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Chapter 1 
 

Introduction 
 

1.1. Scope of the Spectroscopic Studies on Photoreactivity of 

Inorganic Nanocrystals and Medicinally Important Organic 

Dyes: 

„Photoreactivity‟ is a general name for a group of rather different types of reactions 

occurring in most redox-active systems, including inorganic nanostructures associated with 

some organic dyes having some medicinal significance. It is well-recognized that optical 

radiation can change the properties in those inorganic−organic nanohybrid materials and 

the great majority of those materials absorb UV and an appreciable amount of visible 

radiation. Therefore, absorption is a first indication that a compound may participate in a 

photochemical process, thereby having the potential of being photoreactive. The 

importance of photoreactivity of some organic dyes lies in various fields of science like 

photodynamic therapy, bioremediation in biomedical applications. Some of the 

medicinally important organic dyes are also well-known as photosensitizers. All of these 

photoreactivities of a photosensitizer are associated with ultrafast electron or electronic 

energy transfer processes from a donor to an acceptor molecule, but the degree and 

character of excited-state deactivation varies strongly from case to case. Therefore, 

ultrafast spectroscopic technique is an ideal tool for probing such charge carrier dynamics 

in nanohybrid materials. 

In many fields of research, nanomaterials have played a key role due to their unique 

optical and electronic properties, which strongly depend on their size, shape and surface 

properties. In the size regime of 2 to ~20 nm, the electronic structure and optical properties 

of materials can be tuned by varying the physical size of the crystal, leading to new 

phenomena, such as surface plasmon resonance in Au and Ag nanoparticles (NPs) [1], 

size-dependent band-gap of semiconductor nanomaterials [2], and the defect-mediated 

room-temperature photoluminescence from ZnO NPs [3-4]. These phenomena open 

interesting opportunities to utilize the nanomaterials as building blocks of light-harvesting 
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systems. Areas of particular interest are their role in capturing incident photons to induce 

charge separation in dye/quantum dot (QD)-sensitized solar cells [5-15] and photocatalyst 

systems [16-18]. Efficient transfer of electrons or electronic energy across the 

semiconductor interface is the key for the efficiency of converting light energy into 

electricity or photoinduced catalytic activity. Therefore, a fundamental understanding of 

the mechanisms and dynamics of these ultrafast charge transfer processes is crucial from 

the viewpoint of developing efficient light-harvesting systems and for their large-scale 

industrialization. At present, however, the drawbacks include the toxicity, cost hike and 

low abundance of the raw materials, which are the major barriers that are holding back 

progress and this thesis attempts to identify some of the factors that determine solar cell 

performance. Another setting that requires attention is the potential to combat jaundice 

when excess bilirubin (BR) bind and deposit to various tissues, giving rise to severe 

hyperbilirubinemia and neurotoxicity. Within the scope of the thesis, we investigated the 

utilization of nanomaterials in medical science, which has been a promising direction over 

a past few years in nanotechnology [19], particularly in drug delivery [20], cancer cell 

diagnostics [21], and therapeutics [22]. 

The key focus of this thesis is to investigate the excited-state dynamics of 

nanomaterials when they are in a close proximity of other organic, inorganic and biological 

macromolecules, which is important from both fundamental and application perspectives, 

such as, light-harvesting devices, efficient photocatalysts and phototherapeutic agents. For 

example, we have explored a novel mechanism for ZnO NP-sensitized BR degradation via 

defect-mediated nonradiative energy transfer pathway, and rigorous medical trials are 

likely to offer phototherapeutic improvements in the treatment of hyperbilirubinemia. By 

using a picosecond-resolved Förster resonance energy transfer (FRET) technique, we have 

demonstrated the role of the gold layer in promoting photoinduced charge transfer from 

ZnO−Au nanocomposite (NC) to a model contaminant methylene blue (MB). Due to the 

formation of the Schottky barrier at the ZnO−Au interface and the higher optical 

absorptions of the ZnO−Au photoelectrodes arising from the surface plasmon absorption of 

the Au NPs, enhanced power-conversion efficiency was achieved compared to bare ZnO-

based dye-sensitized solar cells (DSSCs). In another study, potential cosensitization of 

extrinsic sensitizer CdTe QDs in ZnO nanorod (NR)-based DSSCs has been established, 
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and the multipath enhancement offered in this device architecture results in an increased 

and extended photoresponse with respect to the individual materials employed. We have 

also revealed that biomolecules and NPs can be linked to prepare a novel multifunctional 

bio-nanocomposite (BNC) that is able to recognize and efficiently reduce target organic 

molecules. Another study provides a mechanistic explanation for the ultrafast excited-state 

deactivation by considering every single aspect of the quenching mechanisms, namely 

photoinduced electron transfer (PET), FRET and nanosurface energy transfer (NSET) from 

the host porous alumina membrane to different guest molecules, which may find its 

importance in the use of porous alumina in light-harvesting devices. Finally, we have 

demonstrated the exciting potential of porphyrins as light-harvesting green dyes that can 

simultaneously be used in visible-light photocatalysis (VLP) and photovoltaics. 

The experimental tools used for studying the dynamical processes involve 

picosecond and femtosecond-resolved carrier relaxation dynamics, such as, PET, FRET or 

NSET, irradiation induced luminescence enhancement (IILE) effect, Langmuir− 

Hinshelwood (L−H) model for surface catalysis and various characterization tools of 

photovoltaic solar cells. The different experimental techniques employed for the structural 

and functional characterization of the nanomaterials and their conjugates include steady-

state UV-vis absorption and fluorescence, enzyme kinetics, thermogravimetric analysis 

(TGA), picosecond and femtosecond-resolved fluorescence spectroscopy, Fourier 

transform infrared spectroscopy (FTIR), Raman scattering, X-ray diffraction (XRD), 

circular dichroism (CD), scanning electron microscopy (SEM) and high-resolution 

transmission electron microscopy (HRTEM), water contact angle (WCA) measurement, 

photoconductivity, incident photon-to-current conversion efficiency (IPCE) and 

photocurrent−voltage (J−V) measurements. 

1.2. Objective: 

Photon can be considered as an ultimate reagent to initiate reactivity in certain materials; 

unlike many conventional reagents, light is environmentally friendly, generates no ravage, 

and can be obtained from renewable sources. Beneficial as well as adverse reactions of 

solar light have been known for many centuries, and visible-light has always been used for 

many therapeutic purposes also. However, the basic insights into mechanism and dynamics 
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would be imperative for the practical utilization of light reactions, which will be the key 

objective of this thesis. 

Nowadays, use of NPs in medical science is a promising direction in 

nanotechnology [19]. Their applications in drug delivery [20], cancer cell diagnostics [21], 

and therapeutics [22] have been active fields of research. In one of our studies, we have 

demonstrated the potential use of ZnO NPs as phototherapeutic agents, where defect-

mediated emission from NP surface introduces a pathway to degrade BR [23]. Although 

the photoexcited charge transfer is widely used in the remediation of chemical 

contaminants, to the best of our knowledge, no effort has been made to utilize the visible 

emission of ZnO in order to degrade any organic contaminants. To investigate the most 

effective phototherapeutic ZnO nanostructure, their physicochemical properties, which 

include size, shape, morphology and surface chemistry, have also been investigated. 

Improving the performance of photoactive solid-state devices begins with 

systematic studies of the metal–semiconductor NCs upon which such devices are based. In 

the structure of composite nanocluster-based DSSCs, Au NPs are employed to facilitate 

efficient charge separation, thus serving as a Schottky barrier for reducing the rate of 

electron–hole recombination [24]. Earlier research indicates improved device performance 

by using Au Schottky contacts in photovoltaic cells [25]. In another investigation [26], it 

was shown that the photoelectrochemical performance of nanostructured TiO2 films could 

be improved by coupling to noble metal NPs. Using the hypothesis of Fermi level 

equilibration, it has been possible to understand the increase in the photovoltage of TiO2–

Au films [26-27], as well as the charging effects in metal–semiconductor colloids [28-31]. 

Although there have been many attempts to obtain improved device performance with 

metal–semiconductor NCs, the mechanism of charge separation as well as the excitation-

dependent interfacial charge transfer kinetics in the nanoscale regime are yet to be fully 

understood. One of our studies in this direction is aimed at elucidating the mechanism of 

pronounced intrinsic emission from colloidal ZnO and ZnO–Au NCs upon above band-

edge and below band-gap excitation [32]. To probe the correlation between dynamics of 

photogenerated carrier trapping at the defect sites and kinetics of charge migration from 

ZnO and ZnO–Au semiconductors, MB degradation was examined using UV-light and 

optical filters. Finally, we have designed a model DSSC based on ZnO NPs which leads to 
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an increase in short-circuit photocurrent (Jsc) and improved overall efficiency () in the 

presence of Au NPs. 

The sensitizing dye (SD) is an essential constituent in nanocrystalline DSSCs that 

has a potential for future photovoltaic applications owing to the lower fabrication costs of 

solar cells with acceptable conversion efficiencies [33-34]. However, dyes with strong 

absorptivity do not typically exhibit broad absorption overlapping the solar spectra, which 

is one of the major pitfalls of using dyes as photosensitizers in solar cells. Therefore, the 

utilization of two sensitizers (one acting as energy donor while the other as an acceptor) 

can be very useful in order to achieve both broadening of optical absorption region in 

DSSCs, as well as increasing the absolute loading of absorbing media on the 

semiconductor. This novel approach is based on FRET, which has recently experienced a 

significant interest of several groups [9, 35-39] including ours [32, 40]. By using 

spectroscopic techniques, we have demonstrated the utilization of dual-sensitization in a 

CdTe QD-assembled N719-based DSSCs [41]. The cosensitization in the presence of 

CdTe QDs leads to a significant increment in photocurrent throughout the visible spectral 

region and also enhances the short-circuit current density as additional photogenerated 

charge carriers from N719 dyes (via FRET) adds up to the net photocurrent. 

The use of proteins and peptides to direct the in vitro synthesis of inorganic NPs is 

attractive for a number of reasons [42]. Due to their extremely high surface-to-volume 

ratio, NPs have a very active surface chemistry in comparison to bulk materials; hence, in 

biological applications they tend to reduce their large surface energy by interaction with 

the medium components in which they are dispersed [43-44]. Thus, the dispersion of NPs 

in a biological medium results in their surfaces (as with bulk materials) being covered by a 

complex layer of biomolecules, which may induce interesting multifunctional properties in 

the BNCs. In this respect, we have shown that biomolecules and NPs can be linked to 

prepare a novel BNC that is able to recognize and efficiently reduce target organic 

molecules [45]. A simple, fast, water-soluble, and green phosphine free colloidal synthesis 

strategy has been developed for the preparation of multifunctional protein (enzyme)-

capped ZnS NPs with/without transitional metal-ion doping. A detailed study on the 

photoselective excited state dynamics and electron migration in such NPs in a biological 

macromolecular environment is sparse in literature and is one of the motives of the present 
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work. The studies are important in the context that the interaction of NPs with proteins 

[46] has emerged as a key parameter in nanomedicine and nanotoxicology [47]. 

At present time, anodic aluminum oxide (AAO) is an important material for a 

variety of nanotechnological applications because its unique nanoporous honeycomb 

structure can act as a template for the fabrication of other nanostructured materials [48-54]. 

To enable studies of the interesting properties appearing for NCs or nanodevices related to 

AAO films, a complete understanding of the self-properties of the AAO membranes is 

essential and necessary. Based on this idea, we aimed to establish the electrochemically 

grown (AAO) membrane as an advantageous light-harvesting material depicting both 

energy and electron transport ability in the presence of organic molecules and inorganic 

nanostructures [55]. The study will provide a mechanistic explanation for the ultrafast 

excited state deactivation by considering every single aspect of the quenching mechanisms, 

namely PET, FRET and NSET from the host AAO membrane to different guest molecules. 

Based on these techniques, the location of the oxygen defect center was assigned and their 

distances from the surface adsorbed acceptor molecules were reported. The present work 

may find its applications in the use of porous alumina in light-harvesting devices. 

Light-harvesting nanohybrids (LHNs) are of another current interest, as the simple 

search for individual nanomaterials no longer incites broad scientific interests for specific 

high-end applications. Most of these LHNs are composed of an inorganic nanostructure 

associated with an organic pigment. For example, association of a ruthenium-based 

sensitizer N719 with TiO2 or ZnO nanomaterials leads to very efficient LHNs for DSSC 

applications [56-59]. Although various organic−inorganic LHNs are found to be active for 

energy conversion, we come up with an approach to achieve both the eco-friendly VLP 

process and cost-effective DSSC with a model LHN [60]. In this work, hematoporphyrin 

(HP) has been conjugated onto covalently functionalized ZnO NRs, forming electron 

donor−acceptor HP−ZnO nanohybrids, which were being established as potential light-

harvesting materials. We believe these promising LHNs to find their dual applications in 

organic electronics and for the treatment of contaminants in wastewater. 
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1.3. Summary of the Work Done: 

I. Photoreactivity of Inorganic Nanoparticles in the Proximity of 

Bilirubin, a Potential Jaundice Marker: 

A. Nanoparticle-Sensitized Photodegradation of Bilirubin and Potential Therapeutic 

Application [23]: 

Bilirubin (BR) is a protective antioxidant; however, when its conjugation and excretion are 

impaired, as in neonatal and hereditary jaundice, BR accumulates and may cause severe 

neurotoxicity. In the present study, we report a novel mechanism for ZnO NP-sensitized 

BR degradation via defect-mediated nonradiative energy transfer pathway. Among 

different sizes and shapes, ZnO particles with diameter of 5 nm having very high 

concentration of defect states were found to be the most effective catalyst, which 

particularly follows a pseudo first-order kinetics validating the Langmuir−Hinshelwood 

(L−H) model of surface catalysis. The nontoxic wide band-gap ZnO NPs essentially 

transmit defect-mediated visible optical radiation, which is not supposed to interfere with 

the conventional phototherapy process. Therefore, the recyclable ZnO nanocatalysts 

essentially invite an added advantage in potential therapeutic applications, which has been 

explored in a flow-device in the present study. 

II. Excited State Dynamics of Electron/Energy Transfer in 

Metal−Semiconductor Nanocomposites and their Implications in the 

Proximity of Organic Dyes: 

A. Photoselective Excited State Dynamics in ZnO−Au Nanocomposites and their 

Implications in Photocatalysis and Dye-Sensitized Solar Cells [32]: 

Improving the performance of photoactive solid-state devices begins with systematic 

studies of the metal–semiconductor NCs upon which such devices are based. In the present 

contribution, we have explored the photodependent excitonic mechanism and the charge 

migration kinetics in a colloidal ZnO–Au NC system. By using a picosecond-resolved 

FRET technique, we have demonstrated that excited ZnO NPs resonantly transfer visible 
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optical radiation to the Au NPs, and the quenching of defect-mediated visible emission 

depends solely on the excitation level of the semiconductor. The role of the gold layer in 

promoting photolytic charge transfer, the activity of which is dependent upon the degree of 

excitation, was probed using MB reduction at the metal−semiconductor interface. The 

IPCE measurements show improved charge injection from a SD to a semiconductor 

electrode in the presence of gold at visible region. Furthermore, the short-circuit current 

density and the energy conversion efficiency of the ZnO–Au NCs-based DSSC are much 

higher than those of a DSSC comprised of only ZnO NPs. Our results represent a new 

paradigm for understanding the mechanism of defect-state passivation and photolytic 

activity of the metal component in metal–semiconductor NC systems. 

B. Highly Efficient ZnO−Au Schottky Barrier Dye-Sensitized Solar Cells: Role of 

Gold Nanoparticles on the Charge Transfer Process [61]: 

As a complementary of the previous study, the role of Au NPs on the charge transfer 

process has also been investigated in ZnO NR-based devices. For this purpose, ZnO NRs 

decorated with gold NPs were synthesized and used to fabricate DSSCs. The time-

correlated single photon count (TCSPC) spectroscopy technique was used to explore the 

charge transfer mechanism in the ZnO−Au NC-based DSSCs. Due to the formation of the 

Schottky barrier at ZnO−Au interface and the higher optical absorptions of ZnO−Au 

photoelectrodes arising from the surface plasmon absorption of the Au NPs, enhanced 

power-conversion efficiency (PCE) of 6.49% for small-area (0.1 cm
2
) ZnO−Au NC DSSC 

was achieved compared to 5.34% efficiency of the bare ZnO NR-based DSSCs. The 

picosecond-resolved fluorescence studies revealed similar dynamics for the charge transfer 

from dye molecules to ZnO both in the presence and absence of Au NPs. For large area 

DSSCs (1 cm
2
), ~130% enhancement in PCE (from 0.50% to 1.16%) was achieved after 

incorporation of the Au NPs into the ZnO NRs. 
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III. Metal Oxide Semiconductors in the Simultaneous Proximity of 

Organic Dyes and Quantum Dots: 

A. “Dual-Sensitization” via Electron and Energy Harvesting in CdTe Quantum Dots 

Decorated ZnO Nanorod-based Dye-Sensitized Solar Cells [41]: 

In this study, different-sized, 3-mercaptopropionic acid (MPA)-stabilized CdTe QDs have 

been prepared in aqueous solution, and potential cosensitization of such QDs in ZnO NR-

based DSSCs has been established. The results presented in this study highlight two major 

pathways by which CdTe QDs may contribute to the net photocurrent in a DSSC: (1) a 

direct injection of charge carriers from QDs to ZnO semiconductor via PET and (2) an 

indirect excitation of the sensitizer N719 molecules by funneling harvested light via FRET. 

The steady-state and picosecond-resolved luminescence measurements were combined to 

clarify the process of PET and FRET from the excited QDs to ZnO NR and SD N719, 

respectively. On the basis of these advantages, the short-circuit current density and the 

photoconductivity of the QD-assembled DSSCs with distinct architectures are found to be 

much higher than DSSCs fabricated with N719 sensitizer only. 

IV. Photoinduced Dynamical Processes and Promising Applications of a 

Potential Bio-Nanocomposite: 

A. Protein-Mediated Synthesis of Nanosized Mn-Doped ZnS: A Multifunctional, UV-

Durable Bio-Nanocomposite (BNC) [45]: 

The design of synthetic NPs capable of recognizing given chemical entities in a specific 

and predictable manner is of great fundamental and practical importance. In this study, we 

addressed a simple, fast, water-soluble, and green phosphine free colloidal synthesis route 

for the preparation of multifunctional enzyme-capped ZnS BNCs with/without transitional 

metal-ion doping. The enzymes α-Chymotrypsin (CHT), associated with the NPs, are 

demonstrated as an effectual host for organic dye MB revealing the molecular recognition 

of such dye molecules by the BNCs. An effective hosting of MB in the close proximity of 

ZnS NPs (with ∼3 nm size) leads to photocatalysis of the dyes which has further been 

investigated with doped-semiconductors. The NP-associated enzyme CHT is found to be 
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active toward a substrate (Ala-Ala-Phe-7-amido-4-methyl coumarin), hence leads to 

significant enzyme catalysis. The IILE measurements on the BNCs clearly interpret the 

role of surface capping agents which protect against deep UV damaging of ZnS NPs. 

V. Ultrafast Photoinduced Energy/Electron Transfer from a 

Technologically Important Nanoporous Host Membrane to Various 

Inorganic/Organic Guests: 

A. Ultrafast Excited State Deactivation of Doped Porous Anodic Aluminum Oxide 

(AAO) Membranes [55]: 

Free-standing, bi-directionally permeable and ultra-thin AAO membranes establish 

attractive templates (host) for the synthesis of nanodots and rods of various materials 

(guest). This is due to their chemical and structural integrity and high periodicity on length 

scales of 5–150 nm, which are often used to host photoactive nanomaterials for various 

device applications including DSSCs. In the present study, AAO membranes are 

synthesized by using electrochemical methods and a detailed structural characterization 

using FEG (Field Emission Gun)-SEM, XRD and TGA confirms the porosity and purity of 

the material. Defect-mediated photoluminescence quenching of the porous AAO 

membrane in the presence of an electron accepting guest organic molecule (p-

benzoquinone) is studied by means of steady-state and picosecond/femtosecond-resolved 

luminescence measurements. Using time-resolved luminescence transients, we have also 

revealed light harvesting of complexes of porous alumina impregnated with inorganic QDs 

(Maple Red) or Au nanowires. Both the FRET and NSET techniques are employed to 

examine the observed quenching behavior as a function of the characteristic donor–

acceptor distances. The experimental results will find their relevance in light-harvesting 

devices based on AAOs combined with other materials involving a decisive energy/charge 

transfer dynamics. 
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VI. Photosensitization Dynamics of Metal Oxide Semiconductors by 

Medicinally Important Porphyrins: Towards „Two-in-One’ Applications: 

A. Hematoporphyrin−ZnO Nanohybrids: Twin Applications in Efficient Visible-

Light Photocatalysis and Dye-Sensitized Solar Cells [60]: 

Light-harvesting nanohybrids (LHNs) are systems composed of an inorganic nanostructure 

associated with an organic pigment that have been exploited to improve the light-

harvesting performance over individual components. The present study is focused on 

developing a potential LHN, attained by the functionalization of dense arrays of ZnO NRs 

with a biologically important organic pigment hematoporphyrin (HP), which is an integral 

part of red blood cells (hemoglobin). Application of spectroscopic techniques, namely, 

FTIR and Raman scattering, confirm monodentate binding of HP carboxylic groups to 

Zn
2+

 located at the surface of ZnO NRs. Picosecond-resolved fluorescence studies on the 

resulting HP−ZnO nanohybrid show efficient electron migration from photoexcited HP to 

the host ZnO NRs. This essential photoinduced event activates the LHN under sunlight, 

which ultimately leads to the realization of visible-light photocatalysis (VLP) of a model 

contaminant MB in aqueous solution. A control experiment in an inert gas atmosphere 

clearly reveals that the photocatalytic activity is influenced by the formation of reactive 

oxygen species (ROS) in the media. Furthermore, the stable LHNs prepared by optimized 

dye loading have also been used as an active layer in DSSCs. We believe these promising 

LHNs to find their dual applications in organic electronics and for the treatment of 

contaminants in wastewater. 
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1.4. Plan of Thesis: 

The plan of the thesis is as follows: 

Chapter 1: This chapter gives a brief introduction to the scope and motivation behind the 

thesis work. A brief summary of the work done is also included in this chapter. 

Chapter 2: This chapter provides an overview of the dynamical and steady-state tools, the 

structural aspects of biologically important systems (proteins) and probes used in the 

research. 

Chapter 3: Details of instrumentation, data analysis and experimental procedures have 

been discussed in this chapter. 

Chapter 4: In this chapter, a novel mechanism for ZnO NP-sensitized BR degradation via 

FRET process has been reported, which makes this recyclable ZnO NP photocatalyst 

promising to be useful in the future technology of BR phototherapy. A FRET-based 

phototherapeutical device involving ZnO NP thin film has also been demonstrated in order 

to degrade BR when attached to albumin. 

Chapter 5: The photodependent excitonic mechanism and the charge migration kinetics in 

a colloidal ZnO–Au NC system have been explored. By fabricating ZnO and ZnO−Au-

based DSSCs, we have also demonstrated that the incident photon-to-current conversion 

efficiency and short-circuit current are significantly improved in the presence of Au NPs, 

which is attributed to the formation of the Schottky barrier at the ZnO−Au interface and 

higher optical absorptions of the ZnO−Au photoelectrodes arising from the surface 

plasmon absorption of Au NPs. 

Chapter 6: In this chapter, different-sized, 3-mercaptopropionic acid (MPA)-stabilized 

CdTe QDs have been prepared in aqueous solution, and potential cosensitization of such 

QDs in ZnO NR-based DSSCs has been established. 

Chapter 7: In this chapter, we report a simple, fast, water-soluble, and green phosphine 

free colloidal synthesis route for the preparation of multifunctional enzyme-capped ZnS 

bio-nanocomposites (BNCs) with/without transitional metal-ion doping. 

Chapter 8: This chapter deals with a mechanistic explanation for the ultrafast excited state 

deactivation of anodic aluminium oxide (AAO) membrane by considering every single 
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aspect of quenching mechanisms, namely PET, FRET and NSET from the host AAO 

membrane to different guest molecules. 

Chapter 9: This chapter demonstrates the exciting potential of porphyrins as light-

harvesting green dyes that can be used in the „two-in-one’ applications of visible-light 

photocatalysis and photovoltaics. 
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Chapter 2 

 

An Overview of Steady-State and Dynamical 

Tools and Systems 

 

In order to investigate the ultrafast processes involved in the studies on chemically and 

biologically relevant aqueous/non-aqueous environments, different steady-state and 

dynamical tools have been employed. These include photoinduced electron transfer (PET), 

Förster resonance energy transfer (FRET), nanosurface energy transfer (NSET), irradiation 

induced luminescence enhancement (IILE) effect, Langmuir−Hinshelwood (L−H) model 

for surface catalysis and photocurrent−voltage (I−V) characterization of photovoltaic solar 

cells. In this chapter, we have included a brief discussion about the above mentioned tools. 

Overviews of the various systems and the fluorescent probes used in the studies have also 

been provided. 

2.1. Steady-State and Dynamical Tools: 

2.1.1. Photoinduced Electron Transfer (PET): PET can be described most simply as the 

movement of an electron, caused by the absorption of light, from an electron-rich species 

(a donor D) to an electron deficient species (an acceptor A), as shown in equation 2.1. 

    
  ADAD       (2.1) 

 The first law of photochemistry tells us that a photoinduced process must be 

initiated by the absorption of light. In PET, the absorbing species can either be a donor, the 

acceptor, or a ground-state complex between the donor and acceptor, often referred to as a 

charge transfer complex. These possibilities are shown in equations 2.2−2.4. 

   
  ADADD h *
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Transports of charges or excitons are commonly seen fundamental processes in many 

optoelectronic devices as well as biological systems. The creation, diffusion, and 

annihilation for excitons and the mobility of charges are some of the key processes in 

many devices that interconvert electric and light energies [1-2]. PET is an important 

process in many biochemical systems, such as those in respiration and photosynthesis [3-

4]. To gain a deep understanding for these systems, it is important to describe the rates of 

these processes with a few empirically derived parameters [5-6]. Therefore, it has become 

increasingly important to develop computational techniques that allow us to calculate the 

rate of charge or energy transport. In our systems the apparent rate constants, knr, were 

determined for the nonradiative processes by comparing the lifetimes of donor in the 

absence (0) and in the presence () of an acceptor, using equation 2.5 [7]. 

   
011 τ/τ/knr        (2.5) 

 This Thesis demonstrates several PET processes, particularly in light-harvesting 

devices and in visible-light photocatalysis, and discusses strategies to overcome the 

limitations of various interfacial electron transfer processes. In a dye/quantum dot-

sensitized solar cells (DSSC/QDSCs), a series of charge transfer processes had to occur 

cooperatively so that the electrical output can be harnessed efficiently. These include (i) 

electron injection from excited dye/QD into metal oxides, (ii) electron transport to the 

collecting electrode surface, (iii) hole transfer to the redox couple, and (iv) regeneration of 

the redox couple at the counter electrode. A major force that counteracts these favourable 

processes (i−iv) is the charge recombination of electrons at the electrolyte interface. The 

matching of the band energies of the two semiconductors facilitates desired functionality 

either to induce electron−hole recombination (e.g., light-emitting diodes) or to improve 

charge separation by driving electrons and holes in two different nanoparticles (e.g., 

QDSCs). In each instance where semiconductor nanocrystals are implemented into a 

practical device, PET reactions are intimately involved, and they dictate overall 

functionality. This Thesis focuses on the recent progress made in understanding the 

kinetics and mechanistic aspects of various PET processes at the semiconductor interface 

and their role in optimization of solar cell performance. 
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2.1.2. Förster Resonance Energy Transfer (FRET): FRET is an electrodynamic 

phenomenon involving the nonradiative transfer of the excited state energy from the donor 

dipole (D) to an acceptor dipole (A) in the ground-state (Figure 2.1a). FRET has been 

widely used in fluorescence applications including medical diagnostics, DNA analysis and 

optical imaging. Since, FRET can measure the size of a protein molecule or the thickness 

of a membrane, it is also known as “spectroscopic ruler” [8]. FRET is very often used to 

measure the distance between two sites on a macromolecule. Basically, FRET is of two 

types: (a) homomolecular FRET and (b) heteromolecular FRET. In the former case, the 

same fluorophore acts both as energy donor and acceptor, while in the latter case two 

different molecules act as donor and acceptor. 

 Each donor−acceptor (D−A) pair participating in FRET is characterized by a 

distance known as Förster distance (R0) i.e., the D−A separation at which energy transfer is 

50% efficient. The R0 value ranges from 20 to 60 Å. The rate of resonance energy transfer 

(kT) from donor to an acceptor is given by [9], 

    

6

0

D

T
r

R1
k 










      (2.6) 

where, D is the lifetime of the donor in the absence of the acceptor and r is the donor to 

acceptor (D−A) distance. The rate of transfer of donor energy depends upon the extent of 

overlap of the emission spectrum of the donor with the absorption spectrum of the acceptor 

(J()), the quantum yield of the donor (QD), the relative orientation of the donor and 

acceptor transition dipoles (2
) and the distance between the donor and acceptor molecules 

(r) (Figure 2.1b). In order to estimate FRET efficiency of the donor and hence to determine 

distances between D−A pairs, the methodology described below is followed [9]. R0 is 

given by, 

   6142

0 2110 λJQnκ.R D

  (in Å)    (2.7) 

where, n is the refractive index of the medium, QD is the quantum yield of the donor and 

J() is the overlap integral. 2
 is defined as, 

   222 coscos2cossinsincoscos3cos ADADADT θθφθθθθθκ   (2.8) 



 23 

where, T is the angle between the emission transition dipole of the donor and the  

 

 

Figure 2.1. a) Schematic illustration of the Förster resonance energy transfer (FRET) process.  

b) Dependence of the orientation factor 2
 on the directions of the emission and absorption dipoles 

of the donor and acceptor, respectively. 

 

absorption transition dipole of the acceptor, D and A are the angles between these dipoles 

and the vector joining the donor and acceptor and  is angle between the planes of the 

donor and acceptor (Figure 2.1b).2
 value can vary from 0 to 4. For collinear and parallel 

transition dipoles, 2 
= 4; for parallel dipoles, 2 

= 1; and for perpendicularly oriented 

dipoles, 2 
= 0. For donor and acceptors that randomize by rotational diffusion prior to 

energy transfer, the magnitude of 2
 is assumed to be 2/3. J(), the overlap integral, which 

expresses the degree of spectral overlap between the donor emission and the acceptor 

absorption, is given by, 
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where, FD() is the fluorescence intensity of the donor in the wavelength range of to 

+d and is dimensionless. A() is the extinction coefficient (in M
−1

 cm
−1

) of the acceptor 

at . If  is in nm, then J() is in units of M
−1 

cm
−1 

nm
4
. 

 Once the value of R0 is known, the efficiency of energy transfer can be calculated. 

The efficiency of energy transfer (E) is the fraction of photons absorbed by the donor 

which are transferred to the acceptor and is defined as, 
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or,      
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The transfer efficiency is measured by using the relative fluorescence intensity of donor, in 

the absence (FD) and presence (FDA) of the acceptor as, 

D

DA

F

F
E 1      (2.12a) 

For D−A systems decaying with multiexponential lifetimes, E is calculated from the 

amplitude weighted lifetimes i

i

i   of the donor in absence (D) and presence (DA) 

of the acceptor as, 

D

DAE



1      (2.12b) 

The D−A distance can be measured using equations 2.11, 2.12a−b. The distances measured 

using equations 2.12a−b are revealed as R
S
 (steady-state measurement) and R

TR
 (time-

resolved measurement), respectively. 

2.1.3. Nanosurface Energy Transfer (NSET): The D−A separations can also be 

calculated using another prevailing technique, NSET [10-11], in which the energy transfer 

efficiency depends on the inverse of the fourth power of the D−A separation [12]. The 
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NSET technique is based on the model of Persson and Lang [11], which is concerned with 

the momentum and energy conservation in the dipole-induced formation of electron−hole 

pairs. Here the rate of energy transfer is calculated by performing a Fermi golden rule 

calculation for an excited-state material depopulating with the simultaneous scattering of 

an electron in the nearby metal to above the Fermi level. The Persson model states that the 

damping rate to a surface of a noble metal may be calculated by, 
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which can be expressed in more measurable parameters through the use of the Einstein A21 

coefficient [13], 
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(2.14) 

To give the following rate of energy transfer in accordance with Coulomb’s law (1/4πε0): 
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(2.15) 

where, c is the speed of light, ΦD is the quantum yield of the donor, ω is the angular 

frequency for the donor, ωF is the angular frequency for acceptor, d is the D−A separation, 

 is the dipole moment, τD is the average lifetime of the donor, and kF is the Fermi wave-

vector [14-15]. In our studies, we used kNSET as, 

   donoracceptordonor

NSET
ττ

k
11


                                                   

(2.16) 

where, τdonor−acceptor is the average lifetime of the D−A system [16]. 

2.1.4. Data Analysis of Time-Resolved Fluorescence Transients: Curve fitting of the 

time-resolved fluorescence transients were carried out using a nonlinear least square fitting 

procedure to a function )t')dt'E(t')R(t(X(t)

t

 
0

 comprised of convolution of the IRF (E(t)) 

with a sum of exponentials )eBA(R(t)
N

i

t/τ

i
i






1

 with pre-exponential factors (Bi), 

characteristic lifetimes (τi) and a background (A). Relative concentration in a 
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multiexponential decay is expressed as, 100

1






N

i

i

n
n

B

B
c . The average lifetime (amplitude-

weighted) of a multiexponential decay [9] is expressed as, 
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      (2.17) 

2.1.5. Irradiation Induced Luminescence Enhancement (IILE) Effect: The optical 

properties of transition metal-ion doped semiconductor NPs have been studied extensively 

in recent years [17-18]. Bhargava et al. reported high luminescent efficiencies of 

nanocrystals of ZnS:Mn
2+

, and claimed that doped nanocrystals are a new class of material 

[19]. Yu and Sun et al. reported the effects of IILE by ZnS:Mn
2+

 NPs in poly(vinyl 

butyral) films [20]. The luminescence intensity increases several times when fresh samples 

are irradiated by a 248 nm excimer laser. The decay time also increases with exposure 

time. The increase in the initial intensity of the slow component of luminescence makes the 

main contribution to the enhancement effect. A tentative model is proposed in which the 

efficiency of the energy transfer to Mn
2+

 ions increases with exposure. States at interfaces 

are expected to play an important role in this process. 

 Several mechanisms have been considered as the cause of the IILE effect. The first 

is the laser annealing effect. However, even weak light from a Xe-lamp at an appropriate 

wavelength can produce the IILE effect. So the laser annealing effect is ruled out as a 

cause of IILE. There are three possible ways to increase luminescence intensity under 

weak excitation: (1) increasing the radiative transition probability of Mn
2+

 ions, (2) 

decreasing the nonradiative transition probability or even blocking the nonradiative path, 

and (3) increasing the efficiency of the energy transfer to Mn
2+

 ion. Since the main cause 

of the IILE effect is the increase in initial intensity of the slow component of luminescence, 

the first of these possibilities can be ruled out. Also the experimental data could not be 

fitted theoretically by decreasing the nonradiative transition or blocking the nonradiative 

path but was fitted by using a tentative model, in which the increase in efficiency of the 

energy transfer to Mn
2+

 ions with irradiation is considered [20]. The electron states at the 

interface are expected to play an important role in this process. From the applied point of 

view, the IILE effect may provide a means to raise the luminescence efficiency of NPs. 

Furthermore, we have performed IILE studies under different irradiance doses on enzyme-
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capped bio-nanocoposites (BNCs) to investigate the efficacy of the protein-shell around 

the BNCs against the UV damage of the encapsulated NPs [21]. 

2.1.6. Langmuir−Hinshelwood (L−H) Model: In the Langmuir−Hinshelwood (L−H) 

treatment of heterogeneous surface reactions, the rate of the photochemical degradation 

can be expressed in general terms for both the oxidant (e.g., O2) and the reductant (e.g., 

CHCl3) as follows: 

   
   

Oxddk
dt

Oxd

dt

dd
Re

Re
       (2.18) 

where, kd is the photodegradation rate constant, Red represents the fraction of the electron-

donating reductant (e.g., chloroform) sorbed to the surface, and Ox represents the 

corresponding fraction of the electron-accepting oxidant (e.g., oxygen) sorbed to the 

surface. This treatment is subjected to the assumptions that sorption of both the oxidant 

and the reductant is a rapid equilibrium process in both the forward and reverse directions 

and that the rate-determining step of the reaction involves both species present in a 

monolayer at the solid-liquid interface. The Langmuir adsorption coefficient, K, for 

sorption of each reactant is assumed to be readily determined from a classical Langmuir 

sorption isotherm. In this case, the surface concentration of the reactants is related to their 

corresponding activities or concentrations in the bulk aqueous phase as follows: 
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      (2.19) 

where, C0 is the initial concentration of substrate, kL−H is the Langmuir–Hinshelwood (L–

H) rate constant, and R0 is the rate of reaction. If the initial concentration of the BR 

solution is sufficiently low (KC0 << 1), the equation 2.19 can be simplified to an apparent 

first-order equation: 

   000 CkKCkR appHL        (2.20) 

where, kapp is the apparent first-order rate constant. If the initial concentration of the BR 

solution is sufficiently high (KC0 >> 1), the equation 2.19 can be simplified to a zero-order 

rate equation: 

   HLkR 0        (2.21) 

The L−H model appears to be a promising tool that has a number of applications in 

semiconductor photocatalysis such as dye degradation, air purification, water disinfection, 
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hazardous waste remediation, and water purification. In addition, the basic research that 

underlies the application of this potential tool is forging a better understanding of the 

complex heterogeneous photochemistry of metal oxide systems in multiphasic 

environments. 

2.1.7. Dye-Sensitized Solar Cells (DSSCs): DSSCs [22-24] are potentially inexpensive 

alternatives to traditional semiconductor solar cells. The essential components of a DSSC 

are semiconductor metal oxides attached to sensitizing dyes (mostly, ruthenium) and an 

electrolyte medium (iodine-based). A schematic of the interior of a DSSC showing the 

principle of how the device operates is shown in Figure 2.2. The typical basic 

configuration is as follows: at the heart of the device is the metal oxide layer (mostly 

ZnO/TiO2), which is deposited on a fluorinated tin oxide (FTO) coated glass substrate. 

Attached to the surface of the nanocrystalline film is a monolayer of the charge transfer 

dyes/QDs. Photoexcitation of the latter results in the injection of an electron into the 

conduction band of the oxide, leaving the dye in its oxidized state. The dye is restored to 

its ground state by electron transfer from the electrolyte, usually an organic solvent 

containing the iodide/triiodide (I
−
/I3

−
) redox system. The regeneration of the sensitizer by  

 

 

Figure 2.2. Schematic representation of a ZnO nanoparticle-based DSSC showing different charge 

migration processes. 
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iodide intercepts the recapturing of the conduction band electron by the oxidized dye. The 

I3
−
 ions formed by oxidation of I

−
 diffuse a short distance (<50 µm) through the electrolyte 

to the cathode, which is coated with a thin layer of platinum catalyst, where the 

regenerative cycle is completed by electron transfer to reduce I3
−
 to I

−
. 

 In order to quantitatively measure the efficacy of a DSSC, photocurrent−voltage 

(I−V or J−V) measurements under simulated sunlight and incident photon-to-current 

conversion efficiency (IPCE) under monochromatic light are important. 

2.1.7.1. Photourrent−Voltage (I−V) Measurements: 

A DSSC can be represented by an equivalent electric circuit shown in Figure 2.3, where, 

Iph is the photocurrent, ID the diode current, RS is the series resistance (describes the 

resistances of the materials) and Rsh the shunt resistance. 

 

Figure 2.3. Equivalent electric circuit of a DSSC. 

 

The semiconductor−metal interface is modelled as a Schottky diode. The equation 

of such a diode is: 
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(2.22) 

where, IS is the saturation current, the ideality factor (typically varies from 1 to 2.4), and 

Vth is the thermal voltage: 
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(2.23) 

The equation for the equivalent electric circuit in Figure 2.3 is: 
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(2.24) 

During the current−voltage measurements the following parameter will be determined: 

A. Short-Circuit Current (ISC or JSC): The current equals the short-circuit current when 

the applied bias potential is zero: 
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(2.25) 

B. Open-Circuit Voltage (VOC): When no current is flowing through the cell the potential 

equals the open-circuit potential, using equation 2.25 one can find:  
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(2.26) 

C. Maximum Power Output (Pmax): The power delivered from a solar cell at a certain 

potential equals the product of the current at this potential times the potential: 

   ( ) ( ).P V I V V       (2.27) 

To obtain a graphic representation of the power one has to vary the potential between VOC 

and 0. The point where the power is maximum (Pmax) corresponds to the peak power point 

(PPP) for the I−V curve. These are the optimal current and potential conditions (Im, Vm) for 

the operating cell. 

 

 

Figure 2.4. Schematic representation of conventional I−V characteristic diagram (left). Typical 

IPCE characteristic diagram of a DSSC (right). 
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D. Fill Factor (FF): The FF quantifies the quality of the solar cell, which is the ratio of 

actual power output (Vm × Im) versus its 'dummy' power output (VOC × ISC) of a solar cell, 

as shown in equation 2.28: 

   
SCOC

mm

IV

IV
FF         (2.28) 

The FF lies between 0.7 and 0.85 for an efficient DSSC. These values are influenced by 

the values of the series and the shunt resistances. To obtain high FF values the shunt 

resistance has to be as small as possible and the series resistance as high as possible. 

E. Photo-conversion Efficiency (η): The overall photo-conversion efficiency is given by 

the following equation: 
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FFIV
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IV
      (2.29) 

It expresses the ratio of produced power and the incoming power (Pin). The experimental 

conditions have been fixed worldwide, in order to compare results coming from different 

places. An approximated power density value of 100 mW/cm
2
, at air mass 1.5 global (AM 

1.5 G) condition has been set for the incident solar radiation, and the temperature of the 

cell should be 25 °C. The AM is the ratio of the path-length of incoming sunlight through 

the atmosphere when the sun is at an angle to the zenith, and the path-length when the Sun 

is at the zenith. 

2.1.7.2. Incident Photon-to-Current Conversion Efficiency (IPCE) Measurements: 

The sensitivity of a solar cell varies with the wavelength of the incoming light. The IPCE 

value corresponds to the photocurrent density produced in the external circuit under 

monochromatic illumination of the cell divided by the photon flux that strikes the cell. 

From such an experiment the IPCE as a function of wavelength can be calculated from: 
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where, I() is the current given by the cell at wavelength, Pin() the incoming power at 

wavelength and Ip is the incident light power striking the device. IPCE values provide 
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practical information about the monochromatic quantum efficiencies of a solar cell. Figure 

2.4 (right) shows a typical IPCE spectrum of a standard DSSC. 

2.2. Systems: 

2.2.1. Proteins: Two types of model proteins; Human Serum Albumin (HSA) and -

Chymotrypsin (CHT) have been used in our studies. 

A. Human Serum Albumin (HSA): Serum albumins are multi-domain proteins forming 

the major soluble protein constituent (60% of the blood serum) of the circulatory system. 

HSA (molecular weight 66,479 Da) is a heart-shaped tridomain protein (Figure 2.5) with 

each domain comprising of two identical subdomains A and B with each domain depicting 

specific structural and functional characteristics. HSA having 585 amino acid residues 

assumes a solid equilateral triangular shape with sides ~80 Å and depth ~30 Å [25]. Its 

amino acid sequence comprises of 17 disulfide bridges distributed over all domains, one 

free thiol (Cys34) in the domain-I and a tryptophan residue (Trp214) in domain-IIA. About 

67% of HSA is -helical while the rest of the structure being turns and extended 

polypeptides. Each domain contains 10 principle helices (h1-h10). Subdomains A and B 

share a common motif that includes h1, h2, h3 and h4 for subdomain-A, and h7, h8, h9, 

h10 for subdomain-B. The non-existence of disulfidelinkage connecting h1 and h3 in 

subdomain-IA is an exception. HSA is engaged with various physiological functions 

involving maintenance of osmotic blood pressure, transportation of a wide variety of 

ligands in and out of the physiological system [26]. The protein binds various kinds of 

ligands including photosensitizing drugs. The principal binding regions are located in 

subdomains IIA and IIIA of which IIIA binding cavity is the most active one and binds 

digitoxin, ibuprofen and tryptophan [27]. Warfarin, however, occupies a single site in 

domain-IIA. It is known that HSA undergoes reversible conformational transformation 

with change in pH of the protein solution, which is very essential for picking up and 

releasing the drugs at sites of differing pH inside the physiological system. At normal pH 

(pH= 7), HSA assumes the normal form (N) which abruptly changes to fast migrating form 

(F) at pH values less than 4.3, as this form moves “fast” upon gel electrophoresis. Upon 

further reduction in pH to less than 2.7 the F-form changes to the fully extended form (E). 
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On the basic side of the normal pH (above pH = 8), the N-form changes to basic form (B) 

and above pH = 10, the structure changes to the aged form (A). Serum albumin undergoes 

an ageing process when stored at a low ionic strength at alkaline pH. The ageing process is 

catalysed by the free sulfhydryl group and involves sulfhydryl-disulfide interchange that 

results in the conservation of the sulfhydryl at its original position. 

 
 

Figure 2.5. X-ray crystallographic structure (PDB code: 1N5U) of human serum albumin 

depicting the different domains. 

 

B. -Chymotrypsin (CHT): -Chymotrypsin (CHT) (Figure 2.6) isolated from bovine 

pancreas is a member of the family serine endopeptidase (molecular weight of 25,191 Da) 

catalyzing the hydrolysis of peptides in the small intestine [28]. The three dimensional 

structure of CHT was solved by David Blow [29]. The molecule is a three dimensional 

ellipsoid of dimensions 51×40×40 Å and comprises of 245 amino acid residues. CHT 

contains several antiparallel -pleated sheet regions and little -helix. All charged groups 

are on the surface of the molecule except the catalytic triad of histidine57 (His57), 
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aspartate102 (Asp102) and serine195 (Ser195) which are essential for catalysis.  

 

 

Figure 2.6. X-ray crystallographic structure (PDB code: 2CHA) of CHT depicting the active 

catalytic triad (His57, Asp102 and Ser195). 

 

The Ser195 residue is hydrogen bonded to His57 residue, which in turn is H-bonded to -

carboxyl group of Asp102. An oxyanion hole is formed by amide nitrogen of Gly193 and 

Ser195. It is selective for hydrolysing peptide bonds on the carboxyl side of the aromatic 

side chains of tyrosine, tryptophan, and phenylalanine and of large hydrophobic residues 

such as methionine. It also catalyses the hydrolysis of ester bonds. CHT enhances the rate 

of peptide hydrolysis by a factor of 10
9
. The reaction has two distinct phases, acylation and 

deacylation of the enzyme. Upon binding of the substrate, the hydroxyl group of the 

Ser195 attacks the carbonyl group of peptide bond to generate a tetrahedral intermediate. 

In this transient structure, the oxygen atom of the substrate now occupies the oxyanion 

hole. The acyl-enzyme intermediate now forms, assisted by proton donation of His57. The 

N-terminal portion is now released and replaced by water. The acyl-enzyme intermediate 

subsequently undergoes hydrolysis and the enzyme is regenerated. 
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2.2.2. Molecular Probes: In this section we will discuss about the different probe 

molecules that have been used in the course of study. 

A. Methylene Blue (MB): MB is a heterocyclic aromatic chemical compound with 

molecular formula: C16H18ClN3S. It has many uses in a range of different fields. At room-

temperature it appears as a solid and is odourless and a dark green powder, which yields a 

blue solution when dissolved in water. They are widely used as model water contaminant 

[30]. Its structure is given in Figure 2.7. When dissolved in water, the UV-visible spectrum 

of MB showed three absorption maxima. The first band was observed at 246 nm and then 

291 nm and more intensely 663 nm. The absorption maxima wavelength of MB (λmax = 

663 nm) was used for the analysis during decolorization of MB dye. 

B. 2,5-Cyclohexadiene-1,4-dione (p-Benzoquinone, BQ): BQ (Figure 2.7) is a well-

known probe for electron accepting and shuttling for any electron rich material/compound, 

which readily accepts electron and adapted to be resonance species hydroquinone [31-32]. 

Large doses could induce local irritation, clonic convulsions, decreased blood pressure and 

death due to paralysis of the medullary centres. 

C. Bilirubin (BR): BR, the yellow-orange breakdown product of normal heme catabolism 

in mammalian systems, introduces great biological and diagnostic values [33]. Both 

antioxidant and toxic properties have been attributed to BR [34], which is normally 

conjugated with glucuronic acid and then excreted in the bile. However, when its 

conjugation with glucuronic acid is inhibited, as in neonatal jaundice and in hereditary 

forms of congenital jaundice, excess BR bind and deposit to various tissues, giving rise to 

severe hyperbilirubinemia and neurotoxicity. Phototherapy, the most effective treatment 

for jaundice to date, decreases the BR levels in the blood by changing the ZZ-BR isomer 

into water-soluble ZE-BR [35-37]. Because this reaction is readily reversible, equilibrium 

is established between native BR and the ZE isomer when BR is photoirradiated in a closed 

system. The second fastest reaction that occurs when BR is exposed to light is the 

production of lumirubin, a structural isomer of BR. 

D. Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-

dicarboxylato)ruthenium(II) (N719): Metal complexes, in particular the Ru(II) 

complexes, have been investigated intensively for DSSC application because of their 
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Figure 2.7. Schematic representation of the fluorescent probes used. 
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broad absorption spectra, large value of extinction coefficient (1.4×10
4
 M

−1
 cm

−1
) [38], and 

favorable photovoltaic properties. N719 (Figure 2.7) consists of a central Ru(II) ion with 

ancillary ligands having four anchoring groups (COOH). Light absorption in the visible 

part of the solar spectrum is due to a metal to ligand charge transfer (MLCT) process. The 

central metal ion is therefore a crucial part of the overall properties of the complexes. 

Ancillary ligands (bipyridines) can be tuned by different substituents (alkyl, aryl, 

heterocycle, etc.) to change the photophysical and electrochemical properties and thus 

improve the photovoltaic performance. Anchoring groups are employed to link the dye 

with the semiconductor and facilitate the injection of the excited electron into the 

conduction band of the semiconductor. One can modify any part of the complex to tune the 

energy levels of the MLCT states and to optimize electron injection and dye regeneration 

kinetics. 

E. 8,13-Bis(1-hydroxyethyl)-3,7,12,17-tetramethyl-21H,23H-porphine-2,18-

dipropionic acid (Hematoporphyrin, HP): Since the early 1960’s, the hematoporphyrin 

derivative (HpD) has provided clinical investigators  a sensitive means of  diagnosis and a 

selective method for eradication of tumors [1,2]. Its emerging importance in photoradiation 

therapy is evidenced by research efforts directed at the fundamental problems related to the 

mechanism of photosensitization and the increasing clinical applications for cancer 

therapy. They are also found to be a good alternative for Ru(II)-based solar cell dyes. 

F. Coumarin 343 (C343): C343 is an ideal system for studying electron transfer into 

metal oxides, as it is known to undergo fast electron injection [39-40] with ∼80−90% 

efficiency [40-41]. C343 and its derivatives have been successfully used in organic DSSCs 

[42-44], where the carboxyl group of C343 binds directly to the metal ions on the surface 

of the nanoparticles [45]. They also have large extinction coefficient though absorption 

spectrum shows a sharp peak at ~442 nm (4.4×10
4
 M

−1
 cm

−1
) [46]. 

G. Ala-Ala-Phe-7-amido-4-methylcoumarin (AAF-AMC): AAF-AMC is a fluorescent 

aromatic tripeptide substrate (Figure 2.7) suitable for cleavage by serine protease. Its 

concentration is determined by using the extinction coefficient, = 16 mM
−1 

cm
−1

 at 325 

nm. The rate of catalytic activity is determined by monitoring absorbance of cleaved 

product (7-amido-4-methylcoumarin) having = 7.6 mM
−1 

cm
−1

 at 370 nm in aqueous 

buffer solution [47]. 
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Chapter 3 
 

Instrumentation and Sample Preparation 

 
In this chapter the details of instrumental setup and sample preparation techniques used in 

our studies have been described. 

3.1. Instrumental Setups: 

3.1.1. Steady-state UV-vis Absorption and Emission Measurement: Steady-state UV-

vis absorption and emission spectra of the probe molecules were measured with Shimadzu  

 

 

Figure 3.1. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1) 

and Deuterium lamps (D2) are used as light sources in the visible and UV regions, respectively. M, 

G, L, S, PMT designate mirror, grating, lens, shutter and photomultiplier tube, respectively. CPU, 

A/D converter and HV/Amp indicate central processing unit, analog to digital converter and High-

voltage/Amplifier circuit, respectively. 
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Figure 3.2. Schematic ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD 

represent mirror, grating, lens, shutter, photomultiplier tube and reference photodiode, 

respectively. 

 

UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively. 

Schematic ray diagrams of these two instruments are shown in Figures 3.1 and 3.2. 

3.1.2. Circular Dichroism (CD) Measurement: CD is a form of spectroscopy based on 

the differential absorption of left and right-handed circularly polarized light. It can be used 

to determine the structure of macromolecules (including the secondary structure of proteins 

and the handedness of DNA). The CD measurements were done in a JASCO 

spectropolarimeter with a temperature controller attachment (Peltier) (Figure 3.3). The CD 

spectra were acquired using a quartz cell of 1 cm path length. For proteins, the typical 

concentration used for CD measurements were within 10 M. The secondary structural 

data of the CD spectra were analyzed using CDNN deconvolution program. 
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The working principle of CD measurement is as follows: when a plane polarized 

light passes through an optically active substance, not only do the left (L) and right (R) 

circularly polarized light rays travel at different speeds, cL≠cR, but these two rays are 

absorbed to different extents, i.e. AL≠AR. The difference in the absorbance of the left and 

right circularly polarized light, i.e., A=AL–AR, is defined as circular dichroism [1]. CD 

spectroscopy follows Beer-Lambert law. If I0 is the intensity of light incident on the cell, 

and I, that of emergent light, then absorbance is given by,  

εcl
I

I
A 








 0

10log                    (3.1) 

where, A is proportional to concentration (c) of optically active substance and optical path 

length (l). If „c‟ is in moles/L and „l‟ is in cm, then ε is called the molar absorptivity or 

molar extinction coefficient. In an optically active medium, two absorbances, AL and AR 

are considered, where  LL IIA 010log  and  RR IIA 010log . At the time of incidence on 

the sample, intensity of left and right circularly polarized light are same, i.e. I0=IL=IR. Any 

dicrograph passes periodically changing light through the medium, oscillating between left 

and right circular polarization, and the difference in absorbances are recorded directly [2]. 
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As seen from equation 3.2, I0 does not appear in this final equation, so there is no need for 

a reference beam. The instruments are, therefore, of single beam type. Most of the CD 

spectropolarimeters, although they measure differential absorption, produce a CD spectrum 

in units of ellipticity () expressed in millidegrees versus , rather than A versus . The 

relation between ellipticity and CD is given by, 

 





4

AA180303.2 RL  degrees        (3.4) 

To compare the results from different samples, optical activity is computed on a molar or 

residue basis. Molar ellipticity, [] is defined as, 

     
cl

θ
θ             (3.5) 
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where, „‟ is in degrees, „c‟ is in moles/L and „l‟ is in cm. The unit of molar ellipticity is 

deg M
−1

 cm
−1

. 

 

 

Figure 3.3. Schematic ray diagram of a Circular Dichroism (CD) spectropolarimeter. M1, M2, P1, 

S, PMT, CDM, O-ray and E-ray represent concave mirror, plain mirror, reflecting prism, shutter, 

photomultiplier tube, CD-modulator, ordinary ray and extraordinary ray, respectively. 

 

3.1.3. Time-Correlated Single Photon Counting (TCSPC) Technique: All the 

picosecond-resolved fluorescence transients were recorded using TCSPC technique. The 

schematic block diagram of a TCSPC system is shown in Figure 3.4. TCSPC setup from 

Edinburgh instruments, U.K., was used during fluorescence decay acquisitions. The 

instrument response functions (IRFs) of the laser sources at different excitation 

wavelengths varied between 60 ps to 100 ps. The fluorescence from the sample was 

detected by a photomultiplier after dispersion through a grating monochromator [3]. For all 

transients, the polarizer in the emission side was adjusted to be at 54.7° (magic angle) with 

respect to the polarization axis of excitation beam. 
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Figure 3.4. Schematic ray diagram of a time correlated single photon counting (TCSPC) 

spectrophotometer. A signal from microchannel plate photomultiplier tube (MCP-PMT) is 

amplified (Amp) and connected to start channel of time to amplitude converter (TAC) via constant 

fraction discriminator (CFD) and delay. The stop channel of the TAC is connected to the laser 

driver via a delay line. L, M, G and HV represent lens, mirror, grating and high voltage source, 

respectively. 

3.1.4. Femtosecond-Resolved Fluorescence Upconversion Technique: The 

femtosecond-resolved fluorescence spectroscopy was carried out using a femtosecond 

upconversion setup (FOG 100, CDP, Figure 3.5) in which the sample was excited at 375 

nm, using the second harmonic of a mode-locked Ti-sapphire laser with 80 MHz repetition 

rate (Tsunami, Spectra Physics), pumped by 10 W Millennia (Spectra Physics). The 

fundamental beam was passed through a periscopic arrangement (P) (Figure 3.5) before 

getting frequency doubled in a nonlinear crystal, NC1 (1 mm BBO,  = 25°,  = 90°). This 
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beam was then sent into a rotating circular cell of 1 mm thickness containing the sample 

via a dichroic mirror (DM), a polarizer and a mirror (M6). The resulting fluorescence 

emission was collected, refocused with a pair of lenses (L4 and L5) and mixed with the 

fundamental beam (750 nm) coming through a delay line to yield an upconverted photon 

signal in a nonlinear crystal, NC2 (0.5 mm BBO (-barium borate),  = 10°,  = 90°). The 

upconverted light was dispersed in a double monochromator and detected using photon 

counting electronics. A cross-correlation function obtained using the Raman scattering 

from water displayed a full width at half maximum (FWHM) of 165 fs. The femtosecond 

fluorescence decays were fitted using a Gaussian shape for the exciting pulse. 

 

 

Figure 3.5. Schematic diagram of a femtosecond fluorescence upconversion experimental setup. A 

BBO crystal (NC1) is used for second harmonic generation, which provides a pump beam in the 

UV region. Another BBO crystal (NC2) generates the upconversion signal of pump and probe 

beams. L and M indicate lenses and mirrors, respectively. M1-M2 and M3, M4, M5, M7 are IR 

mirrors whereas M6 is a UV mirror. DM is dichroic mirror, and P is periscope. 

 

3.1.5. Transmission Electron Microscopy (TEM): A JEOL JEM-2100 high-resolution 

TEM (HRTEM) (Figure 3.6) equipped with an energy dispersive X-ray (EDAX) 

spectrometer was used to characterize the microscopic structures of samples and to analyze 

their elemental composition. The sizes of the nanoparticles were determined from the TEM 
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images obtained at 200 kV. Samples for TEM were prepared by placing a drop of the 

colloidal solution on a carbon-coated copper grid and allowing the film to evaporate 

overnight at room-temperature. 

 

 

Figure 3.6. Schematic diagram of a typical transmission electron microscope (TEM). After the 

transmission of electron beam through a specimen, the magnified image is formed either in the 

fluorescent screen or can be detected by a CCD camera. 

 

3.1.6. Scanning Electron Microscopy (SEM): Surface characteristics of Porous silicon 

samples were done by scanning electron microscope FE (field emission)-SEM; JEOL. 

Ltd., JSM-6500F. A Electron-gun is attached to SEM and the electrons from filament 

triggered by 0 KV to 30 KV voltages. These electrons go first through a condenser lens 

and then through an objective lens, then through an aperture and finally reach to the 

specimen. The high energy electrons go a bit in the sample and back again give secondary 
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electrons. The signal from secondary electrons are detected by detector and amplified. The 

ray diagram of the SEM setup is shown in Figure 3.7. 

 

 

Figure 3.7. Schematic diagram of typical Scanning Electron Microscope (SEM). 

 

3.1.7. Thermogravimetric-Differential Thermal Analyzer (TG-DTA) Setup: The 

thermogravimetric (TG) analysis was carried out using Diamond thermogravimetric (TG)-

differential thermal analyzer (DTA) from Perkin Elmer. The TG determines the weight 

change of a sample whereas the DTA measures the change in temperature between a 

sample and the reference as a function of temperature and/or time. The schematic of the 

TG-DTA setup is shown in Figure 3.8. When a weight change occurs on the sample side, 

the beam holding the platinum pans is displaced. This movement is detected optically and 

the driving coil current is changed to return the displacement to zero. The detected driving 

coil current change is proportional to the sample weight change and the output is the TG 

signal. The DTA detects the temperature difference between the sample holder and the 

reference holder using the electromotive force of thermocouples, which are attached to the 

holders. This difference is measured as the DTA signal. 
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Figure 3.8. The schematic representation of TG-DTA setup. 

 

3.1.8. X-ray Diffraction (XRD) Measurement: XRD is a popular and powerful technique 

for determining crystal structure of crystalline materials. By examining the diffraction 

pattern, one can identify the crystalline phase of the material. Small angle scattering is 

useful for evaluating the average interparticle distance while wide-angle diffraction is 

useful for refining the atomic structure of nanoclusters. The widths of the diffraction lines 

are closely related to strain and defect size and distribution in nanocrystals. As the size of 

the nanocrystals decreases, the line width is broadened due to loss of long-range order 

relative to the bulk. This XRD line width can be used to estimate the size of the particle by 

using the Debye-Scherrer formula, 

 




cos

9.0
D            (3.6) 

where, D is the nanocrystal diameter, λ is the wavelength of light,   is the full-width half-

maximum (fwhm) of the peak in radians, and θ is the Bragg angle. XRD measurements 

were performed on a PANalytical XPERT-PRO diffractometer (Figure 3.9) equipped with  
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Figure 3.9. Schematic diagram of X-ray Diffraction (XRD) instrument. By varying the angle θ, the 

Bragg's Law conditions, nλ=2dsinθ are satisfied by different d-spacings in polycrystalline 

materials. Plotting the angular positions and intensities of the resultant diffracted peaks of 

radiation produces a pattern, which is characteristic of the sample. 
 

CuKα radiation (λ = 1.5418 Å at 40 mA, 40 kV). XRD patterns were obtained by 

employing a scanning rate of 0.02° s
−1

 in the 2θ range from 15° to 75°. 

3.1.9. Fourier Transform Infrared (FTIR) Measurement: FTIR spectroscopy is a 

technique that can provide very useful information about functional groups in a sample. An 

infrared spectrum represents the fingerprint of a sample with absorption peaks which 

correspond to the frequencies of vibrations between the bonds of the atoms making up the 

material. Because each different material is a unique combination of atoms, no two 

compounds produce the exact same infrared spectrum. Therefore, infrared spectroscopy 

can result in a positive identification (qualitative analysis) of every different kind of 

material. In addition, the size of the peaks in the spectrum is a direct indication of the 

amount of material present. The two-beam Michelson interferometer is the heart of FTIR 

spectrometer. It consists of a fixed mirror (M4), a moving mirror (M5) and a beam-splitter 

(BS1), as illustrated in Figure 3.10. The beam-splitter is a laminate material that reflects 

and transmits light equally. The collimated IR beam from the source is partially 

transmitted to the moving mirror and partially reflected to the fixed mirror by the beam-

splitter. The two IR beams are then reflected back to the beam-splitter by the mirrors. The 

detector then sees the transmitted beam from the fixed mirror and reflected beam from the 

moving mirror, simultaneously. The two combined beams interfere constructively or 

destructively depending on the wavelength of the light (or frequency in wavenumbers) and 
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the optical path difference introduced by the moving mirror. The resulting signal is called 

an interferogram which has the unique property that every data point (a function of the 

moving mirror position) which makes up the signal has information about every infrared 

frequency which comes from the source. Because the analyst requires a frequency 

spectrum (a plot of the intensity at each individual frequency) in order to make 

identification, the measured interferogram signal cannot be interpreted directly. A means 

of “decoding” the individual frequencies is required. This can be accomplished via a well-

known mathematical technique called the Fourier transformation. This transformation is 

performed by the computer which then presents the user with the desired spectral 

 

 

Figure 3.10. Schematic of Fourier Transform Infrared (FTIR) spectrometer. It is basically a 

Michelson interferometer in which one of the two fully-reflecting mirrors is movable, allowing a 

variable delay (in the travel-time of the light) to be included in one of the beams. M, FM and BS1 

represent the mirror, focussing mirror and beam splitter, respectively. M5 is a moving mirror. 

 

information for analysis. FTIR measurements were performed on a JASCO FTIR-6300 

spectrometer (transmission mode). For the FTIR measurements, powdered QD samples 

were mixed with KBr powder and pelletized. The background correction was made using a 

reference blank of KBr pellet. 
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3.1.10. Laser Raman Spectroscopy: Raman spectroscopy is a useful technique for the 

identification of a wide range of substances− solids, liquids, and gases. It is a 

straightforward, non-destructive technique requiring no sample preparation. Raman 

spectroscopy involves illuminating a sample with monochromatic light and using a 

spectrometer to examine light scattered by the sample.  

 At the molecular level photons can interact with matter by absorption or scattering 

processes. Scattering may occur either elastically, or inelastically. The elastic process is 

termed Rayleigh scattering, whilst the inelastic process is termed Raman scattering. The 

electric field component of the scattering photon perturbs the electron cloud of the 

molecule and may be regarded as exciting the system to a „virtual‟ state. Raman scattering 

occurs when the system exchanges energy with the photon, and the system subsequently 

decays to vibrational energy levels above or below that of the initial state. The frequency 

shift corresponding to the energy difference between the incident and scattered photon is 

termed the Raman shift. Depending on whether the system has lost or gained vibrational 

energy, the Raman shift occurs either as an up or down-shift of the scattered photon 

frequency relative to that of the incident photon. The down-shifted and up-shifted 

components are called, respectively, the Stokes and anti-Stokes lines. A plot of detected 

number of photons versus Raman shift from the incident laser energy gives a Raman 

spectrum. Different materials have different vibrational modes, and therefore characteristic 

Raman spectra. This makes Raman spectroscopy a useful technique for material 

identification. There is one important distinction to make between the Raman spectra of 

gases and liquids, and those taken from solids− in particular, crystals. For gases and liquids 

it is meaningful to speak of the vibrational energy levels of the individual molecules which 

make up the material. Crystals do not behave as if composed of molecules with specific 

vibrational energy levels, instead the crystal lattice undergoes vibration. These 

macroscopic vibrational modes are called phonons. 

In modern Raman spectrometers (LabRAM HR, Jobin Yvon), lasers are used as a 

photon source due to their highly monochromatic nature, and high beam fluxes (Figure 

3.11). This is necessary as the Raman effect is weak, typically the Stokes lines are ~10
5
 

times weaker than the Rayleigh scattered component. In the visible spectral range, Raman 
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Figure 3.11. Schematic diagram of a Raman spectrometer is shown. 

 

spectrometers use notch filters to cut out the signal from a very narrow range centred on 

the frequency corresponding to the laser radiation. Most Raman spectrometers for material 

characterization use a microscope to focus the laser beam to a small spot (<1−100 m 

diameter). Light from the sample passes back through the microscope optics into the 

spectrometer. Raman shifted radiation is detected with a charge-coupled device (CCD) 

detector, and a computer is used for data acquisition and curve fitting. These factors have 

helped Raman spectroscopy to become a very sensitive and accurate technique. 

3.1.11. Water Contact Angle (WCA) Measurements: WCA typically quantifies the 

wettability of a solid surface by water. A solid surface with high surface energy shows 

spreading of water with a small WCA (< 90°) and thus called hydrophilic surface. A lower 

surface energy of a solid shows WCA greater than 90° and called as hydrophobic surface. 

The WCA measurement thus provides a qualitative estimation on how the surface charges 

on the solid interacts with the liquid. 

The WCA of nanomaterials used in this thesis work was measured by using a water 

contact angle measurement machine developed in our laboratory (as shown in Figure 3.12). 

A water droplet of volume 10 μL was dropped on the surface of the nanomaterials and the 

image of the water droplet was then taken with the help of a microscopic video-camera 
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attached to a computer. The contact angle was then measured by ImageJ software 

 

 

Figure 3.12. Schematic and the photograph of the water contact angle (WCA) measurement setup. 

 

and to minimize the error in measurements, the WCA was recorded in 5 different areas on 

the same sample under the same conditions and finally their average was taken. 

3.1.12. Solar Cell Characterization: The characterization of DSSCs and QDSSCs 

involves the electrical current−voltage (I−V) characteristics and incident photon to current 

conversion efficiency (IPCE) measurements. The I−V characteristics of the solar cells 

were measured at calibrated 1 sun illumination with intensity 100 mW/cm
2
. A small beam 

solar simulator (SF 150) from Sciencetech equipped with a xenon arc lamp and an air mass 

(AM) 1.5 filter was used to generate the solar spectrum that was used as the light source 

for the solar cells. The electrical circuit used to measure the I−V characteristics of the solar 

cells is shown in Figure 3.13. A Keithley 617 programmable electrometer was 

programmed with labview software to act as both voltage supplier and current sensing unit 

to acquire the I−V characteristics of the solar cells. 

 The short-circuit current (ISC) and open-circuit voltage (VOC) of the solar cells were 

determined from their respective I−V characteristic curves. The fill factor (FF) and 

efficiency (η) of the solar cells were calculated by using equation 2.28 and 2.29, 

respectively. The IPCE of the DSSCs and QDSSCs were measured by using a Czerny-

Turner monochromator with a xenon arc lamp as light source. The monochromatic light 
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Figure 3.13. Electrical setup and the photograph of the solar simulator used for the solar cell 

characterization. 

 

was allowed to fall on the solar cells and the respective current from the solar cell at every 

incident wavelength of light was measured by using a digital multimeter (GWInstek GDM-

451). The input power at each wavelength of light was measured by using a Kipp & Zonen 

SPLite pyranometer. Finally, the IPCE was calculated by using equation 2.31. 

3.1.13. Photoconductivity Measurement: At a fixed bias voltage, the photocurrent across 

 

 

Figure 3.14. Schematic representation of photoconductivity measurement setup by using FTO as 

one of the electrodes and a small (4 mm diameter) drop of mercury (Hg) on top of the film as a 

counter electrode. 

the thickness of the thin films was measured by utilizing FTO as one of the electrodes and 

a small (4 mm diameter) drop of mercury (Hg) on top of the film as a counter electrode (as 
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shown in Figure 3.14). The light source (intensity = 25 mW cm
−2

) was turned on and off in 

every few seconds, and the obtained current values were continuously recorded using a 

programmable multimeter (Gwinstek GDM-396). 

3.1.14. Fiber-Optic Coupled System for Photocatalytic Measurements: Increased 

sensitivity in the signal detection in the presence of strong ambient light in our 

experimental setup lies on the confocal geometry of the excitation and detection sides [4]. 

As shown in the schematic ray-diagram of the experimental setup (Figure 3.15) the  

 

 

Figure 3.15. Schematic diagram of the universal setup. S is the source, F1-F4 are the optical 

fibers, L1-L4 are the fiber coupler lenses, the violate circle represents the ambient light around the 

sample (reddish rectangle). CCD is the photo-signal detector, connected with computer. 
 

excitation fiber (400 M core diameter) carrying laser light is connected to an optical 

coupler (Ocean Optics, USA, model: 74-UV) in order to focus excitation light at the 
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middle of a sample holder, which is an all-side polished quartz-cuvette from Starna cells 

(U.S.A). The numerical aperture (NA) of the excitation fiber (NA=0.45) and focal length 

of the optical coupling lens (0.5 cm) systems are to achieve out-of-focus rejection by two 

strategies: firstly by illuminating a single point of the specimen at any one time with a 

focused beam, so that illumination intensity drops off rapidly above and below the plane of 

focus and secondly by the use of optical fiber as a collecting unit with similar coupling 

lens so that light emitted away from the point in the specimen being illuminated is blocked 

from reaching the detector. The collection fiber is arranged in „I‟ geometry and connected 

with the commercially available CCD based miniaturized spectrograph (Ocean Optics, 

USA, model: HR4000) in order to measure absorption of the sample of interest. More 

flexibility in the measurement can also be achieved by using Shimadzu spectrophotometer 

(UV-2450) or Jobin Yvon (Fluoromax-3) fluorimeter to measure absorption and 

photoluminescence, respectively. In order to establish the fact that the absorption of a 

sample can be measured in presence of strong ambient light effectively, we have placed the 

quartz cell containing test sample on a home-made UV bath (60W). We have used the 

same setup in order to investigate the photodegradation of bilirubin [5] and methylene blue 

[6-7]. 

3.2. Sample Preparation: In this section the different sample preparation methods have 

been discussed. 

3.2.1. Chemicals used: The chemicals, spectroscopic probes, and proteins were procured 

from the following sources. Deionized (DI) water, obtained from Millipore, was used to 

prepare all aqueous solutions. The probes methylene blue (Carlo Erba), Ala-Ala-Phe 7-

amido-4-methyl coumarin (Sigma Aldrich), bilirubin (Sigma Aldrich), benzoquinone (Alfa 

Aesar), Cystine (Sigma Aldrich), and the solar cell dyes N719 (Solaronix, Switzerland), 

coumarin 343 (Sigma Aldrich), hematoporphyrin (Sigma Aldrich) were used without any 

further purification. The proteins human serum albumin (HSA) and -chymotrypsin (CHT) 

are obtained from Sigma Aldrich. CdSe/ZnS core-shell quantum dots (Maple Red) were 

purchased from Evident Technology. 
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3.2.2. Nanoparticles and Nanoporous Membranes: 

A. ZnO and ZnO-Au Nanostructures: In order to synthesize colloidal solution of ZnO 

nanoparticles (NPs), zinc acetate dihydrate, Zn(CH3COO)2.2H2O (Merck), was used as 

starting material. 40 mL of 2 mM zinc acetate solution was prepared in ethanol (Merck). 

Then 20 mL of 4 mM NaOH solution in ethanol was added to it under constant stirring. 

The reaction beaker was then kept in a preheated water bath at 60 °C for 2 h to hydrolyse, 

after which a transparent ZnO NP colloid was obtained. 

 ZnO–Au NC colloid was prepared by in situ synthesis of Au NPs on the surface of 

the ZnO NPs. 5 mL of 1 mM chloroauric acid [HAuCl4.H2O] (Sigma) ethanolic solution 

was slowly added to the as-synthesized ZnO NP colloid under constant stirring at room-

temperature. The stirring was continued for 15 min. Then 7 mL of 5 mM sodium 

borohydride, NaBH4 (Sigma), in ethanol solution was added drop-wise to the solution in 

order to reduce the gold chloride to Au NPs. Immediately after adding NaBH4 the solution 

becomes red from pale yellow color indicating the formation of the Au NPs in the ZnO NP 

colloid. The weight ratio between ZnO and Au after the preparation process was found to 

be 1.3:1 [6]. 

 Detailed processes for the hydrothermal growth of single-crystalline ZnO NRs are 

described in previous reports [8-9]. In brief, ZnO seed layers were initially deposited on 

cleaned FTO substrates by spray-pyrolysis method at 350 °C using 10 mM zinc acetate 

aqueous solution. The seeded FTO substrates were then annealed in air at 350 °C for 1 h 

and used for the hydrothermal growth of the ZnO NRs. 20 mM aqueous solution of zinc 

nitrate and hexamethylenetetramine were used as the precursor solution for ZnO NR 

growth, which was carried out at 90 °C for 40 h. This leads to the growth of ZnO NRs ca. 

4−5 μm in length and 100−200 nm in diameter [8, 10]. In order to maintain a constant 

growth rate of the ZnO NRs during the hydrothermal process, the old precursor solution 

was replaced with a freshly prepared solution in every 5 h. As-obtained ZnO NR samples 

were then taken out of the reaction vessel and rinsed thoroughly with DI water to remove 

unreacted residues. Finally, the samples were annealed in air at 350 °C for 1 h prior to use 

in our works. 

B. CHT-Capped Mn-Doped ZnS: The ZnS:Mn NPs were prepared following a general 

procedure modified from the reported literature where it was proposed that the growth of 
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nanostructures with different morphologies, sizes, compositions, and microstructures were 

mainly controlled by the temperature and time duration of the reaction process [11-20]. 

Briefly, 50 mL each of 0.2 M L-Cys and 20 μM CHT were taken into two different three-

necked flasks and 200 μM NaBH4 was added in argon atmosphere with continuous stirring 

for 45 min. In the next step, 5 mL aqueous solution of 0.1 M zinc acetate was aliquoted 

into a three-necked round-bottom flask. The mixed solution was adjusted to pH 11.0 by 

addition of 2 M NaOH and was stirred for 30 min at room-temperature and argon 

atmosphere. Subsequently, 1.5 mL of 0.01 M manganese acetate was added into the above 

mixture and stirred for 20 min. 5 mL of 0.1 M deoxygenated Na2S was then injected into 

the solution quickly. The mixture was stirred for another 30 min, and then the solution was 

incubated at 50 °C under air for 2 h to synthesize Cys and enzyme (CHT)-capped ZnS:Mn 

NPs. Finally, the colloidal NPs were dialyzed against pure water for 4 and 24 h for Cys and 

CHT-capped NPs, respectively, at 4 °C. In this respect, long-term dialysis is the usual 

practice for protein-capped systems where excess salts may get absorbed into the protein 

hydrophobic pockets whereas such effects are absent in Cys-capped systems. The Cys-ZnS 

and CHT-ZnS samples were prepared as above except for the addition of manganese 

acetate. The overall synthesis process has been demonstrated in Scheme 7.1. 

C. 3-Mercaptopropionic Acid (MPA)-Capped CdTe Quantum Dots (QDs): Several 

synthetic routes to CdTe QDs have been reported [21-26]. In this study, 0.12 mol of CdCl2 

was dissolved in 8 mL of deionized (DI) water, was diluted to 84 mL, and was stirred. To 

this solution 0.024 mol of trisodium citrate dihydrate, 0.03 mol of Na2TeO3 in 8 mL of DI 

water, 0.011 mol of 3-MPA, and 0.086 mol of NaBH4 were added successively, and were 

stirred to make the stock solution for CdTe QD synthesis. This stock solution was refluxed 

for 7, 20, and 30 min in a commercial Panasonic microwave oven (low-power mode) to 

synthesize QDs with absorption peaks at 440, 500, and 550 nm, respectively. The QDs 

with 610 nm absorption peak were synthesized by refluxing the stock solution in a 

commercial oven at 106 °C for 9 h. As-prepared QDs, without any further purification, 

were used in the fabrication of ZnO NR-based DSSCs. 

D. Fabrication of Dye/QD-Sensitized Solar Cells: A 0.5 mM hematoporphyrin (HP) 

C34H38N4O6 (Sigma) solution was prepared in anhydrous ethanol under constant stirring at 

room-temperature for 12 h [27]. The sensitization of the ZnO NRs with HP dye was 
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carried out in dark and at room-temperature by dipping the ZnO NR samples into the 

prepared dye solution for 12 h. After the sensitization process, the ZnO NRs were retracted 

from the dye solution, rinsed with anhydrous ethanol thoroughly (in order to remove any 

physisorbed dye molecules), and stored in dark for further use. The same sensitization 

conditions were maintained to anchor another sensitizer N719 on ZnO surface [6, 10]. 

 CdTe QD decorated photoelectrodes (PEs) were fabricated by dipping the ZnO NR 

coated FTO into CdTe colloid at 60 °C for 3 h [10]. The PEs were removed, were washed 

with ethanol, and were annealed at 165 °C for 1 h. This cycle was repeated three times to 

obtain a uniform layer of CdTe particles on the ZnO surface. For cosensitizing the PEs 

with N719 dye, as-prepared CdTe QD coated PEs were dipped into a 0.5 mM dye N719 in 

ethanol solution for 24 h in dark at room-temperature. After 24 h, the substrates were 

withdrawn from the dye solution and were rinsed with ethanol several times in order to 

remove the excess dye on the film surface. We defined this geometry of the sample as 

ZnO−QD−N719. In another architecture, we have dipped the ZnO NR with N719 first, and 

then PEs were coated with CdTe QDs (ZnO−N719−QD architecture). The same 

procedures were followed to prepare the substrates for time-resolved measurements also 

only by replacing FTO plates with quartz. 

 For the fabrication of DSSCs, platinum NPs deposited on FTO substrates were used 

as counter electrodes. The platinum (Pt) NPs were deposited on the FTO substrates by 

thermal decomposition of 5 mM platinum chloride, H2PtCl6.H2O, Fluka (in isopropanol) at 

385 °C for 30 min. The HP-coated ZnO NRs were used as the PEs and the two electrodes 

were placed on top of each other with a single layer of 50 μm thick Surlyn 1702 (Dupont) 

as a spacer between the two electrodes. A liquid electrolyte composed of 0.5 M lithium 

iodide (LiI), 0.05 M iodine (I2), and 0.5 M 4-tert-butylpyridine (TBP) in acetonitrile was 

used as the hole conductor and filled in the inter-electrode space by using capillary force, 

through two small holes (diameter = 1 mm) predrilled on the counter electrode. Finally, the 

two holes were sealed by using another piece of Surlyn, to prevent the leakage of 

electrolyte from the cell. 

E. Anodic Aluminium Oxide (AAO) Membrane: AAOs are prepared by a standard two-

step anodization technique from high-purity (99.99%) aluminium foils of 300 μm 

thickness, developed by Masuda and co-workers [28]. Before anodization, the aluminium 
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foils are annealed at 400 °C for 3h to relax grain-induced strain. Next the foils are electro-

polished at 18 V for 4 min in a solution of mixed ethanol and HClO4 (C2H5OH:HClO4 = 

4:1 v/v). The first anodic oxidation process is performed in 0.3 M oxalic acid (C2H2O4) 

with an anodizing voltage of 50 V. After 8h the alumina layer is removed by a mixed 

aqueous solution of 6% H3PO4 and 1.8% H2CrO4 at 45 °C for 8 h. The second anodic 

oxidation process starts under the same conditions as the first one, with 8h of oxidation 

time to grow the porous alumina layer with a thickness of around 10 µm on the Al foils. 

After that, a CuCl2 solution (6.8 g CuCl2+100 mL 37% HCl+200 mL distilled water) is 

used to remove the Al foil on the back side of the AAO. After the sample becomes 

transparent, the additional barrier layer on the AAO is dissolved by a 5% phosphoric acid 

solution. The through-hole AAO is coated by an Ag film to be used as a cathode before 

depositing gold NWs (diameter = 45 nm) in the AAO matrix. Then the deposition process 

is performed in a solution of 2.25×10
−3 

mol/L HAuCl4 and 0.485 mol/L H3BO3, at constant 

current of 0.04 mA [29]. 

3.2.3. Measurement of Enzymatic Activity of α-Chymotrypsin (CHT): For the 

measurement of the enzymatic activity of CHT, AAF-AMC was used as the substrate. The 

concentration of the substrate was kept an order of magnitude higher than that of the 

enzyme. The rate of formation of product was followed by measuring the absorbance of 

product at 370 nm. The absorbance of the product was converted to molar concentration 

term by using the extinction coefficients of the product at 370 nm wavelength. The specific 

activity of an enzyme is a common unit, which is defined as the number of enzyme units 

per mL divided by the concentration of protein in mg/mL. Specific activity values are 

therefore quoted as units/mg. 
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Chapter 4 

Photoreactivity of Inorganic Nanoparticles in the 

Proximity of Bilirubin, a Potential Jaundice Marker 

 

4.1. Introduction: 

Bilirubin (BR), the yellow-orange breakdown product of normal heme catabolism in 

mammalian systems, introduces great biological and diagnostic values [1]. Both 

antioxidant and toxic properties have been attributed to BR [2], which is normally 

conjugated with glucuronic acid and then excreted in the bile. However, when its 

conjugation with glucuronic acid is inhibited, as in neonatal jaundice and in hereditary 

forms of congenital jaundice, excess BR bind and deposit to various tissues, giving rise to 

severe hyperbilirubinemia and neurotoxicity. The potential to combat jaundice continues to 

expand with scientific and technological advancements of the diagnostic tools and 

treatment methodology. Phototherapy, the most effective treatment for jaundice to date, 

decreases the BR levels in the blood by changing the ZZ-BR isomer into water-soluble ZE-

BR [3-5]. The quantum yield of the photoconversion of ZZ to EE-isomer was found to be 

dependent on excitation wavelength, decreasing from excitation at 457.9 to 514.5 nm [6]. 

However, the formation of structural isomer, Z-Lumirubin, was found to follow reverse 

dependency on the excitation wavelength [7]. Nevertheless, if the levels of unconjugated 

BR are very high, one may need to have an exchange transfusion that involves taking away 

some of the patient’s blood and replacing it with a blood transfusion. The decrease in 

serum BR associated with phototherapy was initially argued to be due to oxidative 

destruction of the pigment. However, substantial quantities of unconjugated BR are found 

in the bile when phototherapy is administered. This fact and the failure to find much of the 

expected photooxidation products in excreta of infants or experimental animals after 

phototherapy led to discarding the idea that photodegradation is a major pathway [8]. 

 Nowadays, use of nanoparticles (NPs) in medical science is a promising direction 

in nanotechnology [9]. Their applications in drug delivery [10], cancer cell diagnostics 
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[11], and therapeutics [12] have been active fields of research. It has been found that the 

large surface area of the mesoporous anatase TiO2 films, produced by depositing the oxide 

in colloidal form onto a solid substrate, allows high levels of hemoglobin adsorption [13]. 

Zinc oxide (ZnO), a wide band-gap (3.37 eV) semiconductor having a high electron−hole 

binding energy (60 meV), is one of the most attractive and promising materials due to both 

fundamental research and industrial importance. Although it is less commonly studied and 

has inferior stability compared to TiO2, ZnO is more efficient for degradation of various 

organic compounds [14]. ZnO is also a “green” material that is biocompatible, 

biodegradable, and nontoxic for medical applications and environmental science [15]. The 

excitation of ZnO with near UV-light energy has been shown to be sufficient to initiate 

various redox reactions at the surface of the semiconductor. Because of the small size of 

particles and high recombination rate, only a fraction (5%) of the produced excitons can be 

utilized to induce redox processes at the interface. The photocatalytic processes using ZnO 

and other semiconductors have demonstrated the need to utilize the excitonic 

recombination in order to achieve higher photocatalytic efficiencies. The photocatalytic 

property of ZnO has been widely employed for various applications including antibacterial 

effect, self-cleaning and self-sterilizing materials, as well as degrading organic 

contaminants in the environment [16-18]. Considering the promising applications of ZnO 

nanocatalysis, it can be expected that the nanocrystalline ZnO that possesses self-sterilizing 

property can also photocatalytically decompose BR when it is adsorbed at the surface of 

the NPs. 

 In this chapter, we demonstrate the potential use of ZnO NPs with a strong optical 

absorption in the near-UV region as phototherapeutic agents. The application of defect 

mediated ZnO photoluminescence (PL) for the degradation of the surface adsorbed BR, in 

order to enhance the overall efficiency of the BR photodegradation process, is the major 

interest in the present study. By using a picosecond-resolved fluorescence technique, we 

have explored the relative contributions of different defect states (mainly, oxygen vacancy 

centers) in the overall degradation process. Although the photoexcited charge transfer is 

widely used in the remediation of chemical contaminants, to the best of our knowledge, no 

effort has been made to utilize the visible emission of ZnO in order to degrade the organic 

contaminants. To investigate the most effective phototherapeutic ZnO nanostructure, their 
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physicochemical properties, which include size, shape, morphology and surface chemistry, 

have also been investigated. 

4.2. Results and Discussion: 

4.2.1. Nanoparticle-Sensitized Photodegradation of Bilirubin and Potential 

Therapeutic Application [19]: 

The morphological and structural investigation of photocatalysts have been carried out by 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM). 

Representative TEM images of various sized (5, 8 and 10 nm) ZnO NPs (Figure 4.1a−d) 

and SEM images of ZnO agglomerates (200−500 nm, Figure 4.1e) and ZnO nanoflowers 

(300−400 nm, Figure 4.1f), are shown. High-resolution TEM (HRTEM) image of 5 nm 

sized ZnO particles are shown in Figure 4.1a, which confirms the particles to be fairly 

monodispersed and highly crystalline in nature. The lattice fringe width of 0.28 nm 

indicates the (100) plane of the wurtzite structure of ZnO nanocrystals [20]. 

 The UV-visible absorption spectra of different ZnO colloidal solutions employed in 

the present study are depicted in Figure 4.2a. The ZnO NPs exhibit a sharp absorbance 

onset at about 355 nm (3.49 eV), reflecting their uniform size. The peak of the exciton 

absorption band gradually shifts from 355 to 375 nm (3.49−3.31 eV) as the size increases 

both in diameter and length. The room-temperature PL spectra from the NP samples all 

contain a narrow UV-band centred near 368 nm, which is due to exciton recombination 

and a broad green-band centred at 550 nm (see Figure 4.2b). These broad emission bands 

originate from the surface defect centers indicating the presence of considerable oxygen 

vacancies in the crystal lattice of ZnO NPs, whereas, ZnO agglomerate and nanoflower 

structures contain very little of these defects. The broad green emission band is composed 

of two bands (P1 & P2, shown in Figure 4.2c as a green and red dotted lines, respectively) 

typically associated with oxygen deficiency. The doubly charged oxygen vacancies (VO
++

), 

created by capture of a hole by the VO
+
 center in a depletion region, leads to the P2 

emission line. The singly charged center (VO
+
) in the absence of a depletion region turns 

into a neutral center (VO
×
) upon the capture of an electron (n-type ZnO) from the  
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Figure 4.1. a) High-magnification TEM image of ZnO NP (5 nm). Low-magnification TEM images 

of various ZnO nanocrystallites b) ZnO NP (5 nm) c) ZnO NP (8 nm) d) ZnO NP (10 nm). SEM 
images of e) ZnO agglomerates and f) ZnO nanoflowers. 

 

conduction band, which then recombines with a hole in the valence band giving rise to the 

P1 emission [21]. 

 As shown in the Figure 4.2d, defect-mediated green emission is suppressed upon 

gradual addition of BR to the system. Previous study has shown that ZnO PL is sensitive to 

the presence of various adsorbates like O2, H2 and CO which also decreases PL intensity; 
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however, methanol and formic acid adsorption increased it [22-23]. Herein, we propose  

 

 

Figure 4.2. Steady-state a) absorption spectra b) emission spectra (excitation at 320 nm) of ZnO 

catalysts with various sizes and shapes c) absorption spectra of BR (A, orange) and emission 
spectra (excitation at 375 nm, Raman extracted) of ZnO NP (E, blue) are shown. A typical emission 

band is composed of two components P1 and P2 (see text) as shown for the emission curve. An 

overlapping zone between emission of ZnO NP and absorption of acceptor BR is indicated as gray 
shaded zone d) PL quenching of ZnO NPs with the increasing concentration of BR e) the 

picosecond-resolved fluorescence transients of ZnO NP, in the absence and in the presence of 

acceptor BR (excitation at 375 nm) collected at P1 (green, 520 nm) and P2 (red, 590 nm), are 
shown. 
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FRET from a donor ZnO NP to BR acceptor, which is responsible for the observed 

inhibition of emission bands. FRET in combination with Förster theory has become an 

invaluable tool for the assessment of distances in numerous biomolecular assemblies [24-

26]. The FRET process is based on the concept of treating an excited donor as an 

 

Table 4.1. Picosecond-resolved luminescence transients of ZnO NPs in the absence 

and in the presence of BR.
a 

Samples 1 (ns) 2 (ns) 3 (ns) avg (ns) 

ZnO NP (520 nm) 32.3 (10.7%) 3.29 (65.3%) 0.497 (24%) 5.73 

ZnO NP+BR (520 nm) 15.8 (1.1%) 1.48 (67.7%) 0.216 (31.2%) 1.24 

ZnO NP (590 nm) 38.9 (28.5%) 3.19 (31.5%) 0.271 (40%) 12.23 

ZnO NP+BR (590 nm) 24.3 (3%) 1.45 (32.2%) 0.153 (64.8%) 1.29 

 

a
The emissions from ZnO NPs (probing at 520 and 590 nm) were detected with a 375 nm laser 

excitation. Numbers in the parentheses indicate relative weightage. 
 

oscillating dipole that can undergo energy exchange with a second dipole having a similar 

resonance frequency [26]. In principle, if the fluorescence emission spectrum of the donor 

molecule overlaps the absorption spectrum of an acceptor molecule, and the two are within 

a minimal distance from one another (1−10 nm), the donor can directly transfer its 

excitation energy to the acceptor via exchange of a virtual photon. The consideration of 

Dexter mechanism (orbital overlap) via an exchange process associated with the transfer of 

single charge carriers can be excluded in this study as it is a short-range mechanism (1−10 

Å) [27]. The spectral overlap of defect-mediated PL band with that of the BR absorption is 

shown in Figure 4.2c. It has been reported that the emission centre around 590 nm comes 

from defect states near the surface layer while the shorter wavelength at 520 nm comes 

from defects near the bulk of the NPs. Picosecond-resolved fluorescence study (excitation 

at 375 nm) was performed by monitoring decays at the P1 and P2 peaks. The faster excited 

state lifetime of the ZnO−BR adduct with respect to that of the free ZnO NP is clearly 

noticeable from Figure 4.2e. The baseline upliftment comes from the long lifetime 

component which could not be registered within our experimental time window. The 

details of the spectroscopic parameters and the fitting parameters of the fluorescence 



 72 

decays are presented in Table 4.1. From FRET calculations (using equation 2.11 and 

2.12b), the effective distances between the donor and the acceptor (rDA) are determined to 

be 1.48 nm and 1.28 nm for P1 and P2 states, respectively, which support the general 

understanding that VO
++

 centers are closer to the surface attached BR compared to VO
+
 

centers. It is to be noted that the smaller value of rDA compared to the radius of the ZnO 

NPs (~2.5 nm; Figure 4.1a) can be rationalized from the fact that the origin of the PL 

peaking at P1 and P2 arise essentially from surface defects in the ZnO NPs [28]. The 

energy transfer efficiencies of the two states are calculated to be 78% and 89%, 

respectively. Since VO
++

/VO
+
 states are located near the surface, greater energy transfer 

efficiency via doubly charged vacancy centers is well justified. Following the 

demonstration of relative contributions from different defect states in the energy transfer 

process, now we proceed to study the effect of transferred energy between the FRET pairs, 

which finally led to efficient BR degradation in the arena of nanocatalysis. 

 

Figure 4.3. a) Plot of relative concentration (Ct/C0) versus UV irradiation time for the degradation 

of BR (monitored at 450 nm), in the presence of various ZnO nanocrystallites. b) Respective rate 
constants showing 5 nm particles are the most effective catalysts c) (Ct/C0) versus t with various 

BR concentrations and d) Langmuir−Hinshelwood (L−H) plot (with 10% error bar) are shown. 

L−H rate constant (kL−H), Langmuir adsorption coefficient (K), and regression coefficients (R
2
) are 

also provided. 
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Figure 4.4. a) Absorbance spectrum of BR photoproduct showing generation of characteristic 

peaks of MVM. The formation of MVM is associated with degradation of BR characteristic peak. b) 
Room-temperature PL spectra of BR photoproduct showing broad emission peak centered at 455 

nm (excitation at 350 nm). Inset shows excitation spectra monitored at the PL peak. 

 

 The model photocatalytic reaction investigated in this study is the decomposition of 

BR adsorbed at the surface of ZnO NPs. BR has optical absorption in the UV-visible 

regions and displays a significant decomposition rate in presence of colloidal ZnO 

solutions (Figure 4.3). There are some previous studies from our group where photolysis of 

a test contaminant has been probed in a colloidal semiconductor system [29-30]. BR 

adsorption on nanostructured hydroxyapatite coating was previously investigated by Yang 

et al. using quartz crystal microbalance and the photocatalytic degradation of adsorbed BR 

under UV irradiation was studied [31]. It is obvious, the higher the energy transfer from 

the surface of the ZnO semiconductor, the faster will be the degradation of the surface-
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attached BR. The results of BR degradation in the presence and the absence of ZnO 

catalysts under UV-light are shown in Figure 4.3a, where the relative concentration (Ct/C0) 

of BR in solution is plotted against UV-irradiation time. Blank experiments performed for 

several hours in the absence of catalysts and/or without UV irradiation have only resulted 

in a negligible change in BR concentration. In this respect, BR degradation under UV 

irradiation has been performed in a ZnO NP-based flow-device with DMSO:water mixture, 

and we found characteristic absorbance peaks for BR photooxidation product 

Methylvinylmaleimide (MVM) at 247 nm and 322 nm (Figure 4.4a). The photoproduct 

found to be emissive and shows broad emission band centered at 455 nm, as shown in 

Figure 4.4b. Our results are very much in agreement with previous investigations [32]. In 

this regard, it is now well-established that MVM does not exhibit the usual enzyme 

toxicity; therefore, if MVM is being formed in vivo, it would be nontoxic [33]. However, 

the other photoproducts such as configurational (principally, ZE-BR) and structural isomer 

(Lumirubin) are also well expected since ZnO defect-mediated optical radiation transfer is 

not supposed to interfere with the conventional phototherapy process. 

 In order to attain the most efficient photodegradation, the process has been 

investigated for a range of different ZnO morphologies and sizes amongst which ZnO 

particles with diameter of 5 nm are found to be the most efficient catalyst, as shown in the 

histogram (Figure 4.3b). Particle shape and size are important parameters for catalysis in 

general since they directly affect the specific surface influence of a catalyst [34-36]. With a 

smaller particle size, the surface-to-volume ratio and the number of active surface sites 

increases, which concomitantly increases the surface charge carrier transfer rate during 

photocatalysis [37-38]. In order to increase the quantum yield of nanocrystalline 

photocatalysts, the e−h recombination has to be reduced. An effective method to achieve 

the separation of e−h is to introduce defects into ZnO lattice. Different mechanisms and 

different effects of native defects have been proposed in the literature for efficient 

photocatalytic dye degradation by the use of ZnO [39-41]. It is obvious that the 

degradation rate increases with increasing ZnO concentration which allows greater contact 

between organic molecules and photocatalytic active sites. Fig. 4.5 provides the kinetics of 

the degradation with various surface (ZnO) concentrations (0, 5, 10, 20, 40 and 50 µM) by 
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keeping the substrate (BR) concentration (3.5 µM) constant, which shows that the 

degradation rate increases with increasing ZnO concentration (as shown in Table 4.2).  

 

Figure 4.5. Photodegradation of BR in the presence of different concentrations of ZnO NP (5 nm). 

Plot of relative concentration (Ct/C0) versus UV irradiation time for the degradation of BR 

(monitored at 450 nm). 

 

Table 4.2. The kinetics parameters
b
 for the photodegradation of BR in the presence of 

different concentrations of catalyst. 

Samples k (s
−1

) Total amount of 

degradation (A %) 

(in 3000 s) 

R
2
 

0 M ZnO 2.3×10
−4

 8 0.82 

5 M ZnO 4.04×10
−4

 14 0.88 

10 M ZnO 5.75×10
−4

 17 0.91 

20 M ZnO 6.11×10
−4

 21 0.80 

40 M ZnO 6.55×10
−4

 27 0.94 

50 M ZnO 1.0×10
−3

 30 0.83 

b
Kinetic constants (k), the percentages of total photodegradation (A) and the regression coefficient 

(R
2
). A 320 nm high-pass optical filter was used in the study. 

 Now, by keeping the surface concentration fixed, BR-decomposition reaction rate 

(R0) is observed to be a function of the substrate initial concentration (C0). All the 

photodegradation curves were found to follow a first-order exponential equation, and the 

results of photocatalytic degradation of BR over nanocrystalline ZnO of varying particle 
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sizes and shapes are presented in Table 4.3. The rate of photocatalytic decomposition of 

the BR molecules is typically fitted with the Langmuir−Hinshelwood (L−H) kinetics 

model [42], as discussed in the section 2.1.6. In this experiment, BR degradation on ZnO 

NP surface was found to exactly follow the above phenomenon (Figure 4.3c−d). By fitting 

the observed R0 versus C0 curve (using equation 2.19 as fitting equation) for the 

degradation of BR in presence of same concentration of ZnO, the obtained values of 

Langmuir–Hinshelwood (L–H) rate constant (kL−H) and Langmuir adsorption coefficient 

(K) are 87.5 µmol dm
−3

 s
−1

 and 0.157 µmol
−1

 dm
3
, respectively. The pattern of the curves 

and the values of the fitting parameters fall in the range of the observed literature data for 

various photocatalytic studies [43]. 

 The capability of being reusable is one of the most pivotal criteria for an ideal 

photocatalyst [44-45]. With the successful exhibition of these NPs as effective  

 

Table 4.3. The kinetics parameters
c
 for the photodegradation of BR in the absence 

and presence of ZnO. 

Samples k (s
−1

) Total amount of 

degradation (A%) 

(in 3000 s) 

R
2
 

ZnO size and morphology dependent study (10 M BR) 

No Catalyst 2.3×10
−4

 8 0.82 

ZnO nanoflower  8.98×10
−4

 18 0.78 

ZnO agglomerate 1.05×10
−3

 14 0.88 

ZnO NP (~10 nm) 1.16×10
−3

 23 0.85 

ZnO NP (~8 nm) 1.21×10
−3

 25 0.89 

ZnO NP (~5 nm) 1.67×10
−3

 37 0.86 

BR concentration dependent study (50 M ZnO) 

2 M BR 3.6×10
−4

 36 0.92 

5 M BR 6.5×10
−4

 39 0.94 

7 M BR 8.7×10
−4

 47 0.93 

16.5 M BR 4.1×10
−4

 50 0.97 

33 M BR 2.2×10
−4

 39 0.98 

40 M BR 1.7×10
−4

 17 0.99 
 

c
Kinetic constants (k), the percentages of total photodegradation (A) and regression coefficient 

(R
2
). A 320 nm high-pass optical filter was used in the study. 

photocatalysts, the regeneration of the NPs in the process of photocatalysis was further 

confirmed from the similar rate of photodegradation of BR for three cycles. The results, 
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given in Figure 4.6c, demonstrate that these NPs can indeed serve as highly effective and 

convenient recyclable photocatalysts. The change in concentration of BR solution for 

multiple steps also fit very well to the exponential decay profile with regression 

coefficient, R
2
 ≥ 0.94, and the rate constants were determined to be almost the same 

(~3.8×10
−4

 s
−1

) for the multiple cycles. 

 In order to apply our findings into a model application, we have designed a flow-

device consisting of two glass plates (separated by a spacer) as shown in Figure 4.6d. 

Polycrystalline ZnO NP (diameter ~5 nm) thin films were grown on one of the glass plates 

by spray pyrolysis technique and BR solution was passed through the channel in a very 

slow flow rate (2 mL/30 min). The whole system was kept over a UV source and total 

amount of BR degradation was found to be 4% and 37% in the absence and presence of 

ZnO NPs, respectively, under the same flow-rate condition. Therefore, it is clear from our 

results that BR can be degraded by careful utilization of nonradiative recombination in 

ZnO. We like to emphasize two potential advantages of using such NP-based flow-device  

 

 

Figure 4.6. a) Molecular structure of BR and its attachment to the surface of ZnO NPs. b) 

Representation of the ZnO NP−BR adducts depicting FRET dynamics from different oxygen 
vacancy centers of ZnO NPs (gray big ball) to surface adsorbed BR (shown in ball-stick model) 

molecules. c) Photocatalytic degradation curves (abs. versus t) of BR in ZnO suspension under 

UV-light irradiation for three repeated cycles. d) A schematic representation of our designed 

system/device using ZnO NPs as phototherapeutic agents. 
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in the purification of BR-containing blood. Firstly, the recyclable NPs need minimum 

recharging that can easily be done by passing an aqueous solution with pH at 8 followed 

by deionized water. Secondly, the exposure of the BR-containing blood to the harmful UV 

radiation can be avoided using the high pass filter action of the NPs layer. Although Zn
2+

 

being biologically trace element, cytotoxic response of a critical ZnO concentration (3.75 

ppm) has been reported [46]. However, the risk of toxicity caused by ZnO in our designed 

system can be excluded since ZnO NPs have been deposited by spray pyrolysis technique 

and after passing 500 mL of both water and ethanol through the flow-device it was found 

that a very negligible amount of ZnO NPs (~30 M) leached from glass plate (Figure 4.7), 

which is a much lower value compared to in vitro toxic concentration of (Zn
2+

)aq (400 M) 

[47], thus eliminates the risk of cytotoxicity. 

 Since serum albumins are the most abundant proteins in plasma and BR is mostly 

bound to albumin in blood, we have further extended BR degradation in presence of HSA 

protein by using ZnO NP-based flow-device. The whole system was kept over an UV 

source and BR−HSA complex solution was passed through the channel in a very slow flow 

rate (2 mL/40 min). As shown in Figure 4.8a, the total amount of BR degradation is found 

 

 

Figure 4.7. Absorbance spectra of ZnO NPs (before and after passing 500 mL water and ethanol) 
deposited by spray-pyrolysis technique and only glass plate. 
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Figure 4.8. a) UV-vis spectral changes of BR−HSA complex solution in the absence of UV (green), 

upon UV irradiation in presence (red) and absence (pink) of ZnO NPs. The absorbance spectrum 

of HSA is shown for reference. b) Circular dichroism (CD) spectra of native HSA protein and 
HSA−BR complex solution in the presence of UV irradiated ZnO NPs. The near UV (inset) and far 

UV spectra reveal less than 2% change in tertiary and secondary structures, respectively. 

 

to be 6% and 51% in the absence and presence of ZnO NPs, respectively, under the same 

flow rate condition. Therefore, it is concluded that BR can be degraded significantly, even 

if, they are bound to HSA protein. Figure 4.8b shows circular dichroism (CD) spectra of 

native proteins and the ejected BR−HSA photoproduct, which was obtained after passing 

BR−HSA complex solution throughout the NP-based flow-device. From the CD spectra, a 

very negligible perturbation of the secondary and tertiary (inset) structure of the NP-

associated enzyme HSA is clearly noticeable. 
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4.3. Conclusion: 

To conclude, we present a novel mechanism for ZnO NP-sensitized BR degradation via 

FRET process, as schematically shown in Figure 4.6b. The efficient degradation in 

presence of smaller ZnO NPs containing higher concentration of defect states is attributed 

to the FRET from NP defect states to surface attached BR which introduces a pathway to 

degrade BR. ZnO NP has several advantages for BR photocatalysis under UV irradiation. 

First, these catalysts are easily prepared and the method does not need specialized 

equipments or reagents. Second, these NPs have been demonstrated to work as recyclable 

photocatalyst and exhibit excellent photocatalytic activity for the degradation of BR in 

multiple cycles. Finally, ZnO, which has huge absorption band at the near UV range, can 

protect the harmful effect of UV-light. These advantages substantially make this recyclable 

ZnO NP photocatalyst promising to be useful in the future technology of BR phototherapy. 

We have also proposed a FRET-based phototherapeutical device/system involving ZnO 

NP thin film in order to degrade BR in blood. Further technological refinement of the 

ZnO-based “nanotherapy” and rigorous clinical trial are likely to offer better 

phototherapeutic improvements in the treatment of hyperbilirubinemia. 
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Chapter 5 

Excited State Dynamics of Electron/Energy Transfer 

in Metal−Semiconductor Nanocomposites and their 

Implications in the Proximity of Organic Dyes 

 

5.1. Introduction: 

Quantum dots and metal nanoparticles (NPs) are of great interest because of their unique 

electronic, optical, and magnetic properties [1-5]. In particular, noble metal NPs having 

diameters below 10 nm have been the focus of recent works [6-7] due in part to their 

enhanced reactivities. For example, Au NPs of 3 to 8 nm diameter have been shown to 

tune the catalytic properties of TiO2 [8-10]. In the structure of composite nanocluster-based 

dye-sensitized solar cells (DSSCs), Au NPs are employed to facilitate efficient charge 

separation, thus serving as a Schottky barrier for reducing the rate of electron−hole 

recombination [11]. Tetsu et al. [12] studied the enhancement of anodic photocurrents 

induced by visible light irradiation in a device based on Au NPs deposited on TiO2 films. 

Their data indicate that using Au Schottky contacts in photovoltaic cells may yield 

improved device performance. In an earlier investigation [13] by Kamat and co-workers, it 

was shown that the photoelectrochemical performance of nanostructured TiO2 films could 

be improved by coupling to noble metal NPs. Using the hypothesis of Fermi level 

equilibration, it has been possible to understand the increase in the photovoltage of 

TiO2−Au films [13-14] as well as the charging effects in metal−semiconductor colloids 

[15-18]. Although there have been many attempts to obtain improved device performance 

with metal−semiconductor nanocomposites (NCs), the mechanism of charge separation as 

well as the excitation-dependent interfacial charge transfer kinetics in the nanoscale regime 

are yet to be fully understood. 

The improved performance of photoactive processes and devices has typically been 

achieved with composite nanostructures based on semiconductor oxides, such as TiO2 and 

ZnO, modified with noble metal NPs. A systematic study of the energetics of such NC 
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systems is important for tailoring the properties of next-generation nanodevices. The 

mediating role of noble metals in storing and shuttling photogenerated electrons from the 

semiconductor to an acceptor in a photocatalytic process can be understood by designing 

metal−semiconductor NC structures. Among direct band-gap crystals, ZnO has a wide 

band gap of 3.37 eV and a large exciton binding energy of 60 meV at room temperature. 

Two photoluminescence (PL) bands are usually found: a relatively weak and narrow UV 

emission band (band-gap emission) around 370 nm (3.35 eV), which is just below the 

onset of absorption, and a much stronger and broader visible emission band with a 

maximum near 550 nm (2.25 eV). The UV emission band is due to the radiative 

annihilation of excitons, the high binding energy of which permits observation even at 

significantly elevated temperatures [19]. The green emission is known to come from the 

defect centers located near the surface of the NPs [20]. Numerous studies have been 

conducted to improve the band-gap emission by controlling the influence of defect states 

for the improvement of emission efficiency in semiconductors [21-22]. In an earlier study 

[23] with ZnO−Pt NCs, it was reported that the band-gap emission is enhanced 

substantially, while the defect emission is suppressed. The underlying mechanism behind 

enhancement of the band-gap emission and quenching of the defect-mediated green 

emission is a combination of the energy transfer between defects and surface plasmon (SP) 

resonance in Pt NPs, as well as electron–hole pair generation and recombination processes 

in ZnO nanorods (NRs). A similar study [24] with Au-capped ZnO NRs also indicates that 

the suppression of the green emission might be due to a combined effect of Au SP and 

passivation of the ZnO NR surface traps. 

The present study is aimed at elucidating the mechanism of pronounced intrinsic 

emission from colloidal ZnO and ZnO−Au NCs upon above band-edge and below band-

gap excitation. To probe the correlation between dynamics of photogenerated carrier 

trapping at the defect sites and kinetics of charge migration from ZnO and ZnO−Au 

semiconductors, methylene blue (MB) degradation was examined using UV-light and 

optical filters. Photostability and luminescence studies from a ZnO−Au NC colloidal 

dispersion show that Förster resonance energy transfer (FRET) dynamics from donor 

semiconductor to gold acceptor can be observed. Finally, we have designed a model DSSC 

based on ZnO NPs which leads to an increase in short-circuit photocurrent (Jsc) and 
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improved overall efficiency (η) in the presence of Au NPs. The reason behind the giant 

improvement in efficiency is also clarified by photoconductivity measurements of the ZnO 

NP and ZnO−Au NC thin films. 

5.2. Results and Discussion: 

5.2.1. Photoselective Excited State Dynamics in ZnO−Au Nanocomposites and their 

Implications in Photocatalysis and Dye-Sensitized Solar Cells [25]: 

The structure, crystalline phase, size, and morphology of ZnO NPs and ZnO−Au NCs were 

determined (with TEM). Representative HRTEM images of the ZnO−Au NCs are 

illustrated in Figure 5.1a, where the measured average diameters are 6 and 8 nm for ZnO 

and Au NPs, respectively. From TEM observation it was found that, the ZnO−Au NCs are 

fairly monodispersed and their shapes are different from that of the spherical ZnO NPs due 

 

 

Figure 5.1. a) HRTEM image of dumbbell-like ZnO−Au NCs with Au attached to the ZnO surface. 

b) Steady-state absorption spectra of bare ZnO NPs (blue) and ZnO−Au NCs (red) showing the SP 

band at 520 nm. 
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to the incorporation of Au components. The higher contrast of Au observed in the TEM 

image is due to the higher electron density of metallic Au compared to semiconducting 

ZnO. The relevant TEM images are shown in Figure 5.2a−c. After the synthesis of 

ZnO−Au NCs, the Zn:Au weight ratio was calculated by using a field emission-type 

scanning electron microscope. From EDAX analysis it was found to be 1.3:1 as shown in 

the table below. 

 

Figure 5.2. a) HRTEM image of bare ZnO NPs. b) TEM image of bare ZnO NPs (inset shows 

particle size distribution of ZnO NPs). c) TEM image of ZnO−Au NCs (inset shows particle size 

distribution of Au NPs attached to ZnO NPs). Table (left) shows EDAX analysis of ZnO−Au NCs 

by using a field emission-type SEM. Table (right) shows picosecond-resolved luminescence 

transients of ZnO NPs in the presence and absence of Au NPs. The numbers in the parentheses 

indicate relative weightage. d) The emissions from ZnO NPs and ZnO−Au NCs (probing at 520 

nm) were detected with a 300 nm laser excitation. 

 

 The visible absorption spectrum of gold grown onto the ZnO NPs was clearly 

characterized by the plasmon resonance peak of Au NPs. Figure 5.1b shows the absorption 

spectra of the ZnO−Au NCs and pure ZnO NPs. It is generally believed that the band-edge 

absorption of semiconductor in the quantum-confined size regime (≤ 7 nm) is dependent 
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on the particle size [26]. There is no distinct variation in absorption characteristics in the 

range 300−420 nm, which implies that no apparent growth of ZnO NPs occurred during 

the formation of Au on ZnO NPs. An SP band, resulting from Au in the ZnO−Au NCs, 

centered at ~525 nm can also be observed in the NC (Figure 5.1b). In Figure 5.3a, we have 

plotted the excitation spectra of bare ZnO NPs and ZnO−Au NCs monitored at the 

emission peaks (368 nm and 550 nm, respectively). The room-temperature PL spectra of 

both the bare ZnO NPs and ZnO−Au NCs (Figure 5.3b) are comprised of one broad  

 

 

Figure 5.3. a) Excitation spectra of ZnO NPs (blue) and ZnO−Au NCs (red) monitored at 368 nm 

and 550 nm. b) Steady-state emission spectra of ZnO NPs (blue) and ZnO−Au NCs (red) are shown 

(excitation at 320 and 375 nm). The inset shows that the defect related green emission is composed 

of two bands, P1 and P2. 
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emission band upon excitation below the band-gap (λex = 375 nm) and two emission bands 

upon excitation above the band-edge (λex = 320 nm). The narrow UV band centered at 368 

nm is due to exciton recombination. Analysis of the broad emission observed in our sample 

in the blue-green region shows that it is composed of two emission bands (shown as dotted 

lines in Figure 5.3b, inset), which are marked as P1 and P2 [27]. The characteristics of 

each emission band depend upon whether it arises from a doubly-charged vacancy center 

VO
++

 (P2) or a singly-charged vacancy center VO
+
 (P1). The VO

++
 center, created by capture 

of a hole by the VO
+
 center in a depletion region, leads to the P2 emission line. The singly-

charged center (VO
+
) in the absence of a depletion region turns into a neutral center (VO

×
) 

upon the capture of an electron (n-type ZnO) from the conduction band, which then 

recombines with a hole in the valence band giving rise to the P1 emission [28]. The 

spectral content of the blue-green band is determined by the relative weight of the two 

overlapping emission peaks. 

 As shown in Figure 5.3b, when below band-gap excitation (λex = 375 nm) was used, 

the defect-related emission is suppressed in the presence of Au NPs. Herein, we propose 

FRET from donor ZnO NP to Au acceptor, which is responsible for the observed 

suppression of emission bands. The spectral overlap of the ZnO emission spectrum with 

that of the Au absorption spectrum is shown in Figure 5.4a. The faster excited-state 

lifetime of the ZnO−Au NC with respect to that of the free ZnO NP is clearly noticeable 

from Figure 5.4b. Details of the spectroscopic parameters and the fitting parameters of the 

fluorescence decays are tabulated in Table 5.1. In order to estimate FRET efficiency of the 

donor (ZnO) and hence to determine distances of donor−acceptor pairs, we followed the 

methodology described in chapter 13 of reference [29]. In this case the spectral overlap 

integral, J (equation 2.9) is found to be 2.82×10
16

. From the average lifetime calculation 

for the ZnO−Au NC, we obtain the effective distance between the donor and the acceptor, 

rDA ≈ 2.55 nm, using equation 2.11 and 2.12b. It is to be noted that the smaller value of rDA 

compared to the radius of the ZnO NPs (~3 nm; Figure 5.1a) can be rationalized from the 

fact that the origin of the PL peaking at 550 nm arises essentially from surface defects in 

the ZnO NPs [30]. Moreover, comparing the PL spectra of bare ZnO NPs and ZnO−Au 

NCs upon excitation above the band-edge, it was observed that the emission due to 
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Figure 5.4. a) SP band of Au NPs and emission spectra of ZnO NPs are shown. An overlapping 

zone between emission of ZnO NPs and absorption of acceptor Au is indicated as a gray shaded 

zone. b) The picosecond-resolved fluorescence transients of ZnO NPs, in the absence (blue) and 

presence of acceptor Au (red) (excitation at 375 nm) collected at 550 nm. 

 

excitonic recombination is suppressed, while the defect-related emission is red-shifted in 

the presence of Au NPs. In this respect, we have shown that the energy is transferred from 

the Vo
+
 center to Au NPs, which leads to a reduction in the PL intensity at 520 nm. The 

energy transfer efficiency (E) is found to be ~19% (Figure 5.2d), which is much lower 

value compared to that of below band-gap excitation (E = ~85%). In retrospect, excited 

electrons are preferentially trapped by VO
++

 center, which is originated by VO
+
 center by 

capturing a hole. The formation of VO
++

 centers is more favourable upon band-edge 

excitation since the photogenerated holes have enough time to migrate during 

thermalization of highly excited electrons. This leads to more facile recombination of 

excited electrons via VO
++

 centers, and this recombination pathway is supported by the 

appreciable red-shift observed in ZnO−Au NCs upon above band-edge excitation. 
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However, the decrease in band-edge emission intensity in the presence of Au NPs is well 

understood, whereby, Au acts as a sink that can store and shuttle photogenearted electrons 

[16, 31]. As per our understanding, the optical activity of surface defect states in the 

overall emission of the semiconductor solely depends on the excitation wavelength. 

Table 5.1. Dynamics of picosecond-resolved luminescence transients of ZnO NPs in 

the presence and absence of Au NPs
a 

and the kinetics parameters
b
 for the 

photoselective degradation of MB in the presence of ZnO and ZnO−Au nanocolloids. 

DYNAMICS STUDY 

Samples τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns) 

ZnO NP (bare) 47.58 (41%) 3.78 (23%) 0.280 (36%) 20.48 

ZnO−Au NC 33.34 (8%) 2.60 (10%) 0.051 (82%) 2.97 

KINETICS STUDY [y=A exp(−kt) + y0] 

Samples and Filters k (sec
−1

) A (%) R
2
 

ZnO (420 HP) 1.055×10
−3

 2.66 0.96 

ZnO−Au (420 HP) 1.388×10
−3

 2.78 0.93 

ZnO (460 LP) 2.203×10
−3

 11.68 0.97 

ZnO−Au (460 LP) 2.528×10
−3

 29.31 0.99 

ZnO (320 HP−460 LP) 2.340×10
−3

 23.55 0.99 

ZnO−Au (320 HP−460 LP) 2.287×10
−3

 19.65 0.99 

a
The emissions from ZnO NPs and ZnO−Au NCs (probing at 550 nm) were detected with a 375 nm 

laser excitation. Numbers in the parentheses indicate relative weightage. 
b
kinetic constants (k), 

regression coefficients (R
2
) and the percentages of photoselective degradation (A). Parentheses 

indicate the optical filters used in the study. 

 

 It was reported by several researchers that in the presence of metal NPs in close 

proximity to semiconductor NPs, enhanced photocatalytic degradation of test solutions was 

observed. Thus we compared the role of a Au layer in promoting photogenerated charges 

in ZnO−Au and ZnO colloids by carrying out photoreduction of a test contaminant; MB is 

known to be an excellent probe for the study of interfacial electron transfer in colloidal 

semiconductor systems [32]. In general, the higher the charge migration from the surface 
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of the ZnO semiconductor, the faster will be the degradation of the surface-attached MB. 

We have used a fiber-optic based system for the measurement of light-induced chemical 

processes with spectroscopic precision. To demonstrate the sensitivity and usefulness of 

our designed system, we previously conducted a detailed study of the photodeteriotion of 

vitamin B2 (riboflavin) in aqueous phase [33]. In order to obtain different excitations we 

have used three different types of filters placed on a home-made UV bath (60 W; normally 

used for water purification). The optical filters, namely 420 high-pass (HP), 460 low-pass  

 

 

Figure 5.5. a) The transmittance spectra of 320 HP (green), 420 HP (red) and 460 LP (violet) 

optical filters are shown. b) Plot of relative concentration (Ct/C0) versus time for the degradation 

of MB (monitored at 655 nm) is shown. The degradation is performed in the presence of colloidal 

solutions of ZnO NPs and ZnO−Au NCs under different excitation conditions (parentheses indicate 

the optical filters used for the desired excitation). 
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(LP) and 320 HP, were chosen in order to achieve controlled and preferential excitation. 

The characteristics of the optical filters are shown in Figure 5.5a, which clearly depicts that 

420 HP (passes light above 420 nm) is only used for the SP excitation of Au NPs, 460 LP 

(passes light below 460 nm) is used for the above band-edge excitation of ZnO, and the 

combined use of 320 HP and 460 LP (passes light above 320 nm and below 460 nm) leads 

to preferential excitation of below band-gap excitation of ZnO. In Figure 5.5b, the relative 

concentration (Ct/C0) of MB in solution is plotted with respect to UV-irradiation time, the 

results of which indicate the photodegradation of MB upon continued UV-irradiation. It is 

to be noted that there was no obvious change in the concentration of MB stored in the dark 

for several hours (data are not shown here). Under selective UV radiation we have 

recorded the absorption peak of MB (at 655 nm) at 5 sec intervals, using SPECTRA 

SUITE software supplied by Ocean Optics, and plotted it against the time of 

photoirradiation. All the photodegradation curves were found to follow a first-order 

exponential equation, and the kinetic parameters are represented in Table 5.1. The decrease 

in the absorbance at 655 nm implies the generation of the colourless photoproduct leuco 

methylene blue (LMB). Note that in the present study we are interested in exploring the 

long-time photodegradation of MB (for several min). To compare the photodegradation of 

MB in the presence of ZnO NPs and ZnO−Au NCs with a 420 HP filter, it is clearly shown 

that no considerable change in absorbance peak at 655 nm takes place upon Au SP 

excitation. The photodegradation rates are found to be 1.055×10
−3

 sec
−1

 and 1.388×10
−3

  

sec
−1

, and the percentages of total photodegradation (i.e., the value of A in the first-order 

kinetic equation shown in Table 5.1) are 2.66 and 2.78 for ZnO and ZnO−Au NCs, 

respectively. It reveals that electron transfer from Au NPs to MB is not allowed upon 

direct excitation of Au. Upon, replacing the 420 HP filter with a 460 LP filter, we observed 

an increase in the photodegradation rates in the presence of Au NPs (kZnO=2.203×10
−3

 

sec
−1

, kZnO−Au= 2.258×10
−3

 sec
−1

), and the percentage of photodegradation also improved 

from AZnO= 11.68 to AZnO−Au= 29.31. This is attributed to improved charge separation in 

the presence of Au NPs, which also can store and shuttle excited electrons, thereby 

suppressing recombination. Such Au NP-stabilized ZnO NPs behave as more efficient 

electron accumulators (at the conduction band) than the bare oxide [34]. In retrospect, the 

photodegradation rate of MB was observed to decrease (kZnO= 2.340×10
−3

 sec
−1

, kZnO−Au= 
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2.287×10
−3

 sec
−1

), and the percentage of total photodegradation was found to be much 

lower (AZnO= 23.55, AZnO−Au= 19.65) in the presence of Au NPs when we used combined 

optical filters of 320 HP and 460 LP. This happens because excited electrons of ZnO can 

easily occupy the defect centers and resonantly transfer their energy to Au NPs via 

nonradiative processes (FRET, as previously discussed). As a consequence, in presence of 

Au, excited electrons are unable to migrate from the ZnO surface to perform the reduction 

of MB. Thus, it is important to note that the differences in rate constants are not 

significant, whereas considerable differences in the magnitude of total photodegradation 

are observed during above band-edge and below band-gap excitation of ZnO and ZnO−Au 

NCs. This is due to the fact that the total number of active electrons available for carrying 

out MB degradation is different for ZnO and ZnO−Au NCs for any particular excitation. 

Our study clearly demonstrates that the role of incorporated metal on semiconductor for 

facilitating redox reactions is solely dependent on the excitation of the semiconductor. 

 The efficient charge migration in metal−semiconductor NCs is expected to lead to 

improved DSSC performance of ZnO−Au NCs compared to bare ZnO [35]. Thus, we 

measured and directly compared the IPCE (using equation 2.31) of ZnO and ZnO−Au-

based DSSCs. Each of the two examined ZnO and ZnO−Au-based cells contained the 

same sensitizer dye N719 and I
−
/I3

−
 electrolyte, to allow for a fair comparison. The IPCE 

curves of the two cells are presented in Figure 5.6a, which shows a broad spectral response 

in the range 440 to 600 nm. Significant enhancement in photocurrent generation is seen 

upon deposition of Au NPs on the ZnO electrodes. The enhancement in the photocurrent 

generation efficiency is indicative of the fact that the Au NPs assist in the charge 

separation within the nanostructured ZnO film as well as improve the interfacial charge 

transfer processes. Figure 5.6b shows the photocurrent−voltage (J−V) characteristics for 

solar cells, constructed using the bare ZnO NPs and ZnO−Au NCs. The short-circuit 

current density (JSC) and the open-circuit voltage (VOC) of the ZnO−Au NC-based DSSC 

were 261.87 µA/cm
2
 and 0.605 V, respectively, which are much higher than that of the 

bare ZnO-based DSSC (JSC = 7.5 µA/cm
2
, VOC = 0.394 V). The calculated values of FF 

and the overall power conversion efficiency of the ZnO-based DSSC were 30% and 

0.012%, respectively, which are substantially improved in the presence of gold (FF = 53% 
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and η = 0.8%). Table 5.2 summarizes the measured and calculated values obtained from 

each J−V curve. 

 

 

Figure 5.6. a) Dependence of the incident photon conversion efficiency on the incident wavelength 

for ZnO NP (blue) and ZnO−Au NC (red) films cast on an FTO plate. b) Photocurrent-voltage 

(J−V) characteristics of ZnO−Au NC and ZnO NP (inset) based DSSC (with 10.5 klux illumination 

intensity at the area of 0.16 cm
2
 from a 90 W xenon lamp). 

 

Table 5.2. Device performance
c
 of the DSSCs with ZnO NP and ZnO−Au NC. 

Device with N719 VOC (V) JSC (µA/cm
2
) FF (%) η (%) 

ZnO NP 0.394 7.5 44 0.012 

ZnO−Au NC 0.605 261.87 53 0.8 

c
short-circuit photocurrent densities (JSC/cm

2
), open-circuit voltage (VOC), fill factor (FF), and 

efficiency (η) (see equations 2.28−2.29). 
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 The photoconductivity measurement [36-37] (as discussed in section 3.1.12) of the 

ZnO NP and ZnO−Au NC thin films were necessary in order to further understand the 

electron mobility (i.e. performance of the semiconductor) and charge transfer mechanism. 

Figure 5.7 shows the photocurrent response for the ZnO NP and ZnO−Au NC thin films, 

where an improved photocurrent was observed for the ZnO−Au NC thin film (~70 µA) 

under illuminated condition compared to the ZnO NP thin film (~1.5 µA). This shows that 

the photogenerated electrons in ZnO NPs (from visible-light absorption by the intermediate 

 

 

Figure 5.7. Photocurrent responses of ZnO NP and ZnO−Au NC thin films under bias voltage of 

5V. The photocurrent was measured across the thickness of the films with 25 mW/cm
2
 incident 

power from a halogen light source. 
 

Vo
+
 center) are transferred to Au NPs, as mentioned earlier contributing in enhanced 

photocurrent of the ZnO−Au NC thin films compared to the ZnO NP. In case of the model 

DSSC shown here, a similar mechanism is responsible for the enhanced photocurrent 

observed (Figure 5.6b) in the presence of Au NPs along with the ZnO NPs. Some of the 

injected electrons from the excited N719 dye to the CB of ZnO are captured by the 

intermediate defect sites of ZnO (VO
+
) resulting in poor photocurrent and fill factor of 

DSSC. However, in the presence of Au NPs in the ZnO thin film, we have observed higher 

photocurrent (JSC = 261.87 µA/cm
2
) and fill factor (FF = 53%) compared to the ZnO NP 

DSSC (JSC = 7.5 µA/cm
2
 and FF = 44%). Thus, it is noted that the ratios of improved 
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photocurrent response (70:1.5) and short-circuit current (261.9:7.5) for ZnO and ZnO−Au  

 

 

Scheme 5.1. Schematic representation of the metal−semiconductor system: The system consists of 

a semiconductor ZnO NP (gray big ball) containing appreciable amounts of defect states on which 

Au NP (red big ball) is fabricated. MB (small blue ball) is bound to the ZnO−Au NC by surface 

adsorption. The dynamics of charge separation and interparticle charge/energy migration of the 

entire structure is shown. Thereafter, photodegradation of MB under different excitation conditions 

is also shown by a graph, which reveals the mediating role of Au NP in photocatalysis. 

 

semiconductors are comparable. The improvement observed in the overall device 

performance is mainly due to increased conductivity by transferring the trapped electrons 

in Vo
+
 centers of ZnO to Au NPs, which then contribute to the photocurrent as well as the 

fill factor of the DSSC. It is worth noting that the efficiency obtained from the model 

DSSC with the use of NPs is lower than the maximum efficiency reported [38] with NRs, 

which were employed to provide higher surface area and better charge transport. The 

overall mechanistic explanations for the excitation-dependent recombination processes and 

the catalytic activity of Au NPs in the ZnO−Au NCs have been schematically shown in 

Scheme 5.1. 
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5.2.2. Highly Efficient ZnO−Au Schottky Barrier Dye-Sensitized Solar Cells: Role of 

Gold Nanoparticles on the Charge Transfer Process [35]: 

The surface morphology of hydrothermally grown ZnO NRs and in situ deposited Au NP 

coated ZnO NRs are shown in Figure 5.8, where the diameter of the ZnO NRs was found 

to vary from ~500 to 700 nm and length from ~8 to 9 m. The distribution of the Au NPs 

over the ZnO NR surface is found fairly uniform as can be observed from Figure 5.8c. The 

cross-sectional SEM image indicates (Figure 5.8d) that the Au NPs grow almost 

homogeneously over the complete length of the ZnO NRs. 

 

Figure 5.8. FESEM images showing the a) top view, b) cross-sectional view of the bare ZnO 

nanorod photoelectrode, and c) top view, d) cross-sectional view of the ZnO−Au NC 

photoelectrode. Inset in d) shows the magnified FESEM image of the Au NPs synthesized on the 

surface of the ZnO NRs using 0.01 mM HAuCl4.H2O aqueous solution. 
 

 The optical absorptions of the ZnO NR and ZnO−Au NC photoelectrode are shown 

in Figure 5.9a. Due to the SP absorption in the Au NPs, a higher optical absorption of the 

ZnO−Au NC photoelectrode near 520 nm was observed. The optical absorption of the 
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ZnO−Au photoelectrode was compared with the absorption of Au NP colloid (particle size 

~20 nm), which indicates that the Au NPs in both the systems were of comparable sizes, 

that was further verified from TEM image. A typical HRTEM image of one single Au NP 

on ZnO NR surface is shown in Figure 5.9b. 

 

Figure 5.9. a) Optical absorption of ZnO NR, ZnO−Au NC photoelectrode and Au NP colloid 

(particle size ~20 nm) and b) TEM image of Au NPs in situ deposited on the surface of a ZnO NR. 

Inset in b) shows the magnified image of a single Au NP on the ZnO NR surface with nanoparticle 

diameter ~20 nm. 

 

 The solar cells with ZnO NRs and ZnO−Au NC photoelectrodes in absence of dye 

N719 were initially prepared to study the photovoltaic behavior of the ZnO−Au 

nanocomposite system. The J−V characteristics of these solar cells are shown in Table 5.3. 

Upon illumination with light intensity of 100 mW/cm
2
 (AM 1.5 G), the bare ZnO NR solar 

cell exhibited short-circuit current density (JSC) of 18.80 A/cm
2
 and open-circuit voltage 
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(VOC) of 0.27 V. On the other hand, the ZnO−Au NC solar cell, under illumination, 

demonstrated higher JSC (82.46 A/cm
2
) as well as VOC (0.39 V) compared to the bare ZnO 

NR solar cell, which is mainly attributed to the higher optical absorption of the ZnO−Au 

photoelectrode due to the SP absorption in Au NPs. In case of the ZnO−Au solar cells  

 

Table 5.3. J−V characteristics of bare ZnO NR and ZnO−Au NC solar cells in the 

absence of dye N719, measured at 1 sun illumination (100 mW/cm
2
).

d
 

Parameters Bare ZnO DSSC ZnO−Au DSSC 

VOC (V) 0.27 0.39 

JSC (µA/cm
2
) 18.80 82.46 

FF (%) 30.94 

0.002 

52.05 

η (%) 0.017 

d
The active area of all the solar cells was maintained at 0.25 cm

2
 during these experiments. 

 

without any sensitizer dye molecules, the photoexcited electrons in the Au NPs are 

transferred to the conduction band (CB) of ZnO, which then diffuse through the ZnO NRs 

towards the conducting FTO substrate resulting in higher photocurrent and photovoltage, 

as observed. The injection of the excited electrons from Au NPs to the CB of ZnO is 

believed to be facilitated by the existence of the Schottky barrier at the ZnO−Au interface, 

which provides a unidirectional pathway for the electrons from Au to the CB of ZnO. 

Upon injection, the regeneration of the Au NPs occurs by capturing electrons from the 

redox electrolyte (I
−
/I3

−
) present in the cell. 

 The solar cell performance in presence of dye was then studied by fabricating three 

sets of ZnO NR and ZnO−Au NC solar cells each with dye N719 and their J−V 

characteristics were measured under 1 sun, AM 1.5 illuminations, as shown in Table 5.4. 

In Figure 5.10a, the best J−V characteristics obtained for both bare ZnO NR and ZnO−Au 

NC DSSCs are shown. It was found that the photocurrent of the ZnO NR DSSC improved 

upon the incorporation of Au NPs in the ZnO NR photoelectrode. For the ZnO−Au NC 

DSSC, ~35% improvement in JSC (14.89 mA/cm
2
) was obtained compared to the bare ZnO 

NR DSSC (11.01 mA/cm
2
) and the overall power conversion efficiency improved from 

5.34% to 6.49%. In Figure 5.10b, the photocurrent response of bare ZnO NR and ZnO−Au 
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NC DSSC measured at different incident wavelengths are shown. Due to the SP absorption 

of Au NPs, an improved photocurrent response was observed above 500 nm illumination 

in case of the ZnO−Au NC DSSC compared to the bare ZnO NR DSSC. The improved 

device performance observed in case of the ZnO−Au NC DSSC can also be attributed to 

the presence of the Schottky barrier at the ZnO−Au interface, which would block the back 

electron transfer from the CB of ZnO to the I
−
/I3

−
 redox electrolyte. In ZnO−Au NC 

system, due to the higher work function of Au (5.1 eV) [11] compared to ZnO (4.2 eV) 

[39], 

 

 

Figure 5.10. a) J−V characteristics of the bare ZnO NR and ZnO−Au NC DSSC, measured at 1 

sun (AM 1.5 G) illumination and b) short-circuit photocurrent density of the bare ZnO nanorod 

and ZnO−Au NC DSSCs measured at different incident wavelengths. The active area of all the 

DSSCs was maintained at 0.1 cm
2
. 
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Table 5.4. J−V characteristics of the bare ZnO NRs and ZnO−Au NC DSSCs, 

measured at 1 sun illumination (100 mW/cm
2
).

e
 

Parameters ZnO DSSC ZnO−Au DSSC 

 Cell I Cell II Cell III Cell I Cell II Cell III 

VOC (V) 0.67 0.67 0.67 0.67 0.65 0.66 

JSC (mA/cm
2
) 10.98 11.01 10.84 14.89 14.28 14.45 

FF (%) 71.55 72.40 70.31 65.06 63.00 65.78 

η (%) 5.27 5.34 5.11 6.49 5.85 6.28 

e
The active area of all the DSSCs was maintained at 0.1 cm

2
 during these experiments. 

 

a Schottky barrier forms at the ZnO−Au interface. Upon light irradiation, the electrons 

from excited dye molecules are injected to the Au NPs embedded on the surface of ZnO 

NRs resulting in an electron accumulation in the Au NP. As a result, the Fermi energy 

level of the Au NPs is pushed closer to the CB of the ZnO and transfer of electrons from 

Au NPs to the CB of ZnO could occur to establish charge equilibrium in the system. Some 

of the electrons from dye can also directly injected to the CB of the ZnO. The formation of 

the Schottky barrier at the ZnO−Au NC system and the possible electron transfer path in 

ZnO−Au DSSC is schematically represented in Scheme 5.2. The charge transfer  

 

 

Scheme 5.2. a) Energy band positions and formation of the Schottky barrier in the ZnO−Au NC 

system and b) possible electron transfer path in the ZnO−Au NC DSSC, where the dashed line (in 

Au) represents the position of the Fermi level of Au before electron injection from dye N719. Eo 

represents the vacuum energy level. 
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mechanism in the ZnO−Au NC system was followed by comparing the dynamics of 

electron transfer from dye molecules to the bare ZnO and ZnO−Au NC system through 

time-correlated single photon count (TCSPC) spectroscopic technique. For these 

experiments, dye N719 was replaced by a fluorescent dye, namely Coumarin 343 (C343). 

Similar to dye N719, the carboxylic group of C343 binds directly to the Zn atoms on the 

surface of the ZnO NRs [40] and has been used in DSSC applications [41-42]. The steady-

state photoluminescence (PL) of the C343 dye peaking at ~480 nm is shown in 

 

 

Figure 5.11. a) PL spectra and b) PL transients of C343 dye observed at 480 nm in the presence 

and absence of bare ZnO NR and ZnO−Au NCs. All the samples were excited at 409 nm laser 

wavelength. 
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Figure 5.11a, where the quenching of the PL intensity of C343 dye can be clearly observed 

in the presence of both ZnO NRs and ZnO−Au NCs. The PL transient measured at 480 nm 

(excitation at 409 nm) in the presence and absence of ZnO NRs and ZnO−Au NC systems 

are shown in Figure 5.11b. From the fluorescence decay study, we have observed a very 

sharp decay in the fluorescence intensity of the C343 dye in the presence of ZnO NR or 

ZnO−Au NC system. These sharp decays, observed here, indicate efficient electron 

transfer from the sensitizer to the semiconductor system. The various decay time constants 

obtained after deconvolution of the fluorescence decay curves are given in Table 5.5. 

 

Table 5.5. Dynamics of picosecond-resolved luminescence transients of C343 dye in 

the presence and absence of bare ZnO NR and ZnO−Au NC.
f
 

Samples 1 (ns) 2 (ns) 3 (ns) avg (ns) 

C343 (bare) 3.9 (26%) 1.49 (48%) 0.191 (26%) 1.77 

C343 + ZnO 

C343 + ZnO−Au 

2.5 (2%) 0.56 (4%) 0.015 (94%) 0.09 

3.3 (3%) 0.69 (3%) 0.016 (94%) 0.13 

f
The emissions from C343 dye (probing at 480 nm) were detected with a 409 nm laser excitation. 

Numbers in the parentheses indicate relative weightage. 

 

 The fraction of electrons following the fastest decay path (3 in Table 5.5) increased 

sharply from 26% to 94% in the presence of both ZnO NR and ZnO−Au NC systems, 

confirming the presumption that efficient electron transfer from the sensitizer dye 

molecules to the semiconductor system takes place. We have observed similar fluorescence 

decay time constants (3) in both ZnO NR and ZnO−Au NC systems, indicating that the 

dynamics of charge transfer process from the surface adsorbed sensitizer to the CB of the 

semiconductor is same in both the systems. 

 The performance of the ZnO−Au NC DSSC was further studied for solar cells with 

larger active areas. The J−V characteristics for bare ZnO NR and ZnO−Au NC DSSC with 

active areas of 0.25 cm
2
 and 1 cm

2
 are shown in Table 5.6. For active area of 0.25 cm

2
, the 

JSC of the ZnO−Au DSSC was observed to increase from 7.98 mA/cm
2
 to 8.61 mA/cm

2
 as 

compared to the bare ZnO NR DSSC. The VOC and fill factor (FF) was also increased from 

0.63 V to 0.66 V and from 47.92% to 57.53% respectively, indicating lower charge 
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recombination at the photoelectrode due to the existence of the Schottky barrier in the 

ZnO−Au NC DSSC compared to the bare ZnO NR DSSC. As a result, the overall power 

conversion efficiency improved from 2.41% to 3.27%. 

 

Table 5.6. J−V characteristics of bare ZnO NR and ZnO−Au NC DSSCs with 

different active areas measured at 1 sun illumination (100 mW/cm
2
). 

Active 

area 

(cm
2
) 

ZnO NR DSSC ZnO−Au NC DSSC 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF (%) 
η 

(%) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

0.25 

1.00 

0.63 

0.54 

7.98 

2.25 

47.92 

41.16 

2.41 

0.50 

0.66 

0.67 

8.61 

3.80 

57.53 

45.52 

3.27 

1.16 

 

Similar results were observed in case of 1 cm
2
 active area ZnO NR and ZnO−Au NC 

DSSC. The overall power conversion efficiency (PCE) improved from 0.5% to 1.16% in 

case of the ZnO−Au DSSC (JSC = 3.80 mA/cm
2
, VOC = 0.67 V and FF = 45.52%) 

compared to the bare ZnO NR DSSC (Jsc = 2.25 mA/cm
2
, VOC = 0.54 V and FF = 41.16%). 

The lower PCE observed in case of large area DSSCs compared to the small area DSSCs is 

mainly attributed to the increase in the sheet resistance of the conducting FTO substrates 

resulting overall increase in the series resistance (Rs) of the large area DSSCs, which plays 

an important role in the solar cell performance [43-44]. Table 5.7 shows the series 

resistance (Rs) value of the ZnO−Au NC DSSC for different active area of the solar cells 

calculated by using one diode equivalent circuit model for DSSC as described by 

Murayama et al. [45]. It can be observed that with increasing active area of the DSSCs 

from 0.1 cm
2
 to 1 cm

2
, Rs considerably increases from 5.13  to 27.08 , affecting the 

performance of the solar cells significantly. 

 The dependency of the device performance on the amount of Au NPs in the 

photoelectrode was further studied by varying the dipping time of the ZnO NR 

photoelectrodes in 0.01 mM HAuCl4.H2O solution from 30 min to 2 h. The J−V 

characteristics of these ZnO−Au NC DSSCs with active area of 1 cm
2
 were shown in Table 

5.8. Initially the overall performance of the ZnO−Au DSSC with increasing amount of Au 

NPs in the photoelectrode by increasing the dipping time from 30 min to 1 h was observed 
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Table 5.7. Series resistance (Rs) of ZnO−Au NC DSSC measured for different active 

areas of the solar cells using one diode equivalent circuit model for DSSC. 

Active area 

(cm
2
) 

Rs () 

0.10 5.13 

0.25 

1.00 

10.10 

27.08 

 

to increase. But for higher amount of incorporated Au NPs in the ZnO NR photoelectrode 

by increasing the dipping time more than 1 h demonstrated a continuous drop in all the 

J−V parameters. The Jsc was observed to decrease from 3.80 mA/cm
2
 to 2.40 mA/cm

2
,  

 

Table 5.8. J−V characteristics of ZnO−Au NC DSSCs with increasing amount of Au 

NPs in the photoelectrode as a function of the dipping time of ZnO NR 

photoelectrodes in the HAuCl4.H2O aq. solution (0.01 mM).
g
 

Dipping time (h) VOC (V) JSC (mA/cm
2
) FF (%) η (%) 

0.50 0.64 3.10 41.58 0.83 

1.00 0.67 3.80 45.52 1.16 

1.50 

2.00 

0.65 2.90 34.33 0.65 

0.62 2.40 31.31 0.47 

g
The J−V characteristics were measured at 1 sun illumination (100mW/cm

2
) and active area of all 

the DSSCs was maintained at 1 cm
2
 during these experiments. 

whereas, VOC and FF also dropped from 0.67 to 0.62 V and 45.52% to 31.31%, 

respectively, when the dipping time was increased from 1 to 2 h, which results a 

retardation in power conversion efficiency from 1.16% to 0.47%. 

 The reduction in the DSSC performances observed with higher amount of Au NPs 

in the photoelectrode is believed to arise due to the agglomeration of the Au NPs on the 

ZnO NR surface. With smaller size of Au NPs, the energy levels in Au are discrete and a 

greater shift in the Fermi levels is expected for a small electron accumulation in the Au 

NPs [10, 46]. Since Au NPs form agglomerate to make larger particles, more electron 

accumulation is required to achieve the upward shift of the Fermi level. As a result, most 

of the accumulated electrons from the larger Au NPs recombine with the oxidized dye 
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N719 molecules or with the I
−
/I3

−
 redox electrolyte before they are transferred to the CB of 

ZnO and thus results in poor photocurrent as well as FF, as observed. 

5.3. Conclusion: 

In conclusion, the present study provides a mechanistic explanation for the excitation-

dependent recombination processes and the catalytic activity of Au NPs in the ZnO–Au 

NCs, as schematically shown in Scheme 5.1. A better understanding of the charge transfer 

processes at the semiconductor/metal interface is crucial for optimizing the performance of 

such catalysts. Our results demonstrate that the excited ZnO NPs resonantly transfer visible 

optical radiation to the Au NPs upon below band-gap excitation of the semiconductor. A 

singly charged vacancy center of the ZnO semiconductor is demonstrated to be responsible 

for the visible optical radiation transfer from ZnO NPs to Au NPs, whereas, a combination 

of the energy transfer between surface defects and SP of Au NPs, as well as thermalization 

of photogenerated electron–hole pairs and their recombination in the ZnO NPs is believed 

to take place simultaneously upon above band-edge excitation. We observe that the 

prepared ZnO–Au NCs are stable and efficient enough for the environmental purification 

of organic pollutants. As a low-cost photovoltaic cell, the incident photon-to-current 

conversion efficiency and short-circuit current are significantly improved in the presence 

of Au NPs which is attributed to the better electron mobility of the ZnO–Au 

semiconductor. This approach may give rise to a new class of multifunctional materials 

with possible applications in energy conversion devices and biofunctionalized materials. 

 In addition, DSSCs with ZnO NRs in proximity to Au NPs were successfully 

fabricated as the photoelectrode and their performances were compared with the bare ZnO 

NR DSSCs and discussed. Incorporation of Au NPs into the ZnO NR photoelectrode led to 

higher optical absorption by the photoelectrode and high dye intake, resulting in an ~35% 

enhancement in the photocurrent in the case of the ZnO−Au NC DSSC with JSC equal to 

14.89 mA/cm
2
 compared to the bare ZnO NR DSSC with JSC equal to 11.01 mA/cm

2
. As a 

result, the overall power-conversion efficiency was increased from 5.34% to 6.49% for the 

small-area (0.1 cm
2
) ZnO−Au NC DSSC. The time-resolved fluorescence studies were 

conducted by using Coumarin 343 dye, to demonstrate an ultrafast carrier migration from 

sensitizing dyes to the semiconductors. In the case of the large area ZnO−Au DSSCs, 



 110 

efficiency dropped to 3.27% and 1.16% for active areas equal to 0.25 cm
2
 and 1 cm

2
, 

respectively, which was mainly attributed to the increased sheet resistance of the FTO 

substrates. For higher amounts of Au NPs incorporated into the ZnO NR photoelectrode, 

an ~60% reduction in the overall PCE of the ZnO−Au DSSC was observed, suggesting that 

the amount of Au NPs in the ZnO NR photoelectrode is crucial for optimizing the 

performance of the ZnO−Au NC DSSC. 
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Chapter 6 

Metal Oxide Semiconductors in the Simultaneous 

Proximity of Organic Dyes and Quantum Dots 

 

6.1. Introduction: 

Dye-sensitized solar cells (DSSCs) are based on solar light harvesting through the 

sensitizing dye (SD) attached to a wide band-gap semiconductor, first introduced by 

Grätzel et al. [1] The SD is an essential constituent in nanocrystalline DSSCs that has a 

potential for future photovoltaic applications owing to the lower fabrication costs of solar 

cells with acceptable conversion efficiencies [1-2]. The most successful and widely used 

dye employed in DSSCs are ruthenium complexes [3-5], (Ru(dcbpy)2(NCS)2), N3 (dcbpy = 

4,4-dicarboxy-2,2ʹ-ipyridine), and bis(tetrabutylammonium) salt N719, which have fairly 

broad optical absorption spectra (∆λ ≈ 350 nm) but low molar extinction coefficients 

(5,000−20,000 M
−1

 cm
−1

). Alternative organic dyes have recently been developed with 

substantially higher molar extinction coefficients (50,000−200,000 M
−1

 cm
−1

) but show 

narrow spectral bandwidths (∆λ ≈ 250 nm) [6-8]. Dye cocktails lead to a broader 

absorption spectra [9], but due to the absence of dyes that absorb efficiently in the red part 

of the spectrum, generally a lower efficiency is achieved. As dyes with strong absorptivity 

do not typically exhibit broad absorption overlapping the solar spectra, this is one of the 

major pitfalls of using dyes as photosensitizers in solar cells. 

 Many efforts have been made to introduce stronger light absorber and to widen the 

spectral response of the photosensitizers. In recent times, the use of quantum dots (QDs) as 

light harvesters has stimulated a lot of interest due to its higher extinction coefficient 

compared to conventional dyes [10] for efficient light energy conversion [11-14]. Because 

of the size quantization property, the optical and electronic properties of the semiconductor 

QDs can be engineered to further tune the response of QD solar cells (QDSCs) [15-17]. In 

addition, QDs open up new possibilities for the utilization of hot electrons [18] or multiple 

charge carrier generation with a single photon [19]. Multiple carrier generation in PbSe 
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nanocrystals has shown that two or more excitons can be generated with a single photon of 

energy greater than the band-gap [20]. The performance of a QDSC is currently limited by 

a number of factors, including a limited choice of electrolytes with which QDs are 

chemically compatible, insufficient passivation of recombination channels (usually 

attributed to surface traps), and limited QD loading capacities [21]. Recent studies have 

shown that it is possible to stabilize CdS QD-based DSSCs by coating the QD-sensitized 

nanoporous electrodes with a thin amorphous TiO2 layer which enables the use of various 

QD sensitizers in the presence of iodine-based electrolytes [22]. Utilizing two sensitizing 

layers of SD N719 and CdS QDs separated by an amorphous titanium dioxide (TiO2) layer, 

a significant increase in cell efficiency compared to a QD monolayer cell has been reported 

[23]. In a more recent study, Grätzel et al. have used cobalt complex (Co
2+

/Co
3+

) as an 

electrolyte in the cells which permits direct contact between the QDs and the electrolyte. 

Choi et al. have recently demonstrated the coupling of semiconductor nanocrystal and a 

red-NIR organic dye with complementary spectral absorption in the visible region [24]. 

 Utilization of two sensitizers (one acting as energy donor while the other as an 

acceptor) can be very useful in order to achieve both broadening of optical absorption 

region in DSSCs as well as increasing the absolute loading of absorbing media on the 

semiconductor. This novel approach is based on Förster resonance energy transfer (FRET) 

which has recently experienced a significant interest of several groups [25-30] including 

ours [31-32]. The use of FRET between covalently linked energy donor molecules to the 

SD which are attached to the semiconductor (titania) surface has been demonstrated in the 

literature [33], where higher excitation transfer efficiency (> 89%) between attached dye 

molecules and a subsequent improvement in the device external quantum efficiency of 

5−10% between 400 and 500 nm spectral range has been reported. The overall 

enhancement of power conversion efficiency of the DSSC was still low (< 9%) that was 

argued to arise due to an increase in the open-circuit voltage rather than an increase in the 

short-circuit photocurrent density. Recently, it has been demonstrated that unattached, 

highly luminescent chromophores inside liquid electrolyte can absorb high energy photons 

and efficiently transfer the energy to the anchored near-infrared SD leading to an increase 

in optical absorption efficiency [34]. In another work, enhancement in photovoltaic device 

performance has been reported using long-range resonant energy transfer from a dissolved 
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luminescent dopant confined in the interwire spaces of a nanowire array electrode to an 

acceptor species confined to the surface of the nanowires [28]. 

 In this contribution, we demonstrate that size tunable CdTe QDs capped with 3-

mercaptopropionic acid (MPA), assembled in a N719-sensitized solar cell, can absorb 

visible-light in the „gaps‟ where SD N719 has lower absorption and/or does not absorb any 

light. In this design, QDs serve as a cosensitizer which can directly transfer electrons to 

ZnO nanorods (NRs). Moreover, the QDs which are not in a direct attachment to the ZnO 

NR surfaces, harvest the absorbed energy to nearby dye molecules via FRET, rather than 

contributing directly as sensitizers. By using steady-state and picosecond-resolved 

fluorescence spectroscopy, we have demonstrated that photoluminescence (PL) from QDs 

can be useful to excite the SD molecule for an enhanced light absorption. The consequence 

of QD-mediated electron and light-harvesting processes on the overall performance of a 

model QD-assembled DSSC has also been demonstrated. 

6.2. Results and Discussion: 

6.2.1. “Dual-Sensitization” via Electron and Energy Harvesting in CdTe Quantum 

Dots Decorated ZnO Nanorod-based Dye-Sensitized Solar Cells [35]: 

The morphological characterization by SEM (Figure 6.1a) indicates the formation of arrays 

of ZnO NRs with a preferential growth direction along the polar facets in the [0002] 

direction of the ZnO hexagonal wurtzite crystal. The NRs growing perpendicular to the 

substrate are nearly uniform in length (~3 m) and possess a characteristic hexagonal 

cross-section with diameter in the range of ~180 nm. Inset shows the magnified top-view 

of a typical single NR decorated with CdTe QDs. Figures 6.1b−c show the TEM images of 

two distinctly different sizes of CdTe QDs (QD1 and QD2), which are found to be ~4±0.2 

and ~5±0.4 nm in diameter. As shown in the insets of Figures 6.1b−c, HRTEM image 

reveals the fringes of CdTe with a lattice spacing of 0.33 nm and 0.25 nm corresponding to 

(111) and (220) planes of cubic CdTe crystal, which are in good agreement with previous 

reports [36]. Both the absorption and PL spectra of CdTe QDs exhibit “quantum size-

effect”, as shown in Figure 6.2. The tunable absorption bands of CdTe QDs can be  
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Figure 6.1. a) Top-view SEM image of vertically aligned ZnO NRs decorated on an FTO plate; the 

inset shows a closer view of hexagonal shaped ZnO NR on which CdTe QDs are attached. TEM 

images of b) QD1 and c) QD2 (two representative QDs) are shown; the insets show their 

corresponding HRTEM image. 
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Figure 6.2. a) Normalized absorption spectra of the sensitizing dye N719 and 3-MPA-capped CdTe 
QDs with average diameters of 4 nm (QD1), 5 nm (QD2), 7 nm (QD3), and 9 nm (QD4). b) 

Significant overlap between absorption spectra of N719 and photoluminescence (PL) spectra of 

four different-sized CdTe QDs is shown. 

 

so adjusted that they preferentially cover the „gaps‟ of sensitizer N719 absorption, i.e. 

where sensitizer has none or very low extinction coefficient (Figure 6.2a). As can be 

observed in Figure 6.2b, there are significant overlaps between the optical absorption of 

sensitizer N719 and the emission bands of CdTe QDs, which is one of the foremost criteria 

for FRET dynamics. As shown in Figure 6.3, upon 375 nm excitation, strong emissions of 

CdTe QDs (deposited on a quartz plate) were suppressed in the presence of sensitizer 

N719. Herein, we propose FRET from donor CdTe QDs to N719 acceptor [37], which is 

responsible for the observed suppression of the emission bands. The donor thus decays to 

the ground state while the acceptor is still excited. It results in the excitation of the 

acceptor from an indirect process, i.e., the acceptor effectively captures photons that are 

not directly absorbed by it. The faster excited-state lifetime of the CdTe−N719 composite 

with respect to that of the free QDs is clearly noticeable in Figure 6.4. Details of the 
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spectroscopic parameters and the fitting parameters of the fluorescence decays are  

 

 

Figure 6.3. Steady-state emission quenching of different-sized CdTe QDs (a, QD1; b, QD2; 

c, QD3; d, QD4) in the presence of sensitizing dye N719 and ZnO NRs. Excitation was at 375 nm. 

 

tabulated in Table 6.1. The quantum yields (QD) of the donors in the absence of acceptor 

are measured with respect to a reference dye Rhodamine 123 (QD = 0.9) and presented in 

Table 6.2. From the average lifetime calculation for the CdTe−N719 adduct, we obtain the 

effective distance (using equation 2.11 and 2.12b) between the donor and the acceptor, rDA 

to be 3.72±0.03, 4.14±0.06, 4.38±0.08 and 4.22±0.04 nm for QD1 to QD4, respectively. It 

is to be noted that the insignificant variations in donor−acceptor distances compared to the 

radii of the QDs (measured from TEM image) can be rationalized from the fact that the 

origin of the PL arises essentially from surface states in the CdTe QDs [17]. Both the 

degree of overlap and distance between donor and acceptor have been accounted 

simultaneously for FRET efficiency estimation. The energy transfer efficiency from QD to 

N719 is observed to decrease with a subsequent decrease in overlap integral, which is 

consistent with previous studies [38-39]. The calculated FRET parameters are also 

presented in Table 6.2. 

 Although FRET is an interesting phenomenon that requires neither physical contact 

nor charge exchange, however, direct attachment of the CdTe QDs with the ZnO NRs 
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leads to photoinduced electron transfer (PET) from QDs to the conduction band of ZnO. 

Similar PET studies have been reported in the literature, which is a fundamental 

 

 

Figure 6.4. The picosecond-resolved fluorescence transients of four different-sized CdTe QDs (a, 
QD1; b, QD2; c, QD3; d, QD4) in the absence and presence of sensitizing dye N719 (pink) and 

ZnO NRs (gray). The excitation wavelength was at 375 nm. 

 

process of QDSSC that ultimately pilots a direct sensitization of the solar cell 

performance.[17, 40-41] The rate of charge recombination, energy transfer and charge 

injection processes (see equations 6.1−6.3) dictate the emission decay of CdTe QDs: 

 νhCdTeh)CdTe(ehνCdTe    (recombination)  (6.1) 

 dye*νhdye      (energy harvesting)   (6.2) 

 ZnO(e)CdTe(h)ZnOh)CdTe(e    (electron harvesting)  (6.3) 

Figure 6.4 shows the emission decay of CdTe QDs anchored to ZnO NR films on a quartz 

plate, recorded with 375 nm diode laser excitation. As observed in the previous studies, 

both heterogeneity of samples and varying degree of surface defects introduce 

multiexponential decay behavior to the charge recombination process [16-17]. A 

significant decrease in QD lifetime, however, was observed in the presence of ZnO NRs. 

In particular, the fast component, which contributes nearly 61% of the decay, shows a 

major decrease in lifetime from 0.93±0.03 to 0.21±0.02 ns in the smallest QD−ZnO 
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composite. For the smallest QD (i.e. QD1), the apparent rate constant for charge injection 

into ZnO NRs was estimated to be 1.7×10
8
 s

−1
 (by using equation 2.5), whereas, the rate of 

energy transfer from QD1 to N719 is 6.7×10
7
 s

−1
. Therefore, it is evident that the charge 

injection from the excited CdTe to the ZnO NRs occurs with a rate constant that is an order 

of magnitude higher than that of energy transfer between CdTe to N719. It should be noted 

that the above estimation of average lifetimes takes into account both short and long-lived 

components. A major population of the charge injection process occurs with a greater rate 

constant (as high as 10
9
 s

−1
) if we compare only the fast component of the emission 

transients. For example, ~61% of the emission decay of CdTe QDs on ZnO surface occurs 

with a lifetime of 0.21±0.02 ns, indicating the major fraction of the charge injection event 

occurs on an ultrafast time scale. 

 In order to investigate the mechanism of cosensitization of CdTe QDs in the 

layered architectures (Figures 6.5a−b) related to DSSC fabrication, picosecond-resolved 

fluorescence study was performed (Figure 6.5c). The fluorescence transient of the bare 

QDs not in the vicinity of N719 or ZnO is shown in the figure as a reference. In the 

ZnO−QD−N719 architecture (Figure 6.5a), QDs are sandwiched between ZnO NRs and 

N719. In these conditions, QDs can either directly transfer electrons to the conduction 

band (CB) of ZnO NRs or can nonradiatively transfer energy to sensitizer N719. The 

fluorescence decay parameters, as shown in Table 6.3, are comparable to the distinct 

lifetimes of an electron transfer process (Table 6.1). Therefore, the picosecond-resolved 

fluorescence transient of CdTe QDs in the ZnO−QD−N719 architecture reveals a “direct 

injection” of charge carriers from QDs to ZnO NRs via PET. It is to note that the role of 

the capping ligands of the colloidal QDs has been demonstrated to have paramount 

importance on the efficient charge separation at the QD/polymer interface [42]. In this 

respect, the electron transfer pathway is found to prevail over the FRET process with short 

chain 3-MPA ligands associated to CdTe QDs. In the other architecture, ZnO−N719−QD 

(Figure 6.5b), the QDs are separated by a layer of N719 molecules from the ZnO NRs 

whereby light harvesting could only occur through FRET from QDs to N719. It is being 

conventional that the N719 dye binds the ZnO by using its carboxylic groups [43], as a 

result the residual chains of N719 are free and away from the ZnO, which allows them to 

interlace with the 3-MPA ligands of the QDs via efficient hydrophilic interactions. This 
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sort of an association results in an average distance between the donor and the acceptor, 

which lies within the Förster radius and allows an efficient energy transfer. The assorted 

lifetimes (Table 6.3) of the QDs in this particular configuration are comparable to the 

decay parameters of the energy transfer route (as shown in Table 6.1), which reveals 

 

Table 6.1. Dynamics of picosecond-resolved luminescence transients of CdTe QDs 

(QD1−QD4) in the presence and absence of sensitizer N719 and ZnO NRs.
a 

Sample Observed 

wavelength 

τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns) knr ×10
7
 

(s
−1

) 

QD1 (abs 

445 nm) 

520 nm 0.93±0.03 

(30%) 

6.80±0.15 

(38%) 

35.80±0.45 

(32%) 

14.30±0.21  

QD1+N719 520 nm 0.90±0.03 

(40%) 

4.80±0.12 

(38%) 

23.40±0.38 

(22%) 

7.30±0.14 kFRET = 

6.70±0.16 

QD1+ZnO 520 nm 0.21±0.02 

(61%) 

4.20±0.05 

(25%) 

21.30±0.23 

(14%) 

4.20±0.05 kPET = 

17.00±0.40 

QD2 (abs 

500 nm) 

560 nm 1.10±0.15 

(15%) 

9.90±0.78 

(33%) 

40.20±0.95 

(52%) 

24.30±0.77  

QD2+N719 560 nm 1.20±0.08 

(25%) 

7.50±0.20 

(43%) 

34.90±0.50 

(32%) 

14.70±0.27 kFRET = 

2.60±0.10 

QD2+ZnO 560 nm 0.21±0.02 

(52%) 

4.70±0.07 

(25%) 

26.20±0.16 

(23%) 

7.30±0.06 kPET 

=10.00±0.40 

QD3 (abs 

550 nm) 

610 nm 0.84±0.05 

(3%) 

16.20±0.88 

(45%) 

43.60±0.9 

(52%) 

29.90±0.87  

QD3+N719 610 nm 0.80±0.08 

(7%) 

8.80±0.27 

(32%) 

28.30±0.68 

(61%) 

20.10±0.51 kFRET = 

1.60±0.03 

QD3+ZnO 610 nm 0.22±0.07 

(61%) 

4.30±0.12 

(13%) 

27.40±0.14 

(26%) 

7.80±0.02 kPET = 

9.50±0.06 

QD4 (abs 

610 nm) 

660 nm 2.35±0.17 

(27%) 

8.10±0.94 

(36%) 

31.80±1.40 

(37%) 

15.30±0.90  

QD4+N719 660 nm 2.18±0.06 

(36%) 

7.10±0.30 

(36%) 

27.30±1.00 

(28%) 

10.90±0.41 kFRET = 

2.60±0.07 

QD4+ZnO 660 nm 0.27±0.02 

(49%) 

4.30±0.50 

(31%) 

21.70±0.13 

(20%) 

5.80±0.19 kPET = 

10.70±0.20 

a 
The emission from CdTe QDs (emission at 520, 560, 610 and 660 nm, respectively) was detected 

with 375 nm laser excitation. knr represents nonradiative (FRET/PET) rate constant. Numbers in 

the parenthesis indicate relative weightages. 
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Table 6.2. Various FRET parameters
b
 obtained for different-sized CdTe QDs and 

N719 dye molecules. 

FRET 

pairs 

J()×10
14

 

(M
−1

cm
−1

nm
4
) 

QD R0 (nm) ETR (%) rDA (nm) 

from 

FRET 

r (nm) 

from 

TEM 

QD1+N719 9.2±0.2 0.18±0.01 3.69±0.05 0.490±0.003 3.72±0.03 2.00±0.11 

QD2+N719 7.5±0.3 0.29±0.02 3.86±0.07 0.400±0.008 4.14±0.06 2.50±0.20 

QD3+N719 5.1±0.2 0.45±0.03 3.90±0.07 0.330±0.002 4.38±0.08 3.50±0.14 

QD4+N719 3.6±0.1 0.40±0.02 3.61±0.04 0.290±0.012 4.22±0.04 4.50±0.25 

b
Overlap integral (J()), quantum yield (QD) in the absence of acceptor, Förster distance (R0), 

FRET efficiency calculated from time-resolved study (ETR) and donor−acceptor distance (rDA) 

between the FRET pairs and radii (r) of QDs measured from TEM images. 

 

 

Figure 6.5. Two different architectures of CdTe QD decorated dye-sensitized ZnO NR substrates, 

namely, a) ZnO−QD−N719 and b) ZnO−N719−QD. c) The picosecond-resolved fluorescence 

transients of CdTe QD2 showing PET and FRET in two different architectures. The excitation 
wavelength was 375 nm and the emission was monitored at 560 nm. 
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Table 6.3. Dynamics of picosecond-resolved luminescence transients of CdTe QDs 

(QD1−QD4) in the presence and absence of sensitizer N719 and ZnO NRs.
c 

Sample Observed 

wavelength 

τ1 (ns) τ2 (ns) τ3 (ns) τavg (ns) knr×10
7
 

(s
−1

) 

QD2 (abs 500 

nm) 

560 nm 1.10±0.15 

(15%) 

9.90±0.78 

(33%) 

40.20±0.95 

(52%) 

24.30±0.77  

ZnO−N719−QD2 560 nm 1.20±0.18 

(33%) 

7.00±0.65 

(45%) 

32.00±0.86 

(22%) 

10.60±0.54 5.30±0.31 

ZnO−QD2−N719 560 nm 0.72±0.09 

(59%) 

4.50±0.45 

(33%) 

22.80±0.82 

(8%) 

7.30±0.27 9.60±0.38 

c
The emission from CdTe QD (emission at 560 nm) was detected with 375 nm laser excitation. 

Numbers in the parenthesis indicate relative weightages. 

 

that an additional “indirect-excitation” of N719 can be introduced by using the sensitivity 

of FRET and this type of engineered solar cells should contribute to higher photocurrents. 

The nonradiative rate constants (knr) in these two architectures, as presented in Table 6.3, 

are almost analogous to the knr values of the individual systems that lead to either energy or 

electron transfer pathways (Table 6.1). 

 The effectiveness of QD decoration in solar cell performance was evaluated by 

employing them in a photoelectrochemical cell with the two different architectures 

(Figures 6.5a−b) as discussed before. The use of CdTe QDs as a sensitizer in 

photoelectrochemical cells have been investigated by several research groups [17, 27, 43-

44]. The DSSC devices fabricated with N719 dye as sensitizer in the presence and the 

absence of CdTe QDs (QD1 and QD2) were characterized by wavelength-dependent 

photocurrent spectroscopy (Figure 6.6a−b) and photocurrent−voltage (J−V) measurements 

(Figure 6.6c); the resulting photovoltaic parameters are summarized in Table 6.4. The 

wavelength-dependent photocurrent is the number of electrons collected under known 

photon intensity that was evaluated from the short-circuit photocurrent (JSC) measured for 

different incident wavelengths (λ). The inset of Figure 6.6a shows the wavelength-

dependent incident power of the monochromator. The photocurrent versus wavelength plot 

of the ZnO−QD−N719 architecture is presented in Figure 6.6a, which shows a spectral 

response in the range of 350 to 750 nm. In devices without any modification of the dye 

sensitizer with QDs, the broad photocurrent spectrum is attributed to the photogenerated 
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charge carrier in sensitizer N719 [28]. As shown in the figure, the presence of QD1 (abs. at 

440 nm) and QD2 (abs. at 500 nm) into the sensitization process lead to a dramatic 

increase in the photocurrent in the spectral region of blue photons indicating the 

occurrence of a direct injection of electrons from QDs to ZnO NRs, similar to the  

 

 

Figure 6.6. Photocurrent vs. wavelength spectra for DSSCs comprised of a) ZnO−QD−N719 and 
b) ZnO−N719−QD architectures, respectively. The inset shows incident power vs wavelength plot. 

c) Photocurrent−voltage (J−V) characteristics for ZnO−N719−QD architecture. 
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Table 6.4. Device performance
d
 of the DSSCs made of two different architecture of 

QD loading. 

Device with N719 VOC (V) JSC (µA/cm
2
) FF (%) η (%) 

ZnO−N719−QD1 0.63±0.04 720±36 35.27±2.70 0.16±0.01 

ZnO−N719−QD2 0.71±0.03 720±29 30.99±1.31 0.16±0.01 

ZnO−N719 0.69±0.05 620±33 29.92±0.50 0.13±0.01 

d
short-circuit photocurrent densities (JSC/cm

2
), open-circuit voltage (VOC), fill factor (FF), and 

efficiency (η). 
 

observations made by the picosecond-resolved fluorescence studies (Figure 6.5c). In this 

case, it is to be noted that dye (N719) loading was lower in ZnO−QD−N719 architecture 

compared to that of ZnO−N719 assembly due to prior attachment of QD to the ZnO NRs. 

Therefore, at 530 nm (maximum optical absorption in N719) the photocurrent was found 

to be lower in ZnO−QD−N719 compared to ZnO−N719 system. Hence, a fair comparison 

of wavelength-dependent photocurrent and overall device performance of these 

architectures is not likely when the amounts of dye present in different architectures are not 

similar. For a better assessment, we engineered devices with similar dye loading in 

ZnO−N719−QD and ZnO−N719 solar cells. The ZnO−N719−QD architecture shows 

increased photocurrent (Figure 6.6b) compared to ZnO−N719 system throughout the 

spectral region as additional photogenerated charge carriers from N719 dye (via FRET) 

adds up to the net photocurrent. Figure 6.6c shows the J−V characteristics of solar cells 

with ZnO−N719−QD architecture as compared to solar cells sensitized with dye only. As 

shown in Table 6.4, the calculated values of FF and the overall power conversion 

efficiencies of ZnO−N719 based DSSCs are found to improve in the presence of QD 

assembly. Overall, the analysis of photodevice data in the measured ZnO−N719−QD 

configuration reflects similarly the cosensitization of CdTe QDs tagged with the sensitivity 

of FRET as observed by the picosecond-resolved fluorescence study (Figure 6.5c). 

 The photoconductivity measurement [32] (as discussed in section 3.1.13) of the 

ZnO NR, ZnO−N719 and ZnO−N719−QD thin films were carried out in order to better 

understand the contribution of QDs via FRET to the net photocurrent in the devices. Figure 

6.7 shows the photocurrent response for the ZnO NR (inset), ZnO−N719 and 
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Figure 6.7. Photocurrent responses of ZnO NRs (inset), ZnO−N719, and ZnO−N719−QD2 arrays 

under bias voltage of 2.5 V. The photocurrent was measured across the thickness of the films with 
25 mW cm

−2
 incident power from a halogen light source. 

 

 

Scheme 6.1. Dual-sensitization in QD-decorated DSSCs: the system consists of a fluorinated tin 

oxide (FTO) on which semiconductor ZnO NR (gray cylinder) is fabricated. The sensitizer dye 
N719 (small red circle) and 3-MPA-capped CdTe QDs (big green circle) are bound to ZnO NR by 

surface adsorption. The directly attached QDs lead to sensitization via efficient charge injection 

from excited semiconductor nanocrystal, CdTe into ZnO NR. Moreover, the QDs that are within 
the close proximity of sensitizing dye N719 introduce an additional indirect excitation of N719 by 

using the sensitivity of FRET. The upshot of the above dual-sensitization mode is found to be 

reflected in the overall solar cell performance. 
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ZnO−N719−QD2 thin films. An improved photocurrent was observed for the 

ZnO−N719−QD2 thin film (~260 A) under illuminated conditions compared to the 

ZnO−N719 thin film (~190 A). This shows that an additional “indirect excitation” of 

N719 can be obtained by decorating the dye molecules with CdTe QDs. For the model 

DSSCs prepared with the same arrangement of ZnO−N719−QD, we observed a similar 

enhancement of photocurrent (Figure 6.6c) in the presence of CdTe QDs, which further 

confirms the contribution of FRET towards the improvement of efficient energy harvesting 

in dual-sensitized solar cells. 

6.3. Conclusion: 

In conclusion, by using spectroscopic techniques we have demonstrated the utilization of 

dual-sensitization in DSSCs, as schematically represented in Scheme 6.1. The steady-state 

and the time-resolved luminescence measurements on 3-MPA-capped CdTe QDs reveal 

the size-dependent charge injection characteristics to ZnO photoelectrodes. The QDs 

which are not in a direct contact with the semiconductor can harvest visible-light which 

resonantly transfer to SD N719 and offers an “indirect excitation” of the SD. To 

investigate the improvement of light-harvesting due to QD decoration in a DSSC, 

wavelength-dependent photocurrent, photocurrent−voltage (J−V) characteristics and 

photoconductivity measurements were performed for both the QD-assembled and 

reference (only sensitizing dye) devices. The cosensitization in the presence of CdTe QDs 

leads to a significant increment in photocurrent throughout the visible spectral region and 

also enhances the short-circuit current density as additional photogenerated charge carriers 

from N719 dye (via FRET) adds up to the net photocurrent. As we continue to modify, 

study, and improve such FRET pair sensitizers, the realization of truly inexpensive, stable, 

and efficient DSSCs grows nearer. 
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Chapter 7 

Photoinduced Dynamical Processes and Promising 

Applications of a Potential Bio-Nanocomposite 

 

7.1. Introduction: 

The critical role that dopants play in semiconductor structure has stimulated research on 

the properties and the potential applications of doped semiconductor nanoparticles (NPs) 

[1-2]. The control of optoelectronic properties of such semiconductor NPs using different 

doping is found to be quite efficient [3], such as, large magneto-optical effect [4-5], 

efficient sensitized impurity luminescence [4, 6-8] and quantum size effects on impurity-

carrier binding energies [9]. Manganese (Mn)-doped zinc chalcogenide NPs have been 

explored as an alternatives to popularly used CdSe QDs with advantages of lower toxicity 

and larger Stokes shift [10]. The synthesis of such Mn-doped zinc sulphide (ZnS) NPs 

(diameter <5 nm) by the solvothermal method [11] has already been reported. However, 

the synthesis of high-quality Mn-doped ZnS NPs (diameter <5 nm) characterized by a 

sharp exciton absorption peak and uniform diameter is still a great challenge. In an earlier 

study [12] various levels in the Mn-doped ZnS nanocluster with relatively smaller diameter 

(1.2 nm) in reverse micellar environments leading to different relaxation dynamics have 

been reported. Tunability of the electronic energy depending on the diameter of high-

quality Mn-dopped ZnS nanorod has also been evident in recent literature [10]. 

 The use of proteins and peptides to direct the in vitro syntheses of inorganic 

materials is attractive for a number of reasons [13]. First, peptides and proteins make bio-

enabled syntheses of inorganic materials inherently “green” processing which is facilitated 

at or near room-temperature, in aqueous solutions. Second, proteins and peptides can 

exquisitely control the size, shape, optical properties and crystal structure of the inorganic 

product. The major benefit of using peptides and proteins is to produce materials with 

highly specific or multiple functions; such proteins and peptides may direct the 

arrangement of enzymatically active composites or produce materials that specifically 
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recognize substrates. To be a suitable biolabelling agent, NPs should have high 

luminescence efficiency, biocompatibility, and proper surface groups for coupling with 

biomolecules. To date, however, the obtained doped nanocrystals barely meet these 

requirements. The consequence of using capping agents on the electronic and defect states 

of Mn-doped ZnS NPs, which leads to a large enhancement of photoluminescence (PL) 

intensity of the nanomaterials, has been reported [14-15]. However, a detailed study on the 

photoselective excited state dynamics and electron migration in such NPs in a biological 

macromolecular environment is sparse in literature and is one of the motives of the present 

work. The studies are important in the context that the interaction of NPs with proteins 

[16] has emerged as a key parameter in nanomedicine and nanotoxicology [17]. 

 Here we have followed a simple, faster and “green” phosphine free colloidal 

chemical route [18] for the synthesis of enzyme-capped high-quality Mn-doped ZnS bio-

nanocomposites (BNCs), as schematically shown in Scheme 7.1. The enzyme -

Chymotrypsin (CHT)-capped multifunctional BNCs, with average diameter <5 nm, are 

found to be extremely soluble and stable in aqueous solution for several weeks. To 

investigate the specific role of enzyme environments on the nanomaterial surface, we have 

also synthesized Cysteine (Cys, sulphur containing amino group)-capped ZnS NPs with <5 

nm diameter, as a control sample. While steady-state absorption and emission spectroscopy 

explore various electronic states of the Cys/CHT-capped BNCs, picosecond-resolved 

emission using various excitation/detection wavelengths reveals the relaxation of electrons 

from specific states which was further supported by the photocatalysis of a test 

contaminant. Irradiation induced luminescence enhancement (IILE) [19] technique with 

different excitation intensities has been studied to explore the interaction of the enzyme 

with surface states and to justify efficacy of the protein capping agent that shield against 

deep-UV induced surface damage of the NP surface. In this respect, more biomolecules 

irrespective of CHT are also promising that may give rise to a new class of multifunctional 

BNCs with possible biological applications. For example, Lipase L1 enzyme contains an 

unusual extra domain, making a tight intramolecular interaction with the main catalytic 

domain through a Zn
2+

-binding coordination which may offer more novel ZnS BNCs using 

lipase as a potential host matrix [20]. 
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Scheme 7.1. Synthetic strategy of enzyme mediated Mn-doped ZnS BNCs. 
 

7.2. Results and Discussion: 

7.2.1. Protein-Mediated Synthesis of Nanosized Mn-Doped ZnS: A Multifunctional, 

UV-Durable Bio-Nanocomposite [21]: 

7.2.1.1. Characterization of NPs in the BNCs: Figure 7.1 shows a set of transmission 

electron microscopic (TEM) images of CHT and Cys-capped, with/without Mn-doped ZnS 

NPs. It has to be noted that the shape of the NPs in the protein matrix is relatively quasi-

spherical compared to that of the Cys-capped NPs. The observation could be consistent 

with the fact that the NPs in the protein matrix are associated with a number of sulphur 

containing Cys residues from various locations of a protein which essentially direct the 

shape of the NPs to be quasi-spherical. On the other hand, plenty of free Cys residues in 

the solution for the Cys-capped NPs lead to uniform growth of the NPs and make the shape 

to be spherical. The corresponding high-resolution TEM (HRTEM) images (right insets, 

Figure 7.1a−d) clearly demonstrate lattice fringes with an observed d-spacing of ~0.31 nm 

and ~0.23 nm for CHT and Cys-capped NPs, respectively, which are in good agreement 

with the high-crystallinity in the materials with zinc-blende structures [10, 22]. The 

particle sizes are estimated by fitting our experimental TEM data on 100 particles which 

provides the average diameter of 3 nm and 2.7 nm for CHT and Cys-capped NPs (left 

insets, Figure 7.1b, d), respectively. It is noticeable that CHT-capped NPs are fairly 

monodispersed in the protein matrix while for Cys-Zns:Mn, some of the particles are 
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Figure 7.1. Transmission electron microscopy (TEM) and high-resolution TEM images (inset) of 

a) CHT-ZnS, b) CHT-ZnS:Mn, c) Cys-ZnS, d) Cys-ZnS:Mn NPs. Inset left of figure b) and d) 

represent the size distribution analysis of CHT-ZnS NPs and Cys-ZnS:Mn NPs, respectively. Inset 

right of figure b) and d) represent the size distribution analysis of CHT-ZnS NPs and Cys-ZnS:Mn 

NPs, respectively. e) Optically transparent solution of CHT-ZnS:Mn BNCs under daylight, f) 

Energy-dispersive X-ray spectroscopy (EDAX) analysis and atomic percentages elements, g) and 

h) represent selected area electron diffraction (SAED) analysis of CHT-ZnS and CHT-ZnS:Mn 

BNCs, respectively. 
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Figure 7.2. Selected-area electron diffraction (SAED) pattern of a) Cys-ZnS and b) Cys-ZnS:Mn 

nanoparticles. 

 

agglomerated up to 10 nm. Owing to the amino group capping on the surface, all the BNCs 

can be steadily dispersed in water to form an optically transparent solution (Figure 7.1e). 

Further confirmation of the composition and the crystal structure of as-prepared NPs are 

also evident from Energy-dispersive X-ray spectroscopy (EDAX) and selected area 

electron diffraction (SAED) analysis. EDAX analysis (Figure 7.1f) of the CHT-capped 

NPs reveals the incorporation of Mn with atomic contribution of 0.2% as dopant. A 

detailed analysis of SAED pattern of CHT-capped (Figure 7.1g−h) and Cys-capped NPs 

(Figure 7.2) exhibit concentric rings along with some diffraction spots probably from 

larger particles. The rings have been indexed to (111), (220) and (311) planes of the cubic 

ZnS phase [23-24]. 

 A typical XRD pattern for CHT-ZnS and CHT-ZnS:Mn BNCs is shown in Figure 

7.3. The spectrum shows three diffraction peaks at 2 values of 28.9°, 32.4°, 47.5°, and 

56.5° which appear because of reflection from the (111), (200), (220), and (311) planes of 

the cubic phase of ZnS, respectively. The obtained peak positions correspond to zinc 

blended type patterns for all the samples [25-26]. Particle sizes from XRD patterns were 

estimated using Scherrer’s equation 




cos

9.0
D , where D is the mean grain size,  is the 

X-ray wavelength (for CuK radiation,  = 0.15406 nm),  is the diffraction angle (in 

radian), and  is full width at half-maximum. The grain size of CHT-ZnS and CHT-
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ZnS:Mn BNCs, as calculated by using Scherrer’s equation, is in range of ~20.7 nm. It must  

 

 

Figure 7.3. XRD pattern of CHT-ZnS and CHT-ZnS:Mn BNCs at room temperature. 

 

be emphasized that the distinction between XRD and TEM data may be due to the 

presence of more than one crystallite in single grain, and the size determined by diffraction 

methods corresponds to the magnitude of the coherent crystal regions, that is, to regions 

where the periodic arrangement of the atoms is perfect and continuous. Furthermore, there 

may be some extent of agglomeration among the particles during the preparation of the 

samples for XRD measurement where the aqueous solution of the BNCs was lyophilized 

using Heto Power Dry LL1500 freeze dryer instrument and the powder form was used for 

XRD study. Therefore, the size obtained by diffraction cannot always be simply compared 

to the sizes determined by other techniques. 

 Many NPs in solution bear an electrostatic charge on their surface that hampers the 

interparticle interaction/aggregation by electrostatic repulsion. This surface charge of NPs 

is very important for defining the composition of the produced BNCs and also has an 

impact on their subsequent biodistribution. Generally, the zeta potential (potential) gives 

information on the surface charge of the NPs and can be used to detect protein binding to 

the NP surface as this will change the overall surface charge [17, 27]. The increase in 
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electrophoretic mobility from −1.35 (Cys-ZnS:Mn) to −2.93 m.cm/V.s (CHT-ZnS:Mn) 

confirmed the charging of the colloid surface through protein attachment. A change in the 

 

 

Figure 7.4. a) Circular dichroism (CD) spectra of native CHT and CHT-ZnS:Mn BNCs. Inset 

showing the deconvolution of CD spectra for different fragments of enzyme with native CHT, b) the 

enzyme activity kinetics at 270 nm of native CHT and CHT-ZnS:Mn. 

 

 potential of the particles was observed from approximately −17.2 mV for a Cys-ZnS:Mn 

surface [28] to −37.3 mV, as expected for CHT-stabilized particles [29]. 

7.2.1.2. Protein Structure and Enzymatic Activity in the BNCs: Figure 7.4a shows 

circular dichroism (CD) spectra of the BNCs in aqueous solution and it has been compared 

with the spectrum of free CHT as a reference. From the CD spectra, a significant 

perturbation of the secondary structure of the NP-associated enzyme CHT is clearly 

noticeable. A careful analysis of the secondary structure (inset) of CHT upon attachment 

with NPs illustrates the variation in the content of helix and antiparallel -sheet. The 
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consequences of the structural perturbation on the enzymatic activity of CHT in the BNCs 

are also evident from Figure 7.4b. In comparison to free enzymes, the NP-associated 

enzymes in BNCs show a significant retardation of the rate of formation of product  

(7-amido-4-methyl-coumarin) from the substrate (AAF-AMC). We have estimated that the 

activity of the BNCs to be 3.8 units/mg, which is significantly retarded compared to that of 

the free enzyme (21.3 units/mg) in aqueous solutions [30]. It is to be noted that the 

possibility of CHT to be remained as a free enzyme is negligibly small by considering 1:1 

binding between CHT and NP since the concentration of the NP (~ 25 M) is comparable 

to the initial enzyme concentration (20 M) in the medium. 

7.2.1.3. Optical Spectroscopy and Ultrafast Dynamics of the BNCs: We show the 

optical characterization of these BNC samples in terms of UV-visible absorption spectra  

 

 

Figure 7.5. a) The optical absorption and steady-state emission spectra of a) CHT-ZnS and CHT-

ZnS:Mn BNCs and b) Cys-ZnS, Cys-ZnS:Mn NPs, respectively. Inset of a) and b) shows PL photos 

of the corresponding solutions upon 300 nm excitation. c) The picosecond-resolved fluorescence 

transients of Cys-ZnS and Cys-ZnS:Mn NPs (excitation at 300 nm) collected at 420 nm and inset 

shows fluorescence transient of Cys-ZnS:Mn NPs collected at 590 nm. d) The picosecond-resolved 

fluorescence transients of CHT-ZnS:Mn NPs (excitation at 375 nm) collected at 460 nm (to avoid 

Raman scattering) and 590 nm. Inset shows PL spectra upon 375 nm excitation. A star sign 

represents the appearance of Raman scattering upon 375 nm excitation. 
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and fluorescence spectra in Figure 7.5. The UV-vis absorption spectra (Figure 7.5a, b) 

show distinct absorption-edge at 320 nm for all the Cys and CHT-capped samples. 

Effective mass approximation [31] for the estimation of particle size from the shoulder of 

the absorption spectra of all samples at 320 nm reveals relatively larger particle size (5.3 

nm) compared to that observed in the TEM image. The discrepancy could be due to the 

quasi-broad particle size distribution as evidenced in the TEM studies. It has also been 

shown earlier that UV-vis spectroscopy essentially reveals larger particles of samples 

containing multiple particle size distribution [32-33]. 

 The room-temperature PL spectra (Figure 7.5a, b) of doped and undoped ZnS NPs 

have been recorded at an excitation wavelength of 300 nm (4.13 eV). As shown in Figure 

7.5b, Cys-capped undoped ZnS NPs show one broad emission band centered at ~420 nm, 

which is attributed to defect-state recombinations, possibly at the surface. Since, an excess 

of the cations have been used in the synthesis procedure, we expect sulphur vacancies at 

the surface giving rise to Zn dangling bonds that form shallow donor levels. Thus, the 

recombination is mainly between these shallow donor levels and the valence band. Becker 

et al. reported that S
2−

 vacancies even in bulk ZnS lead to emission at 428 nm [34]. Upon 

Mn incorporation in nanocrystal samples, blue ZnS emission is quenched, whereas an 

orange emission band develops at ~590 nm (Figure 7.5b), corresponding to the spin  

 

Table 7.1. Picosecond-resolved luminescence transients of Cys/CHT-capped ZnS NPs 

with/without Mn-doping.
a
 

Samples Excitation 

wavelength 

(nm) 

Detection 

wavelength 

(nm) 

1 (ns) 2 (ns) avg 

(ns)

Cys-ZnS 300 420 0.20 (79%) 2.34 (21%) 0.65 

Cys-ZnS:Mn  300 420 0.50 (88%) 3.49 (12%) 0.86 

Cys-ZnS:Mn  300 590 4.5 (69%) 42.0 (31%) 16.1 

CHT-ZnS:Mn  375 460 0.08 (92%) 2.89 (8%) 0.31 

CHT-ZnS:Mn 375 590 0.13 (90%) 3.21 (10%) 0.44 

 

a
The emissions from ZnS NPs (probing at 420, 460 and 590 nm) were detected with a 300 and 375 

nm laser excitation. Numbers in the parentheses indicate relative weightage. 
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forbidden 
4
T1−

6
A1 Mn d-d transition in a tetrahedral site [35-37]. The insets of Figure 

7.5a−b show PL photographs from the undoped (blue) and doped (orange) solutions upon 

300 nm excitation. In the CHT-capped BNCs, NP associated proteins show a strong 

emission band centered at 367 nm (Figure 7.5a) which possibly augments ZnS PL band at 

420 nm [38]. In the picosecond-resolved emission study (Figure 7.5c), the excited-state 

population of charge carriers in Cys-ZnS:Mn NPs are monitored at 420 nm followed by 

excitation at 300 nm. It is to be noted that Cys-ZnS and Cys-ZnS:Mn sample solutions 

show almost the same decay pattern (time constants) when both the decays are monitored 

at 420 nm. This phenomenon reveals that the ZnS PL quenching upon Mn-doping is either 

static in nature or may be too fast to be resolved in our TCSPC instrument with IRF of 60 

ps. The inset of Figure 7.5c shows the time-resolved PL decay of Cys-ZnS:Mn NPs 

monitored at 590 nm. The PL transient is not completed in our experimental time window 

revealing higher values of time constants which are reported to be 1−2 ms in previous 

studies [7, 12]. Such a long lifetime makes the luminescence from the NPs readily 

distinguishable from the background luminescence from ZnS, which has a very short 

lifetime. On the other hand, in the cases of CHT-ZnS and CHT-ZnS:Mn BNCs, the strong 

emission from the protein essentially masks the ZnS emission and show characteristic 

decay of the intrinsic tryptophan residues of the protein in the picosecond-resolved 

transients at 420 nm (data are not shown). However, it is to be noted that CHT-ZnS:Mn 

samples show almost same decay pattern when detected at 590 nm (Figure 7.6) and as a  

 

 

Figure 7.6. Time-resolved PL decay of CHT-ZnS:Mn NPs monitored at 590 nm (ex=300 nm). 
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consequence, these advantages make them ideal candidates as fluorescence labelling 

agents, especially in biology [33]. Upon below band-edge excitation (with 375 nm i.e. 3.3 

eV), no Mn emission peak is noticeable in the doped NPs (Figure 7.5d, inset). The 

picosecond-resolved fluorescence decays (excitation at 375 nm) monitored at 460 (to avoid 

Raman scattering at 428 nm) and 590 nm are shown in Figure 7.5d which exhibits similar 

time constants of ZnS. The observation suggests that the below band-gap excitation is not 

sufficient to excite the doped material (Mn) via energy transfer from the host’s conduction 

band to the Mn state [33]. Considering that the excitation process generates an 

electron−hole pair across the band-gap (3.9 eV) of the ZnS nanocrystal host, the present 

results make it obvious that there is a more efficient excitonic energy transfer from the host 

to the doped Mn site compared to that of the defect states in these materials; revealing a 

strong coupling between the Mn d-levels and the host states [39]. The energy transfer is 

unlikely to occur directly from the semiconductor trap (defect) states to the low-lying Mn 

d-states. This observation demonstrates that the trap states are not in a direct coupling with 

the Mn d-states and Mn-doping do not affect the trap state lifetimes of the excited state 

electrons at the host ZnS surface. Details of the spectroscopic parameters and the fitting 

parameters of the PL decays are tabulated in Table 7.1. 

7.2.1.4. Photocatalytic Activity of the BNCs: To investigate the efficacy of the host 

protein matrix in promoting photogenerated charges from ZnS NP to a surface adsorbed 

molecule, we have performed photocatalysis of an organic dye methylene blue (MB). Bulk 

ZnS semiconductor with a large band-gap (3.6 eV) produces electron−hole pairs under 

UV-light that initiates the formation of surface radicals capable of oxidizing adsorbed 

organic and biological pollutants [40-41]. As a photocatalyst, ZnS has been examined for 

degradation of water pollutants, reduction of toxic heavy metals, and water-splitting for H2 

evolution [42-44]. In this work, photocatalytic activity was quantified by carrying out 

photoreduction of a test contaminant MB (Figure 7.7a) which is known to be an excellent 

probe for the study of interfacial electron transfer in colloidal semiconductor systems [45-

46]. It is obvious that higher the charge migration from the surface of the ZnS 

semiconductor, the faster will be the degradation of the surface-attached MB. Under 

selective UV radiation, we have recorded the absorption peak of MB (at 655 nm) at 90 sec 

intervals, using SPECTRA SUITE software supplied by Ocean Optics, and plotted it 
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against the time of photoirradiation. The decrease in the absorbance at 655 nm implies the 

reduction of MB to colourless leuco methylene blue (LMB). Results of MB degradation in 

the presence and absence of 25 M ZnS photocatalysts under UV light are shown in Figure 

7.7b, where the relative concentration (Ct/C0) of MB in solution is plotted with respect to  

 

 

Figure 7.7. a) Time dependent UV-vis spectral changes of MB in the presence of CHT-ZnS BNCs 

under UV-light irradiation. b) Plot of relative concentration (Ct/C0) versus irradiation time for the 

degradation of MB (monitored at 655 nm) is shown. The degradation is performed in the presence 

of BNCs: CHT-ZnS (empty circle), CHT-ZnS:Mn (filled circle), Cys-ZnS (empty triangle), Cys-

ZnS:Mn (filled triangle), only CHT (empty square), no catalysts (crossed). c) Plot of Ct/C0 versus 

irradiation time in the presence of CHT-ZnS (filled triangle) and CHT-ZnS:Mn (filled circle) upon 

selective excitation with a 350 nm HP filter. 
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UV irradiation time. The control experiments performed for several hours in the absence of 

catalysts and/or without UV-irradiation have only resulted in a negligible change in the 

MB concentration. All the photodegradation curves were found to follow a first-order 

exponential equation   0exp yktAy  , and the kinetic parameters are represented in 

Table 7.2. The percentages of total photodegradation (i.e., the value of A in the first-order 

kinetic equation shown in Table 7.2) are found to be enhanced in CHT-ZnS compared to 

Cys-capped NPs. This observation clearly reveals the molecular recognition of MB 

molecules by ZnS-attached protein, which can effectively host both ZnS and MB 

molecules; consequently the electron transfer process is facilitated when electron donor 

and acceptor molecules come to a close proximity. It is to be noted that CHT contains 

amino acids with aromatic rings in their side-chains which can act as hydrophobic host 

sites where the organic dye MB (with aromatic rings) can be incorporated efficiently [47]. 

It is also revealed that the photocatalytic activity of photocatalyst decreases upon Mn-

doping which is consistent with the fact that excited electrons of ZnS can resonantly 

transfer their energy to Mn
2+

 state via nonradiative processes. As a consequence, in the 

presence of Mn, excited electrons are unable to migrate from the ZnS surface to perform 

the reduction of MB. In contrast, Cys is not comprised of hydrophobic aromatic rings in its  

 

Table 7.2. The kinetics parameters
b
 for the photodeterioration of methylene blue 

(MB) in the absence and presence of ZnS. 

 

 

 

 

 

 

 

b
kinetic constants (k), percentages of photoselective degradation (A) and the regression coefficients 

(R
2
). 

 

Samples k (s
−1

) Total amount of 
degradation (A%) 

(in 720 sec) 

R
2
 

Above band-edge excitation 

CHT-ZnS 4.5×10
−3

 94 0.95 

CHT-ZnS:Mn 2.0×10
−3 

 45 0.94 

Cys-ZnS 1.9×10
−3 

 41 0.90 

Cys-ZnS:Mn 1.4×10
−3 

 32 0.95 

CHT 1.1×10
−3 

 8 0.94 

No Catalyst 9.9×10
−4 

 7 0.88 

Below band-gap excitation 

CHT-ZnS 1.1×10
−3 

 10 0.92 

CHT-ZnS:Mn 1.0×10
−3 

 9 0.94 
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side-chain which can provide efficient binding of MB molecules in order to facilitate the 

electron transfer from ZnS to MB. Therefore, the photocatalytic activity itself becomes 

very poor for Cys-ZnS NPs which decreased further with Mn-doping. 

 We have also performed the photocatalysis of MB under selective below band-gap 

excitation of ZnS NPs to investigate the role of surface trap states in the semiconductor. 

For this, a 350 nm (3.3 eV) high-pass (HP) filter was used to excite ZnS BNCs, which 

effectively excite electrons to its trap states (below band-gap) rather than exciting electrons 

to the conduction band of semiconductor (as evidenced by the PL study). From the 

photodegradation of MB in the presence of ZnS and ZnS:Mn BNCs with a 350 HP filter, it 

is clearly shown that no considerable change in the absorbance peak at 655 nm takes place 

upon below band-gap excitation (Figure 7.7c). It reveals that the electron transfer is not 

allowed from ZnS/ZnS:Mn to MB upon direct excitation of electrons to the trap states in 

BNCs. 

7.2.1.5. Irradiation Induced Luminescence Enhancement (IILE) Effect of the BNCs: 

To investigate the efficacy of the protein-shell around the BNCs against the UV damage of 

the encapsulated NPs, we have performed IILE studies (section 2.1.5) under different 

irradiance doses on both CHT and Cys-capped nanostructures. Earlier, several mechanisms 

have been proposed to explain the increase in quantum efficiency for UV-irradiated 

ZnS:Mn NPs [48-49]. More recently, the model involving the migration of electron from 

ZnS band to the Mn
2+

 state is found to be more acceptable and further justified by 

experimental evidences [50]. Being exposed under the UV-irradiation, the population of 

the surface quench centres of the NPs decreases because of either photochemical or 

photophysical processes; luminescence of Mn
2+

 ions is thus enhanced. The reported studies 

on the IILE in a polymeric host matrices and shell capping reveal the minimum damages 

on NPs surfaces [15, 50]. Our experimental observations of the IILE detection wavelength 

(at 590 nm) [51] from various Mn-doped samples, as shown in Figures 7.8a−d, reveal 

common temporal characteristics. At the beginning, the emission intensity decreases 

following a plateau region and finally increases monotonically. We have divided the IILE 

spectra of CHT and Cys-capped NPs into three different zones, short-term degradation 

(STD) [52], plateau (stable) and IILE, respectively. It is obvious from the figures that the  
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Figure 7.8. Dose-dependent IILE spectra of (a−b) CHT-ZnS:Mn and (c−d) Cys-ZnS:Mn. Figures 

clearly demonstrate the individual stable and damage zones of both the systems due to IILE effect. 

 

 

Scheme 7.2. Schematic representation of a CHT-ZnS:Mn BNCs revealing its multifunctional 

nature towards molecular recognition, efficient photocatalysis, active enzyme catalysis and deep-

UV durability. 
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stable zones for the Cys-capped NPs are negligibly small compared to that of the CHT-

capped BNCs under similar UV exposure. In the first few seconds of UV irradiation, a 

sudden drop of the initial intensity on a short time scale (assigned as STD zone) was 

observed, for both Cys and CHT-capped systems, which can be attributed, for the sudden 

excitation the defect state oxygen in the conduction band act, as a quenching source and 

equilibrated within few seconds. The indications of surface damage of Cys-capped NPs at 

lower UV doses (15 µW cm
−2

 dose and 75 µW cm
−2

) in the STD and IILE processes are 

still observed (Figure 7.8d). A negligible damage of the NPs in the BNCs under similar 

UV exposure (15 µW cm
−2

 and 75 µW cm
−2

 dose) is clearly evident from the Figure 7.8b. 

The observation is consistent with the fact that enzyme has relatively more protecting 

ability against the UV-induced photochemical/photophysical damage on the surface NPs 

compared to that of the Cysteine amino acid. 

7.3. Conclusion: 

In this report, we show that biomolecules and nanoparticles can be linked to prepare a 

novel bio-nanocomposite (BNC) that is able to recognize and efficiently reduce target 

organic molecules. A simple, fast, water soluble and green phosphine free colloidal 

synthesis strategy has been developed for the preparation of multifunctional protein 

(enzyme)-capped ZnS NPs with/without transitional metal-ion doping. While HRTEM and 

XRD confirm the crystallinity of the BNCs, CD spectroscopy clearly reveals the structural 

detainment of the host enzyme. The enzymatic activity of the as-prepared BNCs confirms 

functional intactness of the enzyme to a certain extent. The photocatalytic study by probing 

an organic dye in the presence of BNCs reveals the molecular recognition of such dyes by 

the BNCs. The IILE experiments demonstrate the protecting ability of the protein as a 

capping host against the deep UV damage of the NPs. The overall functionality of the 

synthesized BNCs is schematically represented in Scheme 7.2. Our studies may find 

relevance in the use of water soluble, stable, enzyme-capped Mn-doped ZnS BNCs for 

photonic device and bio-imaging applications. 
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Chapter 8 

Ultrafast Photoinduced Energy/Electron Transfer 

from a Technologically Important Nanoporous Host 

Membrane to Various Inorganic/Organic Guests 

 

8.1. Introduction: 

Anodic aluminium oxide (AAO) membranes prepared through a typical electrochemical 

procedure [1-3] possess highly ordered nanopores with controllable and homogeneous 

dimensions arranged in a close-packed pattern [4]. The demonstrated dimensions of inter-

pore spacing ranging from 50 to 400 nm and pore size from 25 to 300 nm are suitable for 

both quantum electronic effects and photonic crystals. Nowadays, AAO is an important 

material for a variety of nanotechnological applications because its unique nanoporous 

honeycomb structure can act as a template for the fabrication of other nanostructured 

materials [5-11]. For example, AAO membranes are used as a template to grow different 

nanoscale materials like rare earth elements (Tb, Eu) [12], polymers DBO-PPV (Poly(2,5-

dibutoxy-1,4-phenylenevinylene)) [13], MEH-PPV (Poly(2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylenevinylene)) [14]), sensors [15], photonic crystal [16-17], energy storage and 

solar cells [18], magnetic storage devices [19], cell cultures [20] and drug delivery systems 

[21]. To enable the studies of the interesting properties appearing for nanocomposites or 

nanodevices related to AAO films, a complete understanding of the self-properties of the 

AAO membranes is essential and necessary. Although many studies devoted to this topic 

have been made, the origin of blue photoluminescence (PL) is controversially discussed. In 

general there are two main points of view to explain this phenomenon. The first one 

suggests that the observed blue emission band is caused by singly ionized oxygen 

vacancies (F
+
 centers) [22-24]. The other viewpoint is based on an assumption of 

Yamamoto et al. [25] that oxalate impurities can be incorporated into the film during its 

formation which would transform into luminescent centers with the blue PL band around 

470 nm. Although, using AAO membranes prepared in H2SO4, a similar PL phenomenon 
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was observed by Du et al. Electron paramagnetic resonance measurements of the AAO 

membrane prepared in oxalic acid also reveal that the blue PL band arises from F
+
 centers 

[22, 24]. Therefore, it is already a well accepted fact that the blue PL band of AAO arises 

from F
+
 centers. However, AAO membranes used in our experiments are annealed at 500 

°C to drive out any organic contaminants, mostly the oxalate impurities. Until now, most 

research works have focused on the magnetic and opto-electronic properties of nanoscopic 

materials and their fabrication mechanisms using AAO as a template material [26]. 

Recently, there is growing interest in incorporating laser dyes into solid media for device 

applications, and some luminescent mechanisms have been discussed [27]. Jia et al. have 

discussed the luminescence mechanisms of morin and morin-protein (trypsin and 

lysozome) embedded into AAO films [28]. They have shown that the interaction of morin 

and remaining aluminium in AAO film and coexistence of embedded dye and protein may 

be responsible for the PL appearance and enhancement, respectively. 

 In contrast to the previously reported studies, this work deals with the photoinduced 

charge transfer from electrochemically grown AAO membranes by anodizing aluminum in 

oxalic acid solutions, and by studying their optical properties. Our aim is to establish the 

AAO membrane as an advantageous light-harvesting material depicting both energy and 

electron transport ability in the presence of organic molecules and inorganic 

nanostructures. By using the femtosecond (fs)-resolved fluorescence upconversion 

techniques, we have investigated charge transfer dynamics of AAO membranes in a 

complexation with benzoquinone (BQ) which is well known as an electron acceptor [29]. 

In this work, we have explored the Förster resonance energy transfer (FRET) dynamics 

from AAO membranes to nanopore-embedded Maple Red (Map Red) QDs and gold 

nanowires (NWs). The use of FRET has been contemplated as an alternative mechanism 

for charge separation and a way to improve exciton harvesting [30]. In inorganic QD-based 

solar cells, the use of FRET to transfer the exciton generated in the QD to a high mobility 

conducting channel has been proposed as a way to bypass the traditional limitations of 

charge separation and transport [31-32]. We report here on the use of FRET to boost the 

harvesting capacity of a light-harvesting device. By using steady-state and picoseconds 

(ps)-resolved fluorescence spectroscopy, we have demonstrated that defect-mediated PL 

from AAO membranes can be used to excite the guest QDs/Au NWs for the enhancement 
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of light absorption possibility. In this context, nanosurface energy transfer (NSET) [33], 

one of the other prevailing pathways of nonradiative quenching, is conclusively found to 

prevail in AAO−Au composites. A detailed demonstration of the ultrafast excited-state 

deactivation of porous AAO membrane in the presence of various fluorescence quenchers 

is schematically represented in Scheme 8.1. This work may find its application to improve 

the efficiency of light-harvesting devices. 

 

Scheme 8.1. Schematic illustration of the ultrafast excited state deactivation associated with both 

the electron and energy transfer reactions from host porous AAO membrane to various guest 

organic molecules and inorganic nanostructures. 

 

8.2. Results and Discussion: 

8.2.1. Ultrafast Excited State Deactivation of Doped Porous Anodic Alumina 

Membranes [34]: 

The side-view of a scanning electron micrograph of porous alumina template is shown in 

Figure 8.1a, which reveals that the nanopores are uniform and highly ordered. The inset 

(left side) shows a top-view with ~48 nm periodic pores separated by ~64 nm. The pore 

diameter can easily be controlled by the anodization conditions, for example, the 

electrolyte type, concentration, applied voltage, and temperature. The thickness is adjusted 

by varying the time of the second anodization [6]. The right inset of Figure 8.1a shows a 
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cross-view of Au wires in a typical sample. The length of these wires is controlled by the 

 

 

Figure 8.1. a) Side-view of AAO using electron microscopy showing uniform and highly-ordered 

nanopores. Left inset shows a top-view with periodic pores. Right inset shows a side-view on Au 

wires in AAO. Different Au wire lengths at the edge are induced by breaking the sample for 

microscopy. b) Thermogravimetric analysis curve for the as-prepared AAO membranes. c) PL 

spectra of the as-anodized AAO and the AAO membranes annealed at different temperatures. 

 

deposition time. Figure 8.1b shows the thermogravimetric analysis (TGA) of the as-

prepared AAO where three weight loss regions are prominent resembling the TGA curve 
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reported by Sun et al. [35] The weight loss for the first section (room-temperature−335 °C) 

is mainly attributed to desorption of weakly bound water from the surface and inner walls 

of nanopores. In the second section (335−615 °C), oxalate impurities are decomposed [36] 

and the third section (855−990 °C) indicates a strong phase transition. Figure 8.1c shows 

the PL spectra (excitation at 375 nm) of AAO membranes with/without annealed at 

different temperatures. It is obvious that an intensive and broad PL emission band appears 

at ~450 nm [37] which originates from singly-ionized oxygen vacancies (F
+
 centers) in 

AAO membranes [22]. The intensity of this band increases with elevated annealing 

temperature (Ta) and reaches to a maximum for the sample at Ta = 500 °C, but drastically 

decreases with further increase in Ta [22, 35]. This phenomenon is well understood by 

considering the fact that during the heat treatment, oxygen in porous alumina membranes 

and oxygen diffusing from air into the membranes possibly react with the remaining 

aluminum in AAO, to form new alumina, and newly formed alumina may contain many 

oxygen vacancies. With a further increase in annealing temperature the PL intensity of 

AAO membranes becomes weak, due to the fact that at very high temperatures the 

annihilation rate of oxygen vacancies becomes faster than the formation rate. The 

generation of new defect states upon air-annealing, and the annihilation of defect states 

with increasing temperature are very common phenomena [22, 38]. Therefore, only a few 

F
+
 centers remain intact in porous alumina membranes, resulting in a sudden drop in the 

PL intensity. A similar broad green emission band at room-temperature is also well-known 

for ZnO NPs which has been studied in detail and demonstrated to be originated from 

oxygen vacancy centers near the surface [39-41]. In particular, the origin of the blue-green 

emission peaking at 495 nm was demonstrated to be singly positive oxygen vacancy 

centers located at ~2 nm from the surface of the ZnO NPs [39-41]. In the present study, all 

optical experiments were carried out with the AAO membranes annealed at 500 °C to 

obtain the maximum PL intensity and also to avoid any influence of organic contaminants 

mostly the oxalate impurities. The emission bands and TGA analysis results obtained at 

different Ta thus confirm the purity of AAO membranes used in our experiments. 

 We have investigated the defect-mediated blue band emission of AAO membrane 

in the absence and the presence of various emission quenchers impregnated in the AAO 
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Figure 8.2. a) Normalized excitation spectra and emission spectra of AAO membranes, in the 

absence and the presence of BQ. b) The picosecond-resolved fluorescence transients of AAO 

membranes, in the absence (blue) and the presence of BQ (pink) (excitation at 375 nm) monitored 

at 450 nm. c) The femtosecond-resolved fluorescence transients of bare AAO (blue) and BQ 

impregnated AAO (pink) (excitation at 375 nm) collected at 450 nm showing faster decay. 

 

nanopores. Figure 8.2a represents the excitation spectra of bare AAO membranes and the 

room-temperature PL spectra of AAO. In order to investigate the electron transfer 
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dynamics from the AAO membranes upon excitation, we have studied the complexation of 

the membrane with an organic molecule, p-benzoquinone (BQ), which is well known as an 

electron acceptor [29]. Infrared spectroscopic studies have shown that the carbonyl stretch 

vibration of the BQ is lowered in frequency as soon as the BQ adsorbs on the 

semiconductor surface [29]. The adsorbed BQ then acts as an electron acceptor and 

removes the photoexcited electron from the semiconductor conduction band in less time 

than the laser pulse duration (<120 fs) [40, 42-43]. The steady-state and time (ps and fs)-

resolved PL quenching (at 450 nm) of AAO upon complexation with BQ are shown in 

Figure 8.2a−c. The ps-resolved study on AAO−BQ system exhibits timescales comparable 

to bare AAO depicting the fact that excited state electron transfer process must be too fast 

to be resolved in our ps-resolved luminescence study. Therefore, we have extended the 

study to the fs-timescale for a better understanding of excited electron transfer process 

from AAO to the LUMO of BQ molecules. The sharp fluorescence decay (Figure 8.2c) of 

AAO in the presence of BQ at the same excitation of 375 nm generates a new time 

constant of ~400 fs (59%). Note that this short decay component is comparable to those 

reported for CdSe−BQ adduct (~600 fs) which was demonstrated to arise due to electron 

transfer from QD core to the surface attached BQ [43]. The resemblance of the electron 

transfer dynamics of BQ-embedded AAO with those of the CdSe−BQ system clearly 

signifies the ultrafast photoinduced electron transfer dynamics from the host AAO to the 

organic guest molecule BQ. 

 As shown in Figure 8.3a, defect-mediated blue emission of bare AAO is noticeably 

quenched when it is impregnated with Map Red QDs or gold NWs. The ps-resolved faster 

excited state lifetimes of the AAO−Map Red and AAO−Au adducts with respect to that of 

the bare AAO is clearly noticeable from Figure 8.3b. Herein, we propose FRET from a 

donor AAO to Map Red or gold acceptors, which is responsible for the observed inhibition 

of emission bands. FRET in combination with Förster theory has become an invaluable 

tool for the assessment of distances in numerous biomolecular assemblies [44-46]. The 

FRET process is based on the concept of treating an excited donor as an oscillating dipole 

that can undergo energy exchange with a second dipole having a similar resonance 

frequency [46]. In principle, if the fluorescence emission spectrum of the donor overlaps 
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Figure 8.3. a) Steady state emission spectra of AAO membranes, in the absence and the presence 

of gold NWs and Map Red, b) picosecond-resolved fluorescence transients (excitation at 375 nm, 

monitored at 450 nm) and c) femtosecond-resolved fluorescence transients of bare AAO (blue) and 

Au NWs (green), Map Red (red) impregnated AAO (excitation at 375nm) collected at 450 nm. 
 

the absorption spectrum of an acceptor, and the two are within a minimal distance from 

one another (1−10 nm), the donor can directly transfer its excitation energy to the acceptor 

via exchange of a virtual photon. The spectral overlap of the AAO emission spectrum with 

that of the Map Red and Au absorption spectrum is shown in Figure 8.4a and 8.4b,  
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Figure 8.4. a) Steady state absorption spectra of acceptor Map Red (red) and emission spectra of 

donor AAO (blue) are shown. b) Steady state absorption spectra of acceptor gold NWs (red) and 

emission spectra of donor AAO (blue) The overlap zones have been shown in green and yellow, 

respectively. 
 

respectively. The details of the spectroscopic parameters and the fitting parameters of the 

luminescence transients are given in Table 8.1 and Table 8.2. From the average lifetime 

calculation for AAO−Map Red and AAO−Au complex, we obtain the effective distance 

between the donor and the acceptor, rDA ≈ 5.2 and 21.5 nm for AAO−Map Red and 

AAO−Au, respectively (using equation 2.11 and 2.12b). For AAO−QD complexation, the 

effective D−A distance is essentially the distance from donor singly-positive oxygen 

vacancy states to the centre of the acceptor QDs. However, the expected separation of 

donor and acceptor is supposed to be the radius of Map Red QDs (~3.0 nm, data not 

shown) [43]. By using FRET measurement on AAO−QD system, we have estimated the  
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Table 8.1. Picosecond-resolved luminescence transients of bare AAO & AAO in the 

presence of several quenchers.
a
 

 

 

 

 

 

 

a
The emission from AAO membrane (emission at 450 nm) was detected with 375 nm laser 

excitation. Numbers in the parenthesis indicate relative weightages. 
 

Table 8.2. Femtosecond decay periods of luminescence measured with AAOs (bare) & 

AAOs in the presence of several quenchers.
b
 

Sample 1 (ps) 2 (ps) 3 (ps) 

(fixed) 

AAO  44.2 (28%) 1472 (72%) 

AAO−BQ 0.40 (59%) 8.4 (6%) 1472 (35%) 

AAO−Map Red 0.87 (17%) 12.2 (14%) 1472 (69%) 

AAO−Au  35.5 (35%) 1472 (65%) 

b
The emission from AAO membrane (emission at 450 nm) was detected with 375 nm laser 

excitation. Numbers in the parenthesis indicate relative weightages. 

 

D−A distance of 4.4 nm which reveals that the donor F
+
 centers are located within 

(5.2−3.0) nm = 2.2 nm from AAO surface boundary. Note that the exact position of 

oxygen vacancy centers in AAO membrane is very much consistent with ZnO NPs [39-

41]. In contrast, by using FRET technique, the D−A distance for AAO−Au system is found 

to be 18.4 nm which is a larger value compared to the D−A distance between F
+
 centers 

and metal surface considering the fact that the donor F
+
 center transfers energy to the 

surface plasmon of the impregnated Au NWs, at the distance of ~2.2 nm. The observation 

is thus raising question about the validity of FRET in the determination of D−A distance in 

the case of AAO−Au system. 

 The D−A separations can also be calculated using another prevailing technique, 

nanosurface energy transfer (NSET) [47-48], in which the energy transfer efficiency 

depends on the inverse of the fourth power of the D−A separation [49]. For the calculation 

Sample 1 (ns) 2 (ns) 3 (ns) av (ns) 

AAO 1.47 (46%) 4.54 (48%) 10.5 (6%) 3.49 

AAO−BQ 1.42 (49%) 4.54 (46%) 10.5 (5%) 3.30 

AAO−Map Red 0.15 (38%) 1.7 (37%) 5.5 (25%) 2.06 

AAO−Au 0.79 (37%) 2.9 (50%) 7.8 (13%) 2.76 
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of D−A separation, we have used the useful formulations as discussed in section 2.1.2. In 

our present system, c is the speed of light, ΦD is the quantum yield of the donor (0.005), ω 

is the angular frequency for the donor (4.2×10
15

 s
−1

), ωF is the angular frequency for bulk 

gold (8.4×10
15

 s
−1

), d is the D−A separation,  is the dipole moment, τD is the average 

lifetime of the donor (3.48 ns), and kF is the Fermi wave-vector for bulk gold (1.2×10
8
  

cm
−1

) [50-51]. In our case we used kNSET as 
donoracceptordonor

NSET
ττ

k
11




, where, τdonor−acceptor 

is the average lifetime of the AAO−Au system. The calculated D−A distance (using 

equation 2.15) is found to be 2.7 nm, which reflects the separation of donor F
+
 centers 

from Au surface and also justify the location of F
+
 centers from AAO surface (~2.2 nm 

from surface boundary). A demonstration of the excited state energy transfer via FRET and 

NSET mechanism is revealed in Scheme 8.2 and effective D−A distances are shown in 

presence of different acceptors. Furthermore, it is to be noted that fs-resolved luminescence  

 

 

Scheme 8.2. Schematic illustration of the FRET and NSET mechanism between donor F
+
 centers in 

AAO membrane to the acceptors Map Red QDs and Au NWs showing their corresponding 

donor−acceptor distances. 

 

transients (Figure 8.3c) reveal a faster lifetime component of 0.87 ps which is associated 

with the excited-state of AAO−Map Red adduct and arises due to charge transfer from 
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AAO to the conduction band of QDs. Therefore, it is clear that both the electron and 

energy transfer processes are coupled in the deactivation process of the excited AAO when 

it is embedded to Map Red QDs. However, no faster time constants are detectable from the 

fs-resolved luminescence transients AAO−Au composite which suggests that the 

deactivation of AAO excited states occurs only via NSET process. 

8.3. Conclusion: 

In summary, AAOs with ordered pore size ~50 nm were synthesized using electrochemical 

methods which provide defect-mediated emission band near 450 nm. The present study 

provides a mechanistic explanation for the ultrafast excited state deactivation by 

considering every single aspect of quenching mechanisms, namely charge transfer, FRET 

and NSET from host AAO membrane to different guest molecules. The shorter lifetime as 

well as significant steady-state quenching was found when the AAO is impregnated with 

the well-known electron acceptor BQ, which accounted for fs-resolved charge transfer 

from the AAO conduction band to the BQ. We have also demonstrated that photoexcited 

AAO can transfer its energy to the impregnated QDs (Map Red) and Au NWs via FRET 

and NSET techniques, respectively. Based on these techniques, the location of the oxygen 

defect center is assigned and their distance from the surface adsorbed acceptor molecules is 

reported. Our present experiments and results will be beneficial to the understanding of the 

charge carrier or energy transfer processes from photoexcited AAOs to various acceptor 

molecules and it may find its applications in the use of porous alumina in the light-

harvesting devices. 
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Chapter 9 

Photosensitization Dynamics of Metal Oxide 

Semiconductors by Medicinally Important 

Porphyrins: Towards ‘Two-in-One’ Applications 

 

9.1. Introduction: 

Light-harvesting nanohybrids (LHNs) are of intense current interest, as the simple search 

for individual nanoparticles no longer incites broad scientific interests for specific high-end 

applications. Most of these LHNs are composed of an inorganic nanostructure associated 

with an organic pigment. For example, association of a ruthenium-based sensitizing dye 

(SD) N719 with TiO2 or ZnO nanomaterials leads to very efficient LHNs for dye-

sensitized solar cell (DSSC) applications [1-4]. The cost, rarity, and environmental issues 

of ruthenium complexes limit their wide application and encourage exploration of less-

expensive, stable, and safer sensitizers. In this respect, porphyrin and porphyrin derivatives 

have shown promise for the replacement of ruthenium-based dyes for cost-effective and 

steady photovoltaic conversion of solar energy to electrical energy, because of their strong 

absorption in the region of 400−450 nm (B or Soret band) as well as 500−700 nm (Q 

bands). Several types of model porphyrins have been synthesized and their photophysical 

and electrochemical properties at the organic dye−semiconductor interface has been 

intensively studied [5-20]. These reports have revealed that the efficiency of porphyrin-

sensitized solar cells can be increased by adding donor groups to the porphyrin ring, 

attaching bulky substituents to the phenyl groups, or by introducing double or triple bonds 

between the porphyrin ring and the anchoring carboxylic group (COOH). For e.g., Yalla et 

al. introduced long alkoxyl groups into the porphyrin ring and achieved an unprecedented 

12.3% energy conversion efficiency in combination with a cobalt-based electrolyte and a 

complementary dye Y123 [21]. More recently, boron dipyrromethene compound has been 

synthesized and coadsorbed on TiO2 nanoparticles with porphyrin dyes, which lead to a 

significant enhancement of energy conversion efficiency [11]. 
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 Along with successful recognition of efficient DSSCs, harvesting solar energy has 

also attracted a lot of attention to reduce organic pollutants at very low concentration by 

means of visible-light photocatalysis (VLP). In both the applications, the basic building 

block is a sensitizer, which absorbs visible-light from the sun, thereby initiating electron 

migration upon photoexcitation. The decisive use of various sensitizers including quantum 

dots in the system is found to be one of the key considerations in the realization of 

resourceful LHNs for efficient electron migration from sensitizers to the nanoparticulate 

film of a wide band-gap oxide semiconductor, and eventually the charge separation 

determines the VLP activity and the quality of DSSCs [22]. In this respect, due to its large 

band gap (3.3 eV), the popular photocatalyst ZnO can only utilize about 4% of the 

incoming solar energy, thus restricting its practical applications in a model VLP process. 

Therefore, a visible-light-activated catalyst is desired that can take the benefit of utilizing a 

superior portion of the solar spectrum and would be much more effective in ecological 

cleanup. In the view point of effective utilization of visible solar radiation, efforts have 

been made to trigger a photocatalyst under visible-light by extending its photoresponse to 

the visible region by metal-ion doping [23], nonmetal doping [24-25], noble metal 

deposition [26], narrow-band-gap semiconductors coupling [27-29], conducting polymer 

sensitization [30], and dye-sensitization [31-33]. In the latter approach, the excited dye 

molecule transfers an electron into the conduction band of the semiconductor, leading to 

the formation of a cationic radical of the dye. The injected electron then reacts with the 

dioxygen adsorbed on the surface of the metal oxide (MO), and generates active species 

involved in the process such as O2
•−

, dye
•+

, as shown in equations 9.1−9.4: 

  *dyehυdye   (9.1) 

  )MO(edyeMOdye CB

*    (9.2) 

  


 22 OMOO)MO(eCB  (9.3) 

  oductR,Odye Pr2 
  (9.4) 

The subsequent radical chain reactions lead to the degradation and mineralization of a 

contaminant (R) and concurrently water in the media acts as an electron donor to 

regenerate the sensitizer dye [33]. For example, Zhao et al. has demonstrated a dye-

sensitization system incorporating Pt(dcbpy)Cl2 (dcbpy = 4,4′-dicarboxy-2,2′-bipyridine) 
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on titania for the visible-light degradation of aqueous organic pollutant 4-chlorophenol in 

the presence of oxygen [31]. Another study by Sun et al. has also demonstrated that 

aluminum phthalocyanine loaded on TiO2 is a good sensitizer for degradation of 

substituted phenols in aerated aqueous solution under visible light irradiation [32]. 

Although various organic−inorganic LHNs are found to be active for energy conversion, 

we come up with an approach to achieve both the eco-friendly VLP process and cost-

effective DSSC with a model LHN. 

 In the first part of this work, a hydrothermally grown, vertically oriented ZnO 

nanorods (NRs) were sensitized with hematoporphyrin (HP), the first isolated porphyrin 

which came from the ejection of iron from protohaemin and the hydration of the two vinyl 

side chains to form -hydroxyethyl groups in their place. To obtain a better understanding 

of the physical properties of HP-sensitized ZnO LHNs, we have analyzed the attachment of 

porphyrin molecules to ZnO surfaces by using FTIR and Raman spectroscopic studies. 

Upon the binding of HP on ZnO surfaces, the ultrafast charge transfer processes were 

investigated by using steady-state and picosecond-resolved fluorescence techniques. After 

demonstrating HP−ZnO LHN as an efficient electron transfer mediator, we approached to 

employ the same nanohybrid in twin applications of efficient VLP process and to the 

fabrication of stable DSSCs. To the best of our knowledge, this sort of twin applications 

has not been reported previously by using a less-expensive, more stable, and safer 

HP−ZnO nanohybrid. To implement this approach, it is essential that rates of 

heterogeneous electron transfer for the nanohybrid layer be characterized as a function of 

structural parameters, including surface hydrophilicity, molecular interactions, and nature 

of anchoring of the chromophores. 

9.2. Results and Discussion: 

9.2.1. Hematoporphyrin−ZnO Nanohybrids: Twin Applications in Efficient Visible-

Light Photocatalysis and Dye-Sensitized Solar Cells [34]: 

9.2.1.1. Structural Characterization of HP−ZnO LHNs: Figure 9.1a shows the 

photographs of bare (left) and HP-sensitized (right) ZnO NRs decorated on FTO plates 

under daylight and their respective morphological characterization by SEM images are 
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shown. The contrast difference is clearly noticeable from the two SEM images that were 

 

 

Figure 9.1. a) Photographs of bare (left) and HP-sensitized (right) ZnO NRs decorated on FTO 

plates and their respective SEM images under daylight. b) The side-view and magnified top-view 

(inset) SEM images of vertically aligned, hexagonal ZnO NRs. c) XRD pattern of as-prepared ZnO 
NRs. 
 

taken under the same experimental conditions for a fare comparison. The side-view SEM 

image (Figure 9.1b) indicates the formation of arrays of ZnO NRs with a preferential 

growth direction along the polar facets in the [0002] direction of the ZnO hexagonal 

structure. The NRs growing perpendicular to the substrate are nearly uniform in length 

(∼4−5 m) and possess a characteristic hexagonal cross-section with a diameter of ∼180 

nm (inset). On the basis of the XRD results (Figure 9.1c), the crystallographic phase of 

these ZnO NRs belongs to the wurtzite-type [35]. 

9.2.1.2. Steady-State Absorption & PL Spectra of HP−ZnO LHNs: The formation of 

HP−ZnO nanohybrids are characterized by UV-vis spectroscopy. As shown in Figure 9.2a, 

ZnO NRs do not show considerable absorption above 410 nm, but the optical absorption 

increases in the UV region down to 360 nm which reaching a plateau at ~350 nm. Bare HP 
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exhibits a strong Soret absorption at 396 nm together with weak Q bands at 500 Qy (1←0), 

533 Qy (0←0), 569 Qx (1←0), and 622 nm Qx (0←0) [36]. In this respect, the removal of a 

metal ion from the center of a porphyrin molecule (which is the case in HP) results in the 

appearance of these four weak bands in the visible region, which have been assigned 

 

 

Figure 9.2. a) UV/Vis absorption spectra of ZnO NRs (gray), HP (red) and HP-ZnO LHNs (green) 
in ethanol. b) Room temperature PL spectra (excitation wavelength was at 409 nm) of bare HP 

(red) and ZnO-anchored HP (green) are shown. Inset shows the excitation spectra of HP 

monitored at 625 nm. 

 

to the splitting of doubly degenerate states into the vibration components. Relative to HP, 

HP−ZnO nanohybrid exhibits a 12 nm bathochromic shift and a weaker intensity of Soret 

band [37]. These changes are obvious when compared to the absorption spectrum of HP, 

and it is reasonable to conclude that HP−ZnO LHNs are formed by the covalent binding of 

ZnO and anchoring groups of HP rather than only physical adsorption. As shown in Figure 

9.2b, HP molecules are highly emissive as the photogenerated charge carriers undergo 
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radiative recombination. Upon 409 nm laser excitation, the strong emission of HP was 

found to be suppressed when anchored to ZnO NRs. The dramatic quenching of HP 

 

 

Figure 9.3. Fluorescence decay profiles of HP−ZnO LHNs (green) and free HP (red) in ethanol. 

 

emission by ZnO NRs observed in the composite film is indicative of the fact that radiative 

decay becomes a minor pathway. The inset of Figure 9.2b shows the excitation spectra of 

bare HP and HP−ZnO LHNs monitored at the emission peak (625 nm). The excitation 

spectra of HP also show parallel maxima at 400 (Soret), 500, 532, and 574 nm. In addition, 

the excitation spectra for HP−ZnO LHNs also reveal ~12 nm bathochromic shift which is 

in accordance to the observations made from the absorption spectra. Because of the 

interference of the absorption of ZnO NRs with the excitation wavelength of 409 nm, it is 

difficult to obtain a quantitative estimate of HP emission quenching which was further 

established by monitoring the emission decay of HP and HP−ZnO LHNs. 

9.2.1.3. Picosecond-Resolved Fluorescence Spectra of HP−ZnO LHNs: By using 

picosecond-resolved fluorescence technique, we probed the excited-state interactions of 

HP−ZnO LHNs, which was prepared by following the procedure discussed in section 

3.2.2D. As shown in Figure 9.3, the fluorescence decay curve of HP was fitted with single 

exponential decay, which showed a lifetime of 10.38±0.06 ns depicting HP molecules were 

monomeric in ethanolic solution [9]. A significant decrease in HP fluorescence lifetime 
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(avg) is observed in the presence of ZnO NRs and two fluorescence lifetimes are obtained 

which are summarized in Table 9.1. In particular, a faster component of 0.05±0.01 ns 

generates which contributes nearly 97% of the decay in HP−ZnO composite. Based on the 

results presented in Figures 9.2b and 9.3, we can conclude that an additional nonradiative 

pathway competes with the fluorescence of excited HP molecules. The apparent rate 

constant, knr, is determined for the nonradiative processes by comparing the lifetimes of HP 

in the absence (0) and the presence () of ZnO NRs, using equation 2.5. The apparent rate 

constant for the nonradiative process is estimated to be (1.66±0.24)×10
10

 s
−1

. As reported 

in previous studies, such knr values represent electron transfer from LUMO of HP to the 

conduction band of ZnO semiconductor and rules out the possibility of self-quenching due 

to the aggregation of HP molecules on ZnO surface [14, 38-39]. This indicates that the 

charge injection between excited HP and ZnO NRs is an ultrafast process and it can be 

modulated by controlling the nature of anchoring of HP to the semiconductor surface. 

9.2.1.4. FTIR Analysis of HP−ZnO LHNs: The dye used in this study, HP, contains two 

carboxylic groups, which possesses strong binding ability to the surface of ZnO. Three 

possible binding modes have been previously proposed for the surface adsorption of 

carboxylate on metal oxides [40-42]: (i) the monodentate (esterlike) linkage, (ii) bidentate 

chelating, and (iii) the bidentate bridging. Infrared vibrational spectroscopy usually 

provides a powerful tool to distinguish these binding modes. Generally, the frequency 

difference between the antisymmetric and symmetric stretching vibration (Δ = νas−νs) of 

carboxylate group is in the order of Δ(monodentate) > Δ(ionic) ∼ Δ(bridging) > 

Δ(bidentate). For the pure dye, the stretching vibration band of carboxylic group is located 

at 1714 cm
−1

, as shown in Figure 9.4a. After coordinating to ZnO surface, this vibration 

band splits into two bands (1693 and 1416 cm
−1

, respectively). The band located at 1693 

cm
−1

 is ascribed to the antisymmetric stretching vibration of coordinated carboxylate 

group, while the shoulder band at 1416 cm
−1

 corresponds to the symmetric vibration. 

Therefore, the Δ value estimated for HP adsorbed on the pure ZnO is found to be 

(1693−1416) = 277 cm
−1

 which is a much larger value and suggests that the binding mode 

of HP on ZnO is dominantly the monodentate esterlike linkage. In a previous study, Zhao 

et al. also reported monodentate binding of Rhodamine B dyes with TiO2 and Al(III)- 
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Table 9.1. Dynamics of picosecond-resolved luminescence transients of HP and 

HP−ZnO LHNs.
a 

Sample τ1 (ns) τ2 (ns) τavg (ns) knr×10
10

 (sec
−1

) 

HP (bare)  10.38±0.06 (100%) 10.38±0.06  

HP−ZnO  0.05±0.01 (97%) 0.47±0.02 (3%) 0.06±0.01 1.66±0.24 

a
The emission (monitored at 625 nm) was detected with 409 nm laser excitation. knr represents 

nonradiative rate constant. Numbers in the parenthesis indicate relative weightages. 

 

 

Figure 9.4. a) FTIR and b) Raman spectra of HP (red), ZnO NRs (gray) and HP−ZnO LHNs 

(green). 
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modified TiO2 nanoparticles, with Δ value of 262 and 281 cm
−1

, respectively [43]. 

9.2.1.5. Raman Spectra of HP−ZnO LHNs: The Raman spectra collected from HP, ZnO 

NRs and HP−ZnO LHNs in the wavenumber region of 300−600 cm
−1

 are shown in Figure 

9.4b. As evidenced from the figure, HP molecules do not show an obvious peak in the 

experimental range. The Raman spectrum of the ZnO NR arrays exhibits four vibration 

peaks at 332, 376, 438, and 578 cm
−1

 thus indicating the presence of wurtzite structure [9, 

44]. The peaks at 376 and 578 cm
−1

 correspond to the polar transverse A1 and longitudinal 

E1 optical phonon mode, respectively; the peak at 332 cm
−1

 is attributed to the E2
high

−E2
low

 

mode; and the strong peak at 438 cm
−1

 can be assigned to the nonpolar optical phonon E2 

mode of the ZnO NRs at high frequency, which is associated with oxygen deficiency [9, 

45]. After binding HP to ZnO, the E2 mode characteristic band of ZnO, associated to defect 

centers, is significantly perturbed. This is an indicative of the passivation of ZnO surface 

states upon HP assembly. The presence of other characteristic bands indicates good 

retention of ZnO wurtzite structure and crystal shape during the sensitization of ZnO NRs 

with HP. 

9.2.1.6. Visible-Light Photocatalysis of MB by HP−ZnO LHNs: In order to apply our 

findings into a model application, we designed a flow-device consisting of two glass plates 

(separated by a spacer) as illustrated in Figure 4.6d. The research was aimed to clarify (1) 

the efficiency of the HP−ZnO LHNs for the degradation of dye pollutants under visible-

light irradiation, (2) the effect of dye-sensitization time on the degradation efficiency, and 

(3) the mechanism of catalytic enhancement of photodegradation of dye pollutants under 

visible irradiation. As dye-sensitized systems solely rely on trapped conduction band 

electrons to reduce dioxygen to superoxide, many dyes simply cannot survive this severe 

oxidative stress [30-32, 46-48]. The optical response of the visible-light source was found 

to be effective in the region of 420−950 nm with a maximum intensity at 620 nm (Figure 

9.5b, inset). The present work identifies a highly stable photocatalytic material, HP−ZnO, 

which promotes the visible-light sensitized (λ > 420 nm) decomposition of aqueous MB, a 

representative organic pollutant, in the presence of air without the need for any undesirable 

sacrificial electron donors to promote regeneration of surface-bound sensitizer molecules. 

Figure 9.5a shows the change of absorption spectra of MB solution when exposed to 
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visible-light in the absence and the presence of ZnO NRs and HP−ZnO LHNs at two 

 

 

Figure 9.5. a) UV-vis spectral changes of aqueous solution of MB in absence and the presence of 

ZnO, HP−ZnO LHNs, under visible-light irradiation. b) Dependence of photocatalytic activity on 
the dye-sensitization time. Inset (left) shows the optical response of our visible light source and 

inset (right) shows the absorbance of HP-sensitized (24 h) ZnO LHNs (on a quartz plate) before 

and after the photocatalysis process. 

 

extreme sensitization times, indicating the decolorization of MB during photoassisted 

reaction. The histogram (inset) clearly shows that degradation efficiency markedly 

enhanced in the presence of HP−ZnO LHNs, and it is also dependent on the HP 

sensitization time and reaches to ~85% after 24 h of HP sensitization. 
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 In order to confirm that the HP−ZnO induced VLP process occurs via the formation 

of reactive oxygen species (ROS), we performed MB photodegradation in Argon (Ar) 

atmosphere. Under deaerated conditions, a suppression of O2
−
• radical production occurs 

and the reducing action of CB electrons is decreased, because of the inhibition of the 

degradation efficiency of HP−ZnO LHNs (24 h) from 85 to 33%. In this respect, Sun and 

Xu had used TiO2-aluminum phthalocyanine nanohybrids to degrade water pollutant 4-

cholorophenol where the catalyst capacity toward O2 adsorption in aqueous solution was 

found to be a predominant factor [32]. For further understanding the effect of dye-

sensitization time on VLP activity, a number of HP−ZnO substrates were prepared with 

different sensitization periods of 2, 4, 8, 12, 16, 20 and 24 h. Figure 9.5b shows that the 

absorption of HP−ZnO LHNs is quite expectedly increased with increasing sensitization 

times, and the catalytic activity also increased due to the higher adsorption of sensitizing 

dye on ZnO surface which was found to be saturated after 12 h of sensitization time and 

remain constant thereafter. It is worth noting that the increment of HP concentration must 

lower the possibility of MB to attach to ZnO surface that would lead to a deterioration of 

degradation efficiency for increasing HP sensitization time. However, the reverse output 

again reveals that the bleaching process is followed by ROS formation that are generated at 

the ZnO surface and subsequently transported to the MB layer. Therefore, the remote 

bleaching is not a simple reduction of MB to its leuco form at the surface of ZnO; rather 

MB is probably oxygenated or decomposed. This sort of remote bleaching of MB in the 

gas phase is well-speculated in the literature [49-50]. In addition, we have verified the 

photostability of HP−ZnO LHNs by measuring the absorbance of HP−ZnO film (on a 

quartz plate) prior to and after the completion of photocatalysis reaction. As shown in the 

inset of Figure 9.5b, after passing 2 mL aqueous solution of MB through the flow-device 

and 30 min of continuous light irradiation, it was found that a negligible amount of HP 

leached out from the quartz plate. 

9.2.1.7. Water Contact Angle Measurements on HP−ZnO LHNs: The spreading of 

water on solid substrates is usually quantified through the contact angle, which positively 

characterizes the hydrophilicity and determines the biocompatibility of the materials [51]. 

The contact angle measurements were done on HP−ZnO films fabricated on a glass plate, 

under 0.5 sun and normal room-light intensity (0.2 sun). As shown in Figure 9.6, initially 
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HP−ZnO film shows a water contact angle of 129.1
o
 which gradually reduces with 

increasing time of irradiation. After 10 min of experimental time-window, it is found that 

 

 

Figure 9.6. Water contact-angle measurements on HP−ZnO modified substrates under the 
illumination of 0.5 sun and normal room light. Insets show their respective photographs. 

 

HP−ZnO becomes more hydrophilic when irradiated under 0.5 sun illumination, compared 

to normal room-light. This suggests that the electron−hole pair generation occurs at a much 

faster rate when higher intensity light incidents on the HP−ZnO surface. Upon 

illumination, HP will inject electrons to the ZnO conduction band which may get trapped 

in the surface defect states (mainly oxygen vacancy centers) if there is no external force to 

sweep these electrons out. As a consequence, the surface trapped electrons will build up a 

hydrophilic surface until an equilibrium state of release is reached. Therefore, higher light 

intensity would facilitate the photocatalysis of a water contaminant in LHNs. The insets 

show their corresponding photographs. 

9.2.1.8. Optimized DSSC Performance: Photoelectrochemical measurements [52-53] 

were performed in a standard two-compartment cell, in acetonitrile containing 0.5 M LiI 

and 0.01 M I2 as redox electrolyte and FTO/ZnO/HP as working electrode, while Pt/FTO 

was the counter electrode. Shown in Scheme 9.1 is the energy level alignment of ZnO NRs 

and porphyrin dyes, to demonstrate the electron transfer pathway in the photocurrent 

system. Previous studies have estimated that the CB and VB of the ZnO NRs are located at 
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−4.2 and −7.6 eV [9], and the LUMO and HOMO of phorphyrin dyes are located at −2.75 

and −4.75 eV [54-55]. Upon visible-light irradiation, the electrons in HP molecules are 

 

 

Figure 9.7. a) Photocurrent−voltage (J−V) characteristics and b) incident photon-to-current 
conversion efficiency (IPCE) spectra for HP-sensitized ZnO NR-based DSSCs. Inset shows 

photocurrent responses of ZnO NRs (gray) and HP−ZnO LHN (green) modified FTO electrode 

under the bias voltage of 2.5 V. The photocurrent was measured across the thickness of the films 

with 25 mW cm
−2

 incident power from a halogen light source. 

 

injected to the CB of ZnO and consequently transported to the FTO plates, leading to a 

photocurrent. The photocurrent density−voltage (J−V) curves of the devices measured 

under AM 1.5 irradiation (100 mW cm
−2

) are shown in Figure 9.7a, and the detailed 

photovoltaic parameters are summarized in Table 9.2. The short-circuit photocurrent 

density (JSC), open-circuit photovoltage (VOC), and FF of a HP-sensitized cell with the 
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iodine-based electrolyte are ~974±48 A cm
−2

, 0.42±0.02 V, and 45±0.6 %, respectively, 

with an overall conversion efficiency of 0.20±0.02 %. Note that a well- 

 

 

Scheme 9.1. Schematic energy level diagram and electron-transfer path from porphyrin dyes to 

ZnO. 

 

recognized ruthenium-based solar cell dye N719 provides  of 0.13±0.01 under the same 

experimental conditions, which is comparable with HP−ZnO based DSSCs [53]. 

 The incident photon-to-current conversion efficiency (IPCE) for HP-sensitized 

DSSCs is shown in Figure 9.7b. The IPCE, defined as the number of electrons collected 

per incident photon, was evaluated from short-circuit photocurrent (JSC) measurements at 

different wavelengths (), and the IPCE was calculated using equation 2.31. The IPCE 

spectra are found to closely resembled the characteristic absorbance spectra of HP (Figure 

9.2a), which exhibit peaks near 530 and 580 nm because of the Q bands, and reaches a 

maximum value of ~30% at the Soret region (~400 nm), signifying that the HP sensitizers 

on the photoanode surface are indeed responsible for photocurrent generation. In this 

respect, a recent study employed a noncovalent double-decker binding strategy to construct 

functional supramolecular single-wall carbon nanotubes-zinc porphyrin hybrids where a 

maximum of 12% IPCE has been achieved without any modification of porphyrin side-

chains [56]. 
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Scheme 9.2. Schematic representation of a model light-harvesting nanohybrid (LHN) depicting 

covalently functionalized ZnO NRs with sensitizing dye, Hematoporphyrin (HP). The scheme 

illustrates the typical absorption process for visible-light in the LHNs: light is absorbed by the 
sensitizing dye HP, transferring an electron into the conduction band of ZnO. The trapped electron 

in ZnO is exploiting dual vital applications of using HP−ZnO nanohybrid as a model light-

harvesting material: (I) visible-light photocatalysis and (II) dye-sensitized solar cells. 

 

Table 9.2. Device performance
b
 of the HP-sensitized DSSCs. 

Device VOC (V) JSC (µA/cm
2
) FF (%)  (%) 

HP−ZnO 0.42±0.02 974±48 45±0.6 0.20±0.02 

N719−ZnO (control) 0.69±0.05 620±33 30±0.5 0.13±0.01 

b
short-circuit photocurrent densities (JSC/cm

2
), open-circuit voltage (VOC), fill factor (FF), and 

efficiency (η). The control experiment with N719 dye-sensitized system is provided from another 

report [53]. 
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 The photoconductivity measurements [52-53, 57] (as discussed in section 3.1.13) of 

bare ZnO and HP-modified ZnO thin films are also performed in order to better understand 

the photocurrent response of the nanohybrids. Inset of Figure 9.7b shows the photocurrent 

response for the ZnO NR and HP−ZnO thin films, where an improved photocurrent was 

observed for the HP-modified ZnO thin film (~100 A) under illuminated condition 

compared to the bare ZnO NR thin film (~10 A). 

9.3. Conclusion: 

In conclusion, hematoporphyrin (HP) has been conjugated onto covalently functionalized 

ZnO NRs, forming electron donor−acceptor HP−ZnO nanohybrid, which is being 

established as a potential light-harvesting materials, as represented in Scheme 9.2. The new 

hybrid nanomaterial has been methodically characterized with the aid of standard 

microscopic and optical techniques. The FTIR and Raman scattering studies confirm the 

formation of HP−ZnO nanohybrid through the monodentate binding of ZnO and 

carboxylic groups of HP rather than simply physical adsorption. Steady-state and 

picosecond-resolved fluorescence measurements reveal efficient quenching of HP 

fluorescence in the HP−ZnO nanohybrid, suggesting that photoinduced charge transfer 

takes place from LUMO of HP to the CB of ZnO. Utilizing this phenomenon, a new dye-

sensitized system, incorporating HP on ZnO, is realized for the photodegradation of 

aqueous organic pollutants under visible-light irradiation. Finally, a photoelectrochemical 

cell is constructed based on HP sensitization onto nanostructured ZnO at FTO plates. The 

FTO/ZnO/HP electrode revealed prompt, stable and reproducible photocurrent and 

photovoltage, with IPCE values as large as 30%, without the application of bias voltage. 

The present work demonstrates the exciting potential of porphyrins as light-harvesting 

green dyes that can simultaneously be used in visible-light photocatalysis and 

photovoltaics. 
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