic fabric.  

When it comes to organic pollutants, OH• radical reacts on the organic group of the contaminant 

to convert the contaminated toxin into non-lethal varieties [101].  

Photocatalyst + hυ → h+ +e−  

Formation of OH• radicals, 

h+ + H2O → OH• + H+ 

h+ + OH−  → OH• 

Oxygen reaction leading to the establishment of super oxide radical negative ion and 

hydroperoxide radicals. 

O2 + e− → O2
• − 

O2
• − + H+ → HO2

• 

2HO2
• → H2O2 + O2 

H2O2 + hυ → 2OH• 
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Organic pollutants (OP) degradation by the hydroxyl radical. 

OH•+ OP→ Degraded products 

OH• radicals, hydrogen ions and superoxide anion radicals drive the degradation process. 

4.4 Results and Discussion 

4.4.1 Investigation of conjugation between CNC and CoPc 

Particle size estimation in an aqueous solution for pristine and CoPc conjugated cellulose 

nanocrystals was conducted through the DLS method. DLS measures the translational diffusion 

coefficient. Light scattering intensity fluctuation due to Brownian motion of the particles in 

solution is analyzed by an autocorrelation function decay connected to the translational diffusion 

coefficient [102]. Figure 13 shows the particle size distribution with respect to intensity. Bimodal 

peaks were found for pristine CNC (at 13 nm and 78 nm) and CoPc grafted CNC (at 18 nm and 

100 nm). Such bimodal features in DLS data are characteristic of anisotropic nanoparticles, 

specifically nanoparticles having high aspect ratio, such as CNCs. The increased peak positions 

for the CoPc@CNC nanoparticles compared to bare CNCs show a larger hydrodynamic diameter 

for the former. The polydispersity index values for both systems were lower than 1, indicative of 

good dispersion with a high degree of homogeneity. Thus, the DLS data indicate the formation of 

a durable shell of CoPc around CNC. 
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Figure 13: Particle size distribution of pristine CNC and CoPc@CNC conjugated systems by 

dynamic light scattering (DLS) method. Dilute aqueous dispersions of ~ 0.2 mg ml-1 were used 

during measurements. 

The XRD patterns of pristine CoPc, pristine CNC, and CoPc grafted CNC are displayed in figure 

14.a. The diffraction peaks at 15.2, 16.7, 22.6 and 34.7 (figure 14.a, middle panel) are the 

manifestations of reflections from (11̅0), (110), (200) and (040) planes of cellulose I [103], [104]. 

All these peaks are found in the CoPc@CNC conjugate as well, with almost unchanged features 

(figure 14.a, top panel). An increase in intensity was found for the (040) plane. The X-ray 

diffractogram for bare CoPc showed high crystallinity, specifically at 2 value 31.7 and 45.5. 

Thus, octacarboxylated CoPc is characterized by its polycrystalline nature, unlike amorphous 

CoPc[105]. These two most intense peaks at 7.3 and 25.9 of CoPc are present in the CoPc@CNC 
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conjugate, albeit with lower intensities, due to probably the presence of few layers of CoPc on the 

CNC surface. The XRD results corroborate the successful grafting of CoPc on the CNC surface. 

 

Figure 14: (a) X-ray diffractograms of CoPc (bottom), CNC (middle) and CoPc@CNC (top), (b) 

FTIR spectra of CoPc (bottom), CNC (middle) and CoPc@CNC (top). 

Fourier transform infrared spectroscopy (FTIR) was employed to characterize the vibrational 

features of the pristine CoPc, pristine CNC, and the conjugate (figure 14.b). The spectrum for 

CoPc (figure 14.b, bottom panel) shows all the signature peaks associated with phthalocyanine 

skeletal vibrations, metal-ligand vibrations, and symmetric (or asymmetric) stretching of 

metallophthalocyanine [106], [107]. The peaks at 721, 1065, and 1134 cm-1 were not visible in the 

CoPc@CNC conjugate, while peaks at 1254, 1392, and 1518 cm-1 appeared in the spectrum of the 
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conjugate (figure 14.b, top panel). The signature peak of octacarboxylated CoPc, appeared at 

1685 cm-1, corresponding to −C=O of −COOH group [106]. This peak shifted to a lower frequency 

(1655 cm-1) in the conjugate due to binding with CNC through an esterification protocol. Figure 

14.b (middle panel) shows the FTIR spectrum for the bare CNC. The characteristic vibrational 

features of CNC were in complete agreement with the literature [108]. The most noticeable 

observation from these FTIR plots is the change in the spectral region 3000 – 3500 cm-1 (yellow 

shaded area in Figure 14.b). This region represents the −OH stretching vibrations that appear due 

to the abundance of a hydroxyl group on the CNC surface. The peaks at 3282 and 3331 cm-1 (figure 

14.b) arise due to intermolecular hydrogen bonding and two more smaller peaks at slightly higher 

frequencies (not shown here as they are barely discernible) represent intramolecular hydrogen 

bonding [109]. The main, broad −OH stretching peak has reduced significantly in the conjugate 

compared to pristine CNC, indicating a reduction of −OH groups in the former. As mentioned 

before, the covalent attachment of CoPc with CNC was performed through ester bond formation, 

which involved the −OH groups from CNC surface and −COOH groups from octacarboxylated 

CoPc, this intensity reduction is expected in CoPc@CNC [109]. Thus, FTIR spectroscopy 

confirms the successful conjugation of octacarboxylated CoPc on the CNC surface.      

The photophysical properties of bare CoPc and CoPc@CNC in DMF solvent were studied by UV-

vis absorption and steady-state photoluminescence (PL) spectroscopy (figure 15). The two 

characteristic bands, known as B or Soret band and Q band of metallophthalocyanines originate 

from HOMO () − LUMO () transitions, between 300 - 400 nm and 600 - 800 nm spectral 

regions respectively [110]–[112]. Generally, the higher energy excited states (Soret band) involve 

deeper  levels, and the degree of mixture between these states prevents them from a traditional 
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one-electron transition picture [111]. In addition, Soret band is associated with n −  transition as 

well [113]. In the CoPc@CNC system, the lower energy peak of the Q doublet attenuated to ~ 

50%, while a moderate increase in the absorption was observed in the rest of the spectra (figure 

15.a). Both the peaks in the Q doublet underwent a minor blue shift due to the reduced aggregation 

since aggregation results in a red shift of the spectrum [114]. Indeed, the covalent attachment-

induced conjugation is expected to suppress co-facial aggregation of the bare CoPc. The significant 

increase in the absorption for the conjugate in the spectral range of 400 - 600 nm, implies the 

possibility of an enhanced intramolecular charge transfer transition or an impurity level mediated 

transition, or a combination of both [112].  Absorption near the lower energy side of this spectral 

range also includes  n −  type transition, involving aza-nitrogen lone pair orbitals [111].  

Photoluminescence spectra for the pristine CoPc and CoPc@CNC were collected from dilute 

solutions in DMF. Figure 15.b & c shows the Soret band emission spectra for bare CoPc and the 

conjugate, respectively. Both systems showed the highest emission intensity at 340 nm excitation, 

which is also the Soret band absorption maxima (figure 15.a) for both materials. As expected, 

there is a minor blue shift for the PL peaks of the CoPc@CNC conjugate relative to pristine CoPc 

because of slightly reduced aggregation in the former mentioned earlier. The PL plots also reveal 

that, the intensity is decreased in the conjugate compared to bare CoPc, at all the excitation 

wavelengths (figure 15.b & c) used for this experiment. Notice that at all the excitation 

wavelengths the conjugate has higher absorption than CoPc. The suppressed radiative 

recombination due to enhanced charge separation in the CoPc@CNC conjugate is beneficial for 

photocatalytic applications. A common trend in excitation dependent PL peaks were found for 

both systems, that is, following 340 nm excitation a reduction in peak intensity occurred with a 

concomitant red shift. Such excitation dependent emission property can be exploited in multicolor 
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imaging. In this work, investigation of the detail of the origin of this excitation wavelength 

dependent emission spectral shift and the attenuation in PL intensity were not carried out. 

However, the simultaneous presence of different types of aggregates (such as H and J), can 

incorporate multiple discrete electronic states and result in excitation dependent emission 

modulation in organic systems. 

 

Figure 15: (a) UV-vis spectra of CoPc and CoPc@CNC. Insert (i) pristine CoPc, (ii) CoPc@CNC 

(b), and (c) Excitation dependent Soret band emission spectra of CoPc and CoPc@CNC, 

respectively. All the absorption and photoluminescence data were collected in DMF. 

4.4.2 Photocatalytic activities 
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The as-synthesized conjugate without any attached plasmonic nanoparticle has been tested for RhB 

dye degradation. There are a few reports in the literature that attempted to explore this aspect of 

CoPc. While phthalocyanines, such CoPc are often used to sensitize the other active photocatalyst 

to enhance RhB degradation, stand-alone CoPc has not been reported to perform this reaction 

under visible light without any added oxidant. H2O2 has been added for realizing an efficient 

oxidation reaction using CoPc attached to cellulose fiber [45], [46][115]. The addition of an 

oxidant has also been found effective in benzyl alcohol degradation by CoPc [116]. Biopolymer 

chitosan has been attached with CoPc to degrade RhB under UV light [117]. Bare 

tetracarboxylated CoPc did not adsorb nor did show any activity towards degradation of RhB 

according to a reported work by Cornelia et al. [118]. In this work, we report that the coupled 

octacarboxylated CoPc and CNC system can perform this reaction to some degree without any 

added oxidant under visible light. 

The photocatalytic performance of pristine CoPc and CoPc@CNC were tested through the 

degradation of rhodamine B (RhB). A certain amount of photocatalysts were mixed with 50 mL 

dilute RhB solution (0.01 mM) in a glass vial. To achieve an adsorption-desorption equilibrium 

between the catalysts and the dye, the suspension was kept in the dark under magnetic stirring for 

60 minutes, while a small portion of the solution was collected in a cuvette in 30 minutes interval. 

For the photocatalytic activity test, the solution was kept underneath a solar simulator (AM1.5 G 

illumination at 100 mW/cm2) under constant magnetic stirring condition. The solutions were 

collected after every 20 minutes of irradiation time followed by high-speed centrifugation to 

remove any unreacted particles. The clean and transparent solutions were characterized 

immediately using absorbance mode UV-vis spectroscopy. 
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Figures 16 and 17 show RhB degradation performance tests for bare octacarboxylated CoPc and 

CoPc@CNC conjugated systems under AM1.5G one sun simulated sunlight. Bare CoPc adsorbs 

~80% RhB in the initial 30 minutes dark cycle period and did not show any photocatalytic activity 

at all, since the remaining ~ 20% dye did not undergo any concentration decrease even after 

illumination of 80 minutes, evidenced by the flat line in the concentration vs. time plot (figure 

16.a). This result shows that octacarboxylated CoPc can be used for high RhB adsorption 

applications. On the other hand, CoPc@CNC conjugate also showed some adsorption behavior, 

but additionally, it exhibited good photocatalytic performance, evidenced by the decreasing 

concentration of the dye to illumination time. Notice that the slight decrease of dye concentration 

where 5 mg of the conjugate is added in the solution, can be a result of slow adsorption in this 

system, and may not be a consequence of photocatalytic degradation. To test the scenario, we have 

added 10 mg of CoPc@CNC conjugate in two different RhB solutions, followed by keeping one 

of them in the continuous dark and the other one in illumination condition (figure 16.b). In the 

conjugate the weight percentage of CoPc is only 20%, thus 10 mg material contains only 2 mg of 

CoPc. From these figures, it is visible that even though RhB keeps adsorbing on CoPc@CNC at a 

prolonged rate, it goes through photocatalytic degradation, as the illumination curve has a steeper 

slope compared to the dark slope (figure 16.b). Thus, CoPc, when covalently attached to CNC 

surface, does demonstrate its ability to degrade RhB in light. It is worth mentioning that 

tetracarboxylated CoPc, does not adsorb, nor does it degrade RhB according to one previous work 

[118]. The RhB dye can be degraded once molecular structure deformation occurs. This can be 

realized by two major routes, namely chromophore cleavage (RhB ring attack) or cycloreversion 

and N-deethylation [119], [120] (figure 16.b inset). The first route involves photogenerated 

electrons in the conduction band of a semiconductor for the generation of strong oxidative 
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reactants, such as superoxide radical (O• −), hydroperoxyl radical (HO2
•), and hydroxyl radical 

(OH•). The photoelectrons need to possess high reduction potential for the generation of O• − from 

molecular oxygen. HO2
• and OH•  can be generated from these superoxide radicals because of the 

reaction with proton (h+) and electron (e−). All the above-mentioned oxidative reactants, O• −, HO2
• 

and OH•can degrade RhB by chromophore cleavage mechanism [120]. The required h+ for the 

generation of HO2
• and OH• from O• −, can be achieved from water oxidation [121]. Hydroxyl 

radical (OH•) can be generated from another route, that is from H2O by photogenerated holes (h+) 

in the valence band of a semiconductor, which requires very high oxidation potential [121]. In the 

second route, namely N-deethylation, a dye cation radical is formed through oxidation of the dye 

in the presence of a strong electron acceptor. The photogenerated holes in the semiconductor 

valence band react with such RhB cation radical by eliminating one alkyl group in this N-

deethylation mechanism [119]. To get more insight into the RhB degradation mechanisms, we 

performed a scavenger test. Figure 16.a and 17.c, d show the scavenger test results with electron 

and hole scavengers AgNO3 and EDTA, respectively. In the case of no scavenger and EDTA 

addition, after a 60 minute dark cycle, both conditions showed almost similar photodegradation 

activity during the illumination period, even though the latter condition inhibited the dye 

adsorption during the adsorption-desorption dark cycle. In case of no scavenger, both electron and 

hole participate in degradation by chromophore cleavage and N-deethylation pathways, 

respectively. When EDTA is added, hole is removed which can diminish the later route, but 

simultaneously enhance the former pathway, thus the overall performance does not change. On the 

other hand, when AgNO3 is added, the degradation pathway shifts predominantly towards N-

deethylation route, as only hole is the active carrier. In this case we see a gradual peak shift towards 

lower wavelength from 554 nm to 548 nm after 80 minutes of illumination (figure 17.c), consistent 
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with one earlier report that showed the correlation between reaction pathways with time-evolution 

of peak position, where such hypochromic shift has been associated with N-deethylation 

mechanism [122]. Among all three scenarios, addition of AgNO3 electron scavenger resulted in 

the most efficient degradation, consistent with a p-type semiconductor such as CoPc. 

 

Figure 16: Photocatalytic performance test by RhB degradation experiment for bare 

octacarboxylated CoPc and CoPc@CNC conjugated systems under AM1.5G one sun simulated 

sunlight. (a) Bare CoPc and CoPc@CNC conjugate without and with added scavenger, where 5 

mg of material was added in 50 mL aqueous 0.01M RhB solution. (b) CoPc@CNC conjugate 

without any scavenger, where 10 mg of material was added in 50 mL aqueous 0.01 M RhB solution 

under continuous dark and AM1.5G one sun simulated sunlight. The inset of (b) shows the two 

possible photocatalytic pathways, namely chromophore cleavage (cycloreversion) and N-

deethylation. 
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Figure 17: RhB degradation performance test for bare octacarboxylated CoPc and CoPc@CNC 

conjugated systems under AM1.5G one sun simulated sunlight. (a) Bare CoPc and (b) CoPc@CNC 

conjugate without any scavenger. (c) CoPc@CNC composite in the presence of AgNO3 electron 
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scavenger and (d) CoPc@CNC composite in the presence of EDTA hole scavenger. In (a)-(d), 5 

mg of material was added in 50 mL aqueous 0.01M RhB solution. 10 mg of CoPc@CNC 

composite added in 50 mL aqueous 0.01 M RhB solution without any scavenger (e) under 

continuous dark and (f) under AM1.5G one sun simulated sunlight.    

 

Figure 18: RhB degradation performance test for a different amount of CoPc@CNC conjugated 

systems under AM1.5G one sun simulated sunlight. (a) 5 mg, (b) 10 mg, (c) 15 mg of CoPc@CNC 

in 50 mL aqueous 0.01 M RhB solution. (d) Photocatalytic performance. 

We added 5 mg, 10 mg, and 15 mg of CoPc@CNC conjugate in the same volume of RhB solution 

to measure the effect of weight percentage of CoPc and CNC on photocatalytic dye degradation 
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(figure 18). CoPc@CNC contains 20% CoPc, which means that 1 mg, 2 mg, and 3 mg of CoPc 

are found in 5 mg, 10 mg, and 15 mg of CoPc@CNC, respectively. The use of 15 mg CoPc@CNC 

for degradation has proven to be successful, which degraded around 80% dye from the solution 

after 80 minutes of illumination. But the difference between the 10 mg (which degraded 75% dye) 

and 15 mg tests was not as significant as the difference between the 5 mg (which degraded 49%) 

and 10 mg tests (figure 18.d). This may be due to the presence of more CNC and CoPc in the 

solution. 

4.5 Conclusion 

The synthesized pristine CoPc and the conjugate were tested for photocatalytic performance 

through RhB dye degradation. In this experiment, the CoPc@CNC system demonstrated superior 

photocatalytic activities compared to pristine CoPc. Upon conjugation on the CNC surface, CoPc 

molecules undergo a less aggregation state, which results in increased surface area. This work 

demonstrates the potential of the electrically insulating and naturally occurring polymers, such as 

cellulose nanocrystals, not only as a support template to increase effective area but also as an 

integral element for tuning electronic properties of the active material desirably for functional 

electronic device applications. 
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Chapter 5 

5. Discussion and future scope 

Cellulose nanocrystals have a lot of promise as nanomaterial for producing exploratory materials. 

People are finding newfound interest in the use of CNCs as nanofiller materials while synthesizing 

nanocomposites, as CNC-derived materials are more likely to be produced as value-added 

materials. When it comes to the synthesis of polymer nanocomposites, price, environmental issues, 

and nanofillers availability are all factors that must be considered. With their incredible properties, 

including biodegradability, wide availability, highly crystalline structure, and ability to enhance 

composite’s properties, CNC can easily replace expensive, non-biodegradable nanofillers. 

Depending upon the size, the free volume included by the CNCs, percolating network, 

nanocomposites processing system, dispersion, and interfacial interactions of CNCs with the 

polymer matrix, CNCs can influence the thickness of the polymer in different ways. The nucleation 

effect of CNCs increases the crystallinity of the polymer, which eventually improves the 

mechanical properties of the nanocomposites. 

Being a highly stable organic compound with low carrier concentration and mobility, 

phthalocyanines can be advantageous in manufacturing organic electronic devices. 

Metallophthalocyanine can also be used as an effective buffer layer in OPVs and OLEDs acting 

as an electron-injection barrier. The surface of Na-CNC was covalently grafted with ZnPc–

(COOH)8 molecules resulting in well-defined nanostructured phthalocyanine systems. The 

combination of the piezoelectric characteristics of CNCs with trap-mediated conduction in ZnPc 

is believed to cause this electrical bistability. ZnPc@CNC is a new type of organic semiconductor 

with vast potential in printed and flexible electronics. 
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CNCs have few applications in catalysts supporting networks, and while phthalocyanine-based 

catalysts have been documented, cellulose supported systems, which have the potential to extend 

the effective surface area of the catalysts by decreasing the various accumulation states are rare. 

The photocatalytic efficiency of covalently bonded CoPc onto CNCs was investigated, and the 

CoPc@CNC system demonstrated superior photocatalytic activities when compared to pristine 

CoPc. The aggregation state of CoPc in the CoPc@CNC method is reduced, resulting in a larger 

surface region. 

The advancement of nanocellulose and its composites for a variety of applications is a rising field 

of nanotechnology, is proved by this study. Scaled-up advancement and institutionalization of 

nanocellulose are required for industrial employments of nanocellulose and its composites. CNCs 

are associated with green chemistry, and therefore it could play a significant role in 

nanotechnology and material science. However, there are still many barriers to address to develop 

its applications.  
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