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Chapter 1 

Introduction  

1.1. Background 

 The sun is a star which  is directly or indirectly the main source of energy in 

the solar system and essential for the existence of life. Solar radiation has been 

used by humanity in all ages as a renewable energy resource. The mammoth 

power that the  Sun continuously delivers to Earth, 1.2 × 105 terawatts, dwarfs 

every other renewable or nonrenewable energy sources. The amount of energy 

humans use annually, about 4.6 × 1020 joules, is delivered to Earth by the Sun in 

one hour. Sunlight can be converted into electrical energy, chemical energy and 

thermal energy. The discovery of photovoltaic effect by Becquerel in 1839 and the 

invention  of the first photovoltaic cell in the early 1950s opened entirely new  

perspectives on the use of solar energy for the production of electricity. Since then, 

the development  of solar technologies continues at an unprecedented rate. Today, 

renewable energy accounts for over 20% of total global electricity generation. The 

current cost of solar technologies commercially available  in the market  is very 

high compared to the cheap fossil fuels. Due to the limited storage and adverse 

effect of the fossil fuels to the environment, the development of low-cost and high-

efficiency photovoltaic device c oncepts using renewable and environment friendly 

resources is necessary to meet the increasing energy demand. Solar radiation can 

also yield chemical fuel via natural photosynthesis in green  plants or artificial 

photosynthesis in human -engineered systems. In the 1970s, artificial 

photosynthesis gained huge interest because of the oil crisis. In addition,  

increasing environmental pollution issues prompt for finding potential solutions 

via solar energy routes to clean up water and environmental pollutions.  
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photocatalysis (PC) and dye sensitized solar cells (DSSC) are related to ultrafast 

excited state charge transfer across the interface [32-33]. Thus a precise knowledge 

of excited state charge transfer across oxide surfaces is important to fully 

understand the microscopic mechanism related to technologically important 

processes of PC and DSSC, both of which indeed have strong social impact.   In one 

of our stud ies, we have investigated the role of central metal ion in biologically 

important organic pigment h ematoporphyrin (HP)  functionalized TiO 2 

nanoparticles (NPs). The study reveals the role of iron ion and its oxidation states 

in electron transfer processes and its implications in the photocatalytic activity and 

photoresponse of the nanohybrid. In another study, we have functionalized zinc 

phthalocyanine (ZnPc) with two carboxyl groups contain ing a biologically 

important ligand, tartrate, using a facile wet chemistry route and duly sensitized 

ZnO to form nanohybrids for application in photocatalytic devices.  Ultrafast 

photoinduced charge separation and charge recombination processes at the 

semiconductor -semiconductor (PbS-ZnO) interface are explored for efficient solar 

light harvesting . The incorporation of semiconductor nanocrystals into conjugated 

polymers can sensitize the semiconductor nanocrystals for renewable energy 

applications. In a recent study, we have explored the charge transfer mechanism 

in a heterostructure based on poly(diphenylbutadiyne) (PDPB) nanofibers and 

ZnO NPs by using the steady state and picosecond-resolved fluorescence studies. 

In order to fabricate efficient and low co st devices, we have tailored both the 

active electrode with silver modified TiO 2 (Ag-TiO2) as well as the counter 

electrode (CE) with Pt-reduced graphene oxide (Pt@RGO) nanocomposites in a 

DSSC. The synergistic combination of both modified electrodes leads to an 

improved light to electrical energy conversion with an overall efficiency of 8%.  In 

another study, we have employed carbonate doped TiO2 mesoporous 

microspheres (doped MS) in photoanode of a N719 dye containing solar cell. Most 

importantly, for the first time we have demonstrated that the solar cells with 

doped MS offers better efficiency (7.6%) in light harvesting compared to MS 
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1.4. Objective:  

 The use of nanoscale materials for efficient solar light harvesting has 

attracted immense attention in the recent time in order to address the energy and 

environmental issues. Among them , semiconductor materials such as TiO2, ZnO 

have been widely used in the field of photocatalysis and dye-sensitized solar cells. 

However, due to limited visible -light activity and low photo -conversion efficiency, 

ZnO/TiO 2 needs to be modified to design heterostructures with efficient charge 

separation. The objective of this thesis is to unravel the ultrafast dynamical 

processes across the interface of heterostructures to enhance the solar light 

harvesting efficiency. The special emphasis has been given to the correlation 

between the ultrafast processes at the interface and their implications in the light 

harvesting applications.  

 In order to sensitize the oxides in the visible light, sensitization with visible 

light absorbing dyes is a prevalent solution. A c onsiderable research effort in this 

direction stems from the desire to make cost effective and environment-

compatible dye sensitized nanostructure-based solar light harvesting devices [34-

35]. The synthesis and purification of best performing ruthenium -based dyes for 

the solar light harvesting devices is expensive [36]. In the context of cost and 

biocompatibility, porphyrin  and phthalocyanine  based solar devices are gaining 

great interest in the contemporary literatu re [37-42]. The incorporation of metal 

ions in the central cavity of porphyrin in the proximity of host semiconductor for 

efficient decontamination of drinking water is a subject of several recent reports 

[43-45]. Tuning the photo response [46], stability of the dyes upon metalation [47] 

and efficiency of photo injected electron [48] are studied in a series of reports [49]. 

However, correlation between the spectroscopic studies and their implication in 

light harvesting applications is sparse in the literature.  One of our studies in this 

directio n is aimed to investigated the critical role of central metal ions (Fe3+/Fe 2+) 

incorporated in hematoporphyrin -TiO2 nanohybrid in interfacial carrier dynamics 





 

8 
 

heterojunctions such as TiO2-PANI, TiO 2-P3HT have been studied for the 

harvesting of visible light [63-67]. There is a common consensus that 

heterojunctions facilitate the migration of ph otoexcited electrons and holes across 

the interfaces to enhance charge separation. However, very few direct 

experimental evidences or spectroscopic observations have been explored to 

establish the charge transfer mechanism at the heterostructure interface. In one of 

the studies, we have explored the charge transfer mechanism in a heterostructure 

based on poly(diphenylbutadiyne) (PDPB) nanofibers [68] and ZnO NPs by using 

the steady state and picosecond-resolved photoluminescence studies [24]. 

 Among various technologies, dye -sensitized solar cells (DSSCs) have 

attracted widespread attention as a solar energy conversion technology because of 

abundantly available low cost materials, ease of fabrication and relatively high 

photon to current conversion efficiency [7, 39, 69-73]. Extensive efforts have been 

made to improve the efficiency of DSSC by engineering all the components. In 

order to modulate the photoanode, thicknes s of the nanocrystalline titanium 

dioxide layer has been extensively studied to improve both the photocurrent and 

photovoltage [74-75]. Generally, lowering the thickness of the active layer reduces 

the recombination at the interface between electrode and electrolyte which in turn 

increases the efficiency. However, the dye loading also decreases with decreasing 

thickness resulting in lower photocurrents. To combat this problem, surface 

modification of semiconductor NP s with plasmonic metal nanostructures such as 

gold, silver and copper have been investigated recently [18, 76-81].  However,  

significant improvement of the photovoltage by surface modification with silver is 

reported sparsely in the literature.  In this direction, we have tailored both the 

active electrode with silver modified TiO 2 (Ag-TiO2) as well as the counter 

electrode (CE) with Pt-reduced graphene oxide (Pt@RGO) nanocomposites to 

realize efficient and low cost devices [82]. In another study, we have used 
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carbonate doped TiO2 mesoporous microspheres (doped MS) in photoanode of a 

N719 dye containing solar cell [83]. 

 In recent years, use of nanotechnology in medical science is gaining a lot of 

attention across the world. Research focusing on the use of various nanostructured 

materials in different areas, such as for drug delivery [84], cancer treatments [85-

86] etc. is underway. Out of the numerous nanostructured materials, ZnO is one of 

the most promising materials for the applications in the medical fields due to its 

biocompatibilit y, biodegradability and non -toxicity [87]. Furthermore, defect 

mediated energy emitted from the ZnO nanostructures can also effectively 

degrade various organic compounds in water through Förster Resonance Energy 

Transfer (FRET) [88]. In this direction, we have explored the potential use of ZnO 

NPs as a phototherapeutic agent, by controlling the surface defect states of the 

NPs through a post-annealing treatment in oxygen rich atmosp here, in order to 

efficiently degrade BR molecules through FRET [89].  In another study, we have 

explored the key photoinduced dynamics in ZnO NPs upon complexation with a 

model cancer drug protoporphyrin IX (PP)  [27]. We have also used the 

nanohybrid in a model photodynamic therapy application in a light se nsitized 

bacteriological culture experiment.  The exploration of key photoinduced 

dynamics in the porphyrin based nanohybrids will be helpful in designing future 

photodynamic agents. 

1.5. Summary of the Work Done: 

1.5.1. Excited State Dynamics of a Light Ha rvesting Molecule in the 

Proximity of Wide Band Gap Semiconductor Nanostructures : 

1.5.1.1. Role of Central Metal Ion in Hematoporphyrin -Functionalized Titania in 

Solar Energy Conversion Dynamics  [26]: In this study, we have investigated the 

efficacy of electron transfer processes in hematoporphyrin (HP) and iron 
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hematoporphyrin ((Fe)H P) sensitized titania as potential materials for capturing 

and storing solar energy. Steady-state and picosecond-resolved fluorescence 

studies show the efficient photoinduced electron transfer processes in 

hematoporphyrin -TiO2 (HP-TiO2) and Fe(III)-hematoporphyrin -TiO2 (Fe(III)HP-

TiO2) nanohybrids, which reveal the role of central metal ions in electron transfer 

processes. The bidentate covalent attachment of HP onto TiO2 particulates is 

confirmed by FTIR, Raman scattering and X-ray photoelectron spectroscopy (XPS) 

studies. The iron oxidation states and the attachment of iron to porphyrin through 

pyrrole nitrogen atoms were investigated by cyclic voltametry and FTIR studies, 

respectively. We also investigated the potential application of HP -TiO2 and 

Fe(III)H P-TiO2 nanohybrids for the photodegradation of a model organic 

pollutant methylene blue (MB) in aqueous solution under wavelength dependent 

light irradiation. To further investigate the role of iron oxidation states in electron 

transfer processes, photocurrent measurements were done by using Fe(III) and 

Fe(II) ions in porphyrin. This work demonstrates the role of central metal ions in 

fundamental electron transfer processes in porphyrin sensitized titania and its 

implication in dye -sensitized device performance. 

1.5.1.2. Ultrafast Dynamics at the Zinc Phthalocyanine/Zinc Oxide Nanohybrid 

Interface for Efficient Solar Light Harvesting in the near Red Region  [30]: 

Phthalocyanine-based light harvesting nanomaterials are attractive due to their 

low cost, eco-friendly properties and sensitivity in the red region of the solar 

spectrum. However, for any practical application, phthalocyanines need to be 

chemically modified for anchoring groups with wide -band semiconducting 

nanomaterials. In this study , zinc phthalocyanine (ZnPc) was functionalized with 

two carboxyl groups containing a biologically important ligand, tartrate, using a 

facile wet chemistry route and duly sensitized zinc oxide (ZnO) to form 

nanohybrids for application in pho tocatalytic devices. The nanohybrids have been 

characterized using a high-resolution transmission/scanning electron microscope 
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(HRTEM, FEG-SEM), X-ray diffraction (XRD), steady -state infrared/UV -VIS 

absorption and emission spectroscopy for their structural  details and optical 

properties, whereas the ultrafast dynamical events, which are key for 

understanding the photocatalytic activities, were monitored using picosecond 

resolution fluorescence techniques. More specifically, vibrational spectroscopy 

(FTIR) revealed the covalent connection of ZnPc with the host ZnO nanoparticles 

via the tartrate ligand. The efficiency of the material for photocatalysis under red 

light irradiation was found to be significantl y enhanced compared to bare ZnO. To 

make a prototype for a potential application in a flow device for water 

decontamination, we have sensitized ZnO nanorods (ZnO NR) with tartrate -

functionalized ZnPc. The molecular proximity of ZnPc to the ZnO surface has 

been confirmed by picosecond resolution Förster resonance energy transfer 

(FRET). The excited-state electron transfer dynamics, as revealed by a picosecond 

resolution fluorescence study (TCSPC), is in good agreement with the enhanced 

charge separation at the interface of the nanohybrid. The enhanced photoresponse, 

wavelength -dependent photocurrent of the sensitized nanorods and 

photodegradation of a model water pollutant in a prototype device format 

confirmed the potential use of the nanohybrids in water purification.  

1.5.2. Key Interfacial Carrier Dynamics i n Inorganic -Inorganic 

Nanohybrids for Enhanced Light Harvesting Application : 

1.5.2.1. Interfacial Carrier Dynamics in PbS -ZnO Light Harvesting Assemblies 

and their Potential Implication in Photovoltaic/ Photocatalysis Application  [22]: 

In many cases light harvesting nanomaterials are commonly applied as 

photovoltaics as well as photocatalyst materials. However, such a dual use 

depends critically  on the charge dynamics across the involved nanostructured 

interface. Here, we have investigated PbS-ZnO light harvesting assemblies (LHAs) 

that can lead to efficient photovoltaics. In contrast, their photocatalytic properties 

remain poor. We demonstrate that fundamental, ultrafast photoinduced charge 
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NPs via a solution phase synthetic route. ZnO NPs (~20 nm) were homogeneously 

loaded onto the PDPB nanofibers as evident from several analytical and 

spectroscopic techniques. The photoinduced electron transfer from PDPB 

nanofibers to ZnO NPs has been confirmed by steady state and picosecond-

resolved photolum inescence studies. The co-sensitization for multiple photon 

harvesting (with different energies) at the heterojunction has been achieved via a 

systematic extension of conjugation from monomeric to polymeric diphenyl 

butadiyne moiety in the proximity of the  ZnO NPs. On the other hand, energy 

transfer from the surface defects of ZnO NPs (~5 nm) to PDPB nanofibers through 

FRET confirms the close proximity with molecular resolution. The manifestation 

of efficient charge separation has been realized with ~5 fold increase in 

photocatalytic degradation of organic pollutants in comparison to polymer 

nanofibers counterpart under visible light irradiation. Our results provide a novel 

approach for the development of nanoheterojunctions for efficient light harvesting 

wh ich will be helpful in designing future solar devices.  

1.5.4. Essential Dynamics in Plasmonic Nanostructure for Enhanced 

Solar Photovoltaic Application : 

1.5.4.1. Enhanced Photovoltage in DSSC: Synergistic Combination of Silver 

Modified TiO 2 Photoanode and Low Cost Counter Electrode  [82]: In this study, 

we have tailored both the active electrode with silver modified TiO 2 (Ag-TiO2) as 

well as the counter electrode (CE) with Pt-reduced graphene oxide (Pt@RGO) 

nanocomposites to realize efficient and low cost devices. The synergistic 

combination of both modified electrodes leads to an improv ed light to electrical 

energy conversion with an overall efficiency of 8%. An increase in the 

photovoltage (Voc) of ~16% (0.74 to 0.86 V) is achieved using Ag-TiO2 in 

comparison to the bare TiO2. This can be attributed to the shifting of the quasi-

Fermi level of the TiO2 photoanode close to the conduction band in presence of Ag 
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NPs due to the formation of schottky barrier. On the other hand, the facile 

synthesis of Pt NPs on RGO nanosheets by photo-reduction method without using 

chemical reducing or stabili zing agents demonstrates a higher efficiency than Pt as 

a CE due to cooperation of the catalytic activity of Pt and the high electron 

conductivity of the RGO as stable supporting material having more interfacial 

active sites. The quantity of Pt in the Pt@RGO nanocomposites is 10 times lower 

than in the Pt CE which reduces the cost and makes it viable for large scale 

commercial utilization.  

1.5.5. Facile Carbonate Doping in Mesoporous TiO 2 Microspheres 

for Dye Sensitized Solar Cell with Enhanced Efficiency : 

1.5.5.1. Carbonate Doping in TiO 2 Microsphere: The Key Parameter Influencing 

Others for Efficient Dye Sensitized Solar Cell  [83]: Four key parameters namely 

light trapping, density of light harvesting centre, photoinduced electron injection 

and electron transport without self -recombination are universally important 

across all kinds of solar cells. In this study, we have considered the parameters in 

the context of a model Dye Sensitized Solar Cell (DSSC). Our experimental studies 

reveal that carbonate doping of TiO2 mesoporous microspheres (doped MS) makes 

positive influence to all the above mentioned key parameters responsible for the 

enhanced solar cell efficiency. A simple method has been employed to synthesize 

the doped MS for the photoanode of a N719 (ruthenium dye) -based DSSC. A 

detailed electron microscopy has been used to characterize the change in 

morphology of the MS upon doping. The optical absor ption spectrum of the 

doped MS reveals significant shift of TiO 2 (compared to that of the MS without 

doping) towards maximum solar radiance (~500 nm) and the excellent scattering 

in the entire absorption band of the sensitizing dye (N719). Finally, and mos t 

importantly, for the first time we have demonstrated that the solar cells with 

doped MS offers better efficiency (7.6%) in light harvesting compared to MS 
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without doping (5.2%) and also reveal minimum self recombination of 

photoelectrons in the redox chain. 

1.5.6. Key Light Harvesting Dynamic s in Various Nanostructures for 

Biomedical Application : 

1.5.6.1. Modulation of Defect M ediated Energy Transfer from ZnO 

Nanoparticles for the Photocatalytic Degradation of Bilirubin  [89]: In recent 

years, nanotechnology has gained significant interest for applications in the 

medical field. In this regard, utilization of the ZnO NP s for the efficient 

degradation of bilirubin (BR) via photocatalysis technique was explored. BR is a  

water insoluble byproduct of heme catabolism that can cause jaundice when its 

excretion is impaired. The ZnO NP activated photocatalytic degradation of BR 

through a non -radiative energy transfer pathway can be influenced by the surface 

defect states (mainly the oxygen vacancies) of the catalyst nanoparticles, which 

was modulated via a simple post -annealing treatment in oxygen rich atmosphere. 

The mechanism of the energy transfer process between the ZnO NPs and the 

surface adsorbed BR molecules was studied using steady state and picosecond-

resolved fluorescence spectroscopy technique. Correlation of photocatalytic 

degradation and time -correlated single photon counting (TCSPC) studies revealed 

that the defect engineered ZnO NPs obtained through post -annealing treatments 

led to an efficient decomposition of BR molecules enabled by FRET process. 

1.5.6.2. Direct Observation of Key Photoinduced Dynamics in a Potential Nano -

delivery Vehicle of Cancer Drugs  [27]: In recent times, significant achievements 

in the use of ZnO NPs as delivery vehicles of cancer drugs have been made. The 

present study is an attempt to explore the key photoinduced dynamics in ZnO 

NPs upon complexation with a model cancer drug protoporphyrin IX (PP). The 

nanohybrid has been characterized by FTIR, Raman scattering and UV-VIS 

absorption spectroscopy. Picosecond-resolved FRET from the defect mediated 
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Chapter 5: Dynamical processes in PbS-ZnO light harvesting  assemblies upon 

photoexcitation and their implications in photocatalytic and photovoltaic 

applications  is  elaborated in this chapter. 

Chapter 6: The co-sensitization of ZnO NPs by multiple states of polymer 

nanofibers originated from oligomeric and polyme r chain unit which leads to 

enhanced photocatalytic activity and photoresponse  is discussed in the chapter. 

Chapter 7: In order to enhance the solar cell efficiency, the modification s of both 

the photoanode and counter electrode by using Ag-TiO2 and Pt@RGO have been 

described in this chapter. 

Chapter 8: In this chapter, the use of carbonate doped TiO2 microspheres  in the 

photoanode of a DSSC to optimize several key parameters has been presented. 

Chapter 9: The modulation of defect state emission of ZnO NPs to degrade 

bilirubin via FRET process is discussed. The use of ZnO NPs as drug delivery 

vehicle of a well -known cancer drug protoporphyrin IX has also been described in 

this chapter. 
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2.2.1.2. 2,5-Cyclohexadiene -1,4-dione (p-Benzoquinone, BQ): BQ (Figure 2.5) 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 [14-15]. Large doses could induce local irritation, clonic 

convulsions, decreased blood pressure and death due to paralysis of the 

medullary centres. 

 
Figure 2.5. Schematic representation of the molecular probes used. 

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

catabolism in mammalian systems, introduces great biological and diagnostic 

values [16]. Both antioxidant and toxic properties have been attributed to BR [17], 

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 
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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 S etups: 

3.1.1. Steady-state UV-Vis Absorption and Emission M easurement: Steady-state 

UV-Vis absorption and emission spectra were measured with Shimadzu UV -2600 

spectrophotometer and Horiba Fluorolog , respectively. Schematic ray diagrams of 

these two instruments are shown in Figures 3.1 and 3.2. 

 
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, and photomultiplier tube and reference photodiode, 
respectively. 

3.1.2. 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 3.3. 

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 70 ps to 80 ps. The fluorescence 

from the sample was detected by a photomultiplier after dispersion through a 

grating monochromator  [1]. For all transients, the polarizer in the emission side 

was adjusted to be at 54.70 (magic angle) with respect to the polarization axis of 

excitation beam. 
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(EDAX) spectrometer was used to characterize the microscopic structures of 

samples and to analyze their elemental composition. The sizes of the 

nanostructures were determined from the TEM images obtained at 200 kV 

acceleration voltage of the microscope. 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. 

3.1.4. Scanning Electron M icroscopy (SEM): Surface characterization of 

nanomaterials were done by scanning electron microscope FE (field emission)-

SEM; JEOL. Ltd., JSM-6500F. An 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 electrons. The signal from secondary 

electrons are detected by detector and amplified. The ray diagram of the SEM 

setup is shown in Figure 3.5. 

 
Figure 3.5. Schematic diagram of typical scanning electron microscope (SEM). 











56 
 

 
Figure 3.8. The schematic representation of TG-DTA setup. 

3.1.8. 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 di fferent 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 mir ror (M5) and a beam-splitter (BS1), as 

illustrated in Figure 3. 9. 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 reflect ed 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 
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Figure 3.12. Schematic diagram of a simplified measurement circuit for performing cyclic 
voltammetry (CV). 

 A  typical electrochemical measurement circuit made up of an 

electrochemical cell, an adjustable voltage source (VS), an ammeter (AM) and a 

voltmeter (V M). The three electrodes of the electrochemical cell are the working 

electrode (WE), reference electrode (RE) and the counter (or auxiliary) electrode 

(CE). The voltage source (VS) for the potential scan is applied between the working 

electrode and the counter electrode. The potential (E) between the reference 

electrode and the working electrode is measured with the  voltmeter and the 

overall voltage (Vs) is adjusted to maintain  the desired potential at the working 

electrode with respect to the reference electrode. The resulting current (i) flowing 

to or from the working electrode is measured with the ammeter (A M). 

3.1.12. Electrochemical Impedance Spectroscopy  (EIS): Electrochemical 

Impedance Spectroscopy (EIS) is a powerful technique to investigate the electronic 

and ionic processes in dye sensitized solar cells (DSSC). Electrochemical 

impedance is usually measured by applying an ac potential to an electrochemical 

cell and then measuring the current through the cell.   An important  advantage of 

EIS over other techniques is the possibility of using  tiny ac voltage amplitudes 

exerting a very small perturbation  on the system. A Nyquist plot can be made by 

plotting the real part of the transfer function on the X -axis and the imaginary part 
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on the Y-axis.  The Nyquist  diagram for DSSC features typically three semicircles 

that in the order of increasing  frequency are attributed to the Nernst diffusion 

within the  electrolyte, the electron transfer at the oxide/electrolyte interface  and 

the redox reaction at the platinum counter electrode. From applying appropriate 

equivalent circuits, the  transport rate and lifetime of the electron in the mesoscopic 

film are derived . Electrochemical impedance spectroscopy (EIS) were performed 

on a electrochemical workstation CHI650E (CH instruments) with a frequency 

range from 100 kHz to 0.1 Hz in the open circuit condition.  The schematic 

presentation of the EIS set up is shown in Figure 3.13. All impedance 

measurements were carried out under a bias illumination of 100mW/cm 2. The 

obtained spectra were fitted using the CHI650E software in terms of appropriate 

equivalent circuits.  

 
Figure 3.13. Schematic diagram of a simplified measurement circuit for performing 
Electrochemical Impedance Spectroscopy (EIS). 
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Finally, the IPCE was calculated by using equation 2.27. The set up used to 

measure the IPCE of the solar cells is shown in Figure 3.15. 

 
Figure 3.15. Schematic diagram of a simplified measurement circuit for performing IPCE 
measurements. 

 Photovoltage decay measurements were carried out after illuminating the 

cells under 1 Sun condition. The photovoltage decays after switching off th e 

irradiation were monitored by an oscilloscope (Owon) through computer interface  

as shown in Figure 3.16. The decays were fitted with exponential decay functions 

using Origin software.  

 
Figure 3.16. Schematic diagram of the photovoltage decay measurement setup. 
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then added and the mixture was hydrolyzed for 2  h at 60 °C to obtain NPs of 

average diameters of ~5 nm. 

3.2.10. Synthesis of Silver M odified TiO 2: The Ag-TiO2 samples were obtained by 

radiolytic reduction of Ag + in the TiO 2 suspension following our previous report 

[11]. An ethanolic solution of AgClO 4 (2x10-3 M) and TiO 2 (Evonik P25) suspension 

is sonicated for 3 min, then degassed with nitrogen and irradiated (under stirring) 

with a 60Co panoramic gamma source (dose rate, 2.3 kGy h-1). The silver ions were 

reduced by the solvated electrons and the alcohol radicals induced by solvent 

radiolysis under 1 h 20 min irradiation to reduce all the si lver ions. The Ag-TiO2 

samples were centrifuged and dried at 60 °C. 

3.2.11. Synthesis of Pt NPs Supported on Reduced Graphene Oxide : The 

graphene oxide (GO) was synthesized from graphite powder by the modified 

Hummers method as reported in our previous pub lication [12]. The GO (1 mg mL-

1) was then dispersed in 2-propanol and exfoliated in an ultrasonic bath  for 20 

min.  Then 1 mM of platinum (II) acetylacetonate was added to the GO dispersion  

followed by deoxygenation under a N 2 fl ow. Then the mixture was irradiated 

under UV light for 6 h under a N 2 atmosphere [13]. Then as synthesized Pt-

reduced graphene oxide nanohybrid was centrifuged and dried at 60  °C. The 

reduced GO was synthesized following the same procedure without adding the 

platinum salt.  

3.2.12. Synthesis of TiO 2 Microspheres and Carbonate Doped TiO 2 

Microspheres : The mesoporous TiO2 microspheres were synthesized by following 

the modified previous reported literature  [14-15]. In brief, 1 mL of titanium 

isopropoxide was mixed with 15 mL of anhydrous acetone and then stirred for 15 

mins. Then the solution was transferred into a 20 mL Teflon lined stainless-steel 

autoclave and heated at 180 °C for 12 h. The precipitate was collected and washed 

with acetone and then with ethanol several times. The sample was dried at 60 °C. 











77 
 

[10] T. Bora, K.K. Lakshman, S. Sarkar, A. Makhal, S. Sardar, S.K. Pal, J. Dutta, 

Modulation of Defect -Mediated Energy Transfer from Zn O Nanoparticles for the 

Photocatalytic Degradation of Bilirubin, Beilstein J. Nanotechnol. 4 (2013) 714-725. 

[11] E. Grabowska, A. Zaleska, S. Sorgues, M. Kunst, A. Etcheberry, C. Colbeau-

Justin, H. Remita, Modification of Titanium(I V) Dioxide with Small Silver 

Nanoparticles: Application in Photocatalysis, J. Phys. Chem. C 117 (2013) 1955-1962. 

[12] S. Ghosh, H. Remita, P. Kar, S. Choudhury, S. Sardar, P. Beaunier, P.S. Roy, 

S.K. Bhattacharya, S.K. Pal, Facile Synthesis of Pd Nanostructures in Hexagonal 

Mesophases as a Promising Electrocatalyst for Ethanol Oxidation, J. Mater. Chem. 

A 3 (2015) 9517-9527. 

[13] F. Dehouche, P. Archirel, H. Remita, N. Brodie-Linder, A. Traverse, Alcohol to 

Water Catalyzed by Pt Nanoparticles: An Experimental and Computational 

Approach, RSC Adv. 2 (2012) 6686-6694. 

[14] B. Liu, L.-M. Liu, X. -F. Lang, H.-Y. Wang, X.W. Lou, E.S. Aydil, Doping High -

Surface-Area Mesoporous TiO2 Microspheres with Carbonate for Visible Light 

Hydrogen Production, Energy Environ. Sci. 7 (2014) 2592-2597. 

[15] Z.-Q. Li, Y.-P. Que, L.-E. Mo, W.-C. Chen, Y. Ding, Y.-M. Ma, L. Jiang, L.-H. 

Hu, S.-Y. Dai, One-Pot Synthesis of Mesoporous TiO2 Micropheres and Its 

Application for High -Efficiency Dye-Sensitized Solar Cells, ACS Appl. Mater. 

Interfaces 7 (2015) 10928-10934. 

[16] C.P. LeBel, H. Ischiropoulos, S.C. Bondy, Evaluation of the Probe 2',7'-

Dichlorofluorescin as an Indicator of Reactive Oxygen Species Formation and 

Oxidative Stress, Chem. Res. Toxicol. 5 (1992) 227-231. 

[17] R. Cathcart, E. Schwiers, B.N. Ames, Detection of Picomole Levels of 

Hydroperoxides Using a Fluorescent Dichlorofluorescein Assay, Anal. Biochem. 

134 (1983) 111-116. 



78 
 

Chapter 4 

Excited State Dynamics of a Light Harvesting 

Molecule in the Proximity of Wide Band Gap 

Semiconductor Nanostructures  

4.1. Introduction:  The conversion of solar energy to chemical energy during 

photosynthesis involves the transfer of electrons in porphyrin based chlorophyll 

chromophores embedded in the thylakoid membranes of chloroplast  [1]. To clarify 

the complex mechanism of photosynthesis, the photochemistry of porphyrins and 

their metal complexes has long been an interesting subject of investigation [2-6]. 

Electron transfer-the most elementary chemical reaction, widely occurs in 

biological systems [7-9]. The complexity of electron transfer reactions in nature 

have led researchers to build up simplified model systems to understand the 

essential steps of enzyme mechanism in living organism [10-12]. A significant 

effort has also been devoted in recent times for the understanding of electron 

transfer mechanisms as a means of capturing and storing solar energy. The 

increasing demand for the complete photocatalytic mineralization of organic 

pollutants in water into harmless products through redox reactions necessitates 

the exploration of efficient catalysts able to mimic natural enzymatic systems.  

 Iron porphyrins under sunlight induce reversible redox processes of the 

metal centre, mimicking some significant biochemical sequences in the catalytic 

cycle of the cytochrome P-450 oxygenases [13-15]. To reveal the fundamental role 

of electron transfer processes in biological systems, photoredox reactions of iron 

porphyrins are very important. The metalloporphyrin excited states that show 

photochemistry are those involved in charge transfer transitions, either from the 

axial ligand to the metal centre or from the porphyrin itself to the metal. Due to 
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TiO2 [58]. The particle sizes are estimated by fitting our experimental TEM data 

over 55 particles which provides the mean diameter of ~ 6 nm (Figure 4.1a, inset). 

In order to determin e the complex formation between HP and semiconductor NPs, 

we have studied UV -Vis spectroscopy as shown in Figure 4.1b which shows 

visible light absorption between 400 to 700 nm in HP solution. A strong peak is 

observed at 397 nm for Soret band together with Q bands between 500-700 nm. 

The four weak Q bands have been assigned to the splitting of doubly degenerate 

states into the vibration components [59]. The HP-TiO2 nanohybrid exhibits a 3 nm 

bathochromic shift of Soret band compared to absorption in HP. The 

bathochromic shift of the soret band is related with different physical and 

chemical changes in the porphyrin molecular structure when it is incorporated 

into solids or under specific conditions, in solution. Castillero et al. have proposed 

that the red shift with respect to the water solution can be attributed to a change in 

the environment of the monomeric porphyrin due to anchoring onto the TiO 2 

surface [60]. Sarkar et al. have shown 12 nm bathochromic shift when HP attaches 

to ZnO NRs [21]. Thus the change in the absorption spectra indicates the 

formation of HP -TiO2 complex. 

 As shown in Figure 4.1c, HP presents intense fluorescence emission from 

two pi orbitals, which encompass the basic tetrapyrrole structure upon excitation 

with 409 nm laser line. For HP-TiO2 nanohybrid, ther e is a considerable decrease 

in the intensity of the emission peaks in the range of 600-710 nm as compared to 

bare HP. The decrease in emission intensities can be attributed to an efficient non-

radiative photoinduced process from HP to the NPs. The inset of Figure 4.1c 

shows the quenching in the excitation spectra of HP upon binding to TiO 2 when 

monitored at the emission peak (625 nm). The decrease in emission and excitation 

intensities of HP is also seen in case of Fe(III)HP and Fe(III)HP-TiO2 nanohybrid. 

In Fe(III)HP, intramolecular electron transfer occurs from excited HP to Fe(III) 

leading to the reduction of Fe(III) to Fe(II)  [3]. 









87 
 

 
Figure 4.2. (a) FTIR spectra of HP (red), TiO2 NPs (dark pink), HP-TiO2 (dark green) and 
Fe(III)HP-TiO2 (dark red). The spectra of HP-TiO2 and Fe(III)HP-TiO2 nanohybrids are taken on 
TiO2 background. (b) FTIR spectra of HP (red), HP-TiO2 (dark green), Fe(III)HP-TiO2 (dark red) 
and Fe(II)HP-TiO2 (dark cyan). 

indicates that the Fe ion binds to the HP through the pyrrole nitrogen atoms of the 

porphyrin. After reduction of Fe(III) to Fe(II), FTIR spectra show that the N -H 

bond remain broad which indicates that  Fe is still inside the porphyrin ring. The 

iron oxidation states are evaluated by cyclic voltametry  experiments, 

 

 
Figure 4.3. Cyclic voltammograms of HP (red), Fe(III)HP (dark blue) and Fe(II)HP (dark cyan). 
The CVs were measured in aqueous solution at 0.1 V/s scan rate and Ag/AgCl as reference 
electrode. 
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as shown in Figure 4.3. In the presence of Fe(III), a potential for Fe(III)/Fe(II) 

redox couple is observed at 0.99V vs Ag/AgCl reference electrode. After treating 

the Fe(III)HP by sodium borohydride, a reduction potential at - 0.35V was 

observed which can be attributed to the Fe(II)/Fe(0) redox couple. It is clear that 

the Fe(III) is reduced to Fe(II) after treating with sodium borohydride.  

 
Figure 4.4. (a) Raman spectra of TiO2 NPs (dark pink) and HP-TiO2 nanohybrids (dark green). 
Inset shows the peaks at 150 cm-1. (b) XPS of the Ti (2p) regions of TiO2 (dark pink) and HP-TiO2 
(dark green). 

 According to factor group analysis, anatase TiO2 has six Raman active 

modes (A1g + 2B1g + 3Eg) [63]. As shown in Figure 4.4a, the Raman spectrum of 

anatase TiO2 exhibits six peaks at 150 cm-1 (Eg), 198 cm-1 (Eg), 396 cm-1 (B1g), 515 

cm-1 (A 1g), 520 cm-1 (B1g), 640 cm-1 (Eg). The Raman spectrum of HP does not show 
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transferring C B electrons to MB. The CB electrons can be transferred to MB 

adsorbed on TiO2 surface which lead to the reduction of MB to its leuco form. 

Thus proximity between MB and TiO 2 surface plays an important part in 

photodegradation. The CB electrons can also induce reactive oxygen species (ROS) 

formation. This sort of remote bleaching is well evidenced in the literature. For 

example Li et al. used porphyrin sensitized TiO 2 photocatalysts to degrade acid 

chrome blue K and the degradation mechanism was shown to fol low ROS 

pathway  [37]. 

 
Figure 4.5. Photocatalytic degradation of MB in the presence of TiO2 NPs, HP-TiO2 and 
Fe(III)HP-TiO2 nanohybrids under (a) UV light and (b) visible light. 

 The photocatalytic degradation of MB in the presence of HP-TiO2 

nanohybrids, Fe(III)HP -TiO2 nanohybrids and TiO 2 under ultraviolet and visible 

light was investigated. Under ultraviolet irradiation, 58% MB is degraded in the 
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× 107 s-1) in the RuIIL3/TiO 2 system is 80 times faster than the back electron 

transfer (kb = 4 × 105 s-1) [64]. The regeneration of the sensitizer in the presence of 

suitable electron donors is a prerequisite for the development of practical 

photosensitization systems. Water in the media acts as an electron donor to 

regenerate the surface bound sensitizer molecules, which eliminate the need for 

any undesirable sacrificial electron donors. In the presence of Fe(III)HP-TiO2, no 

MB degradation occurred after 1 h under visible light irradiation. In this case, the 

photoexcited electrons of HP are transferred to the Fe(III) ions instead of TiO2, 

which is evident from the TCSPC studies as shown in Figure 4.1d. The back 

electron transfer from Fe(II) to HP takes only a few femtoseconds (~ 50 fs) [65]. 

Thus Fe(III )HP-TiO2 shows no photocatalytic activity under visible light 

irradiation.  

 
Figure 4.6. Degradation rate (R0) versus initial MB concentration (C0) plots (with 10% error bar) 
(a) in the presence of TiO2 NPs under UV light (b) in the presence of HP-TiO2 nanohybrids under 
visible light. 
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Fe(III)HP and Fe(II)HP sensitized TiO2, where in the presence of Fe(III), 

photocurrent was found to decrease when compared to the electrodes sensitized 

with HP. This agrees well with our observations from the TCSPC and 

photocatalysis experiments. Photoexcited electrons from HP are transferred to 

Fe(III) instead of TiO2 in case of Fe(III)HP sensitized TiO2 which leads to a 

decrease in the photocurrent response. When Fe(III) is reduced to Fe(II), the 

photocurrent increases which indicates that the electrons from excited HP could 

be favorably transferred to TiO 2 CB. 

 
Figure 4.7. (a) Schematic representation of photocurrent measurement set up using dye-sensitized 
solar cell geometry. (b) Photocurrent responses of HP (red), Fe(III)HP (dark blue) and Fe(II)HP 
(dark cyan) sensitized TiO2 without any bias voltage under 10 mW cm-2 incident power irradiation 
from a light source. 
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4.2.2. Ultrafast Dynamics at the Zinc Phthalocyanine/Zinc Oxide Nanohybrid 

Interface for Efficient Solar Light Harvesting in the near Red Region  [68]: 

The chemical structure of zinc phthalocyanine (ZnPc), tartrate ligand and a 

possible binding site for the formation of the nanohybrid are shown in Scheme 4.2.  

 

Scheme 4.2. (a, b) Molecular structure of the sensitizer zinc phthalocyanine (ZnPc) and the ligand 
tartrate are shown. (c) The nanohybrid: possible molecular attachment of ZnPc with ZnO crystal 
through the tartrate ligand is indicated. (d) Schematic of the prototype flow device using the 
nanohybrid as the functional material is shown. 
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A typical hig h-resolution transmission electron microscopic (HR -TEM) image of 

ZnO NPs is shown in Figure 4.8a. The lattice fringe of ZnO NP shows an 

interplanar distance of ~ 0.245 nm, corresponding to the spacing between two 

(002) planes [69]. The average particle size is estimated to be ~ 28 nm. Figure 4.8b 

shows the UV-Vis absorption spectra of ZnPc in DMSO and the nanohybrids. The 

absorption spectrum of the suspended ZnO NPs is also shown in Figure 4.8b as a 

reference. The intactness of the optical spectrum of ZnPc in the nanohybrid is 

confirmed from the studies.  

 

Figure 4.8. (a) High-resolution transmission electron microscopy (HRTEM) of ZnO NP. Inter-
fringe distance of 0.245 nm is consistent with (002) planes of the ZnO crystal. (b) UV-VIS 
absorption spectra of ZnPc in DMSO and the nanohybrid are shown. The absorption spectrum of 
the suspended NPs without sensitization is shown for comparison. 

 In order to investigate the attachment of the tartrate ligand to the ZnPc, 

cyclic voltametry experiments were perform ed as shown in Figure 4.9a. Two 

observed redox processes are associated with ring based processes, Zn(II)Pc2-
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/Zn(II)Pc 3- and Zn(II)Pc3-/Zn(II)Pc 4- as ZnPc complexes are not known to show 

redox activity at the central metal  [70]. The redox potentials (E1/2 ) of ZnPc are 0.62  

 

 
Figure 4.9. (a) Cyclic voltammograms of ZnPc (red) and ZnPc attached to tartrate ligands (ZnPc-
Tar, dark cyan). The CVs were measured in DMSO-aqueous KOH solution at 0.1 V s-1 scan rate 
and Ag/AgCl as reference electrode. (b) FTIR of the nanohybrid, ZnO NPs and tartrate are shown. 
A bidentate binding of the tartrate to the ZnO through the carboxylate end is evident (see text). (c) 
X-ray diffractograms of the nanohybrid and reference ZnO NPs are shown. Intactness of crystal 
structure of ZnO in the nanohybrid is evident (see text). 
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experiments were performed after N 2 purging for 1 hr which drives out the 

dissolved oxygen. The decrease in the photocatalytic activity as shown in Figure 

4.10b confirms that the mechanism is mainly throu gh ROS [74]. The photocatalysis 

rate also decreases in the presence of Cu2+ which is a well -known scavenger of 

super oxides and photogenerated electrons [75-76]. The photocatalytic efficiency 

of the nanohybrid under red li ght illumination (620 nm) is also monitored, as 

shown in Figure 4.10c. The nanohybrid exhibits enhanced photocatalytic activity 

under red light as the sensitizer absorbs in the same region, whereas bare ZnO 

NPs show no activity under red light because of t he lack of absorption in the 

visible or near infrared region. Comparison with the bare sensitizer ZnPc is 

difficult to make because the sensitizer is completely insoluble in water. The 

quantum yield (No of contaminant molecules reacted per incident photon)  of the 

MO degradation reaction in the presence of nanohybrid under white and red light 

irradiation is found to be 7.0 X10-6 and 4.6X10-6, respectively. The quantum yield 

values are consistent with the reported literature for MO degradation [77] by dye-

sensitized TiO2 nanoparticles under visible light irradiation through ROS 

pathway. Our observation is consistent with the enhanced photocata lytic activity 

of other nanohybrids reported in the literature  [57, 78-79]. One of our earlier 

studies explored the higher efficiency of the photocatalytic activity of the 

protoporphyrin -IX-ZnO nanohybrid under gree n light irradiation through the 

formation of enhanced ROS in the medium [72]. The ROS generation in the 

present case is also monitored directly by the dichlorofluorescin -

dichlorofluorecein (DCFH -DCF) conversion in an aqueous medium. DCFH is a 

well -known marker for ROS detection  [80]. ROS oxidize non fluorescent DCFH to 

fluorescent DCF, and the emission intensity of the DCF was monitored with time 

as shown in Figure 4.10d. In the presence of nanohybrids, maximum enhancement 

in fl uorescence intensity was observed under red light irradiation. In a control 

experiment, ZnO NPs show insignificant ROS generation under red light 

illumination because the NPs lack photon absorption in the red region of the 
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4.3. Conclusion:  In summary, we hav e investigated the efficacy of electron 

transfer processes in hematoporphyrin (HP) and iron hematoporphyrin ((Fe)HP) 

sensitized titania as a means of harvesting solar energy. The efficient quenching of 

HP fluorescence in the presence of Fe(III) ions and TiO2 NPs suggest that 

photoinduced electron transfer takes place from LUMO of HP to the Fe(III) and 

CB of TiO2 in Fe(III)HP -TiO2 and HP-TiO2 nanohybrids, respectively. Under UV 

light irradiation, Fe(III)HP -TiO2 nanohybrid shows higher photocatalytic activity  

due to the cooperative functions of Fe(III)HP and TiO 2 in generating active 

species. HP-TiO2 nanohybrid s show higher photocatalytic activity under visible 

light due to the absence of Fe(III) ions which obstructs the electron transfer from 

HP to TiO 2. The bidentate covalent binding between TiO 2 and carboxylic groups 

of HP has been confirmed by the FTIR, Raman scattering and XPS studies. The 

iron oxidation states and the attachment of iron to porphyrin have been 

investigated by cyclic voltametry and FTIR stu dies, respectively. Photocurrent 

measurements show the role of iron oxidation states in electron transfer processes. 

 Additionally , we have sensitized ZnO NPs with ZnPc through a tartrate 

ligand for the light - harvesting application in the red region of th e solar spectrum. 

A variety of spectroscopic and microscopic techniques have been employed to 

confirm the formation of a nanohybrid of ZnO with the organic ZnPc. We have 

used the nanohybrid for a potential application of red light -induced 

photocatalysis of a model water contaminant, namely MO. In a prototype, we 

have demonstrated that sensitized ZnO NRs in a flow device under red light 

illumination work reasonably well for decontamination of the model water 

pollutant MO. It was confirmed that the generation  of enhanced ROS as a result of 

ultrafast photo -induced charge separation in the sensitized nanohybrid is the 

reason for the intrinsic catalytic activity of the flow device under red light. This 

work would find relevance in harvesting in the underutilized red region of the 

solar spectrum. 
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Chapter 5 

Key Interfacial Carrier Dynamics in  Inorganic -

Inorganic Nanohybrids for Enhanced Light 

Harvesting Application  

5.1. Introduction:  Light harvesting via photocatalysis  (PC) [1] and dye 

sensitized solar cells (DSSC) [2] are related to excited state charge transfer across 

nanostructured oxide surfaces. The former case consists of the absorption of 

photons at the oxide surfaces with the consequent generation of electron/hole 

pairs and eventual reduction/oxidation of adsorbed contaminant species. On the 

other hand in the latter case the photogenerated electron/hole pairs at the oxide 

surface migrate to the external circuit for photocurrent generation through an 

electrical load. Thus it is clear that a precise knowledge of excited state charge 

transfer across oxide surfaces, either naked or with adsorbed species, is important 

to fully understand the micro scopic mechanism related to technologically 

important processes of PC and DSSC, both of which indeed have strong social 

impact. Technological advances in multiple areas from solar energy conversion 

(DSSC) to environmental remediation (PC) have been exploiting the exceptional 

properties of TiO 2 and ZnO [3-5]. However, one limitation of the oxide materials is 

the large band gap which renders clean solar energy driven processes inefficient. 

In order to sensitize the oxides in the visible light, several strategies have been 

studied. In photovoltaics, sensitization with visible light absorbing dyes is a 

prevalent solution  [2]. In photocatalysis strategies include impurity doping  [6-7] in 

addition to the dye sensitization  [8-9] of the host oxide nanoparticles. In one of our 

recent studies, hematoporphyrin sensitized ZnO nanorods exhibit twin 

applications in efficient visible light photocatalysis (VLP) and DSSC  [10]. As the 

stability of an organic dye on a wide band gap oxide material is an issue, another 
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approach beside the organic dye sensitization is to combine the material with a 

semiconductor that has a narrow band gap and an energetically high-lying 

conduction band  [11]. In this direction, Kamat  [12] and coworkers show 

photoinduced electron transfer from CdSe quantum dots (QDs) of different sizes 

to three unique metal oxide (TiO 2, ZnO and SnO2) and suggest that in addition to 

electron transfer at the QD-metal oxide interface, other loss mechanisms play key 

roles in the determinatio n of overall device efficiency.  

Lead chalcogenides (mainly PbS and PbSe) are gaining research interest 

because of their unique photophysical properties such as tunable and broad 

spectral responses extending from the visible to near-IR regions, [13-14] high 

absorption coefficient,  [15] long exciton lifetimes,  [16-17] multiple exciton 

generation (MEG), [18-21] and hot carrier extraction  [22]. In a survey of 

contemporary literature it appeared that PbS quantum dot sensitized solar cell are 

efficient to harvest light in the NIR region  [23-24]. However, the works related to 

the use of the PbS sensitized nanomaterials for the photocatalysis application in 

the visible region, clearly indicate  [25] that the material is sensitive in the visible 

(at light energy of 2.5 times higher than the band gap of QD) rather NIR region. 

Being in this regime, investigation of dynamical steps in the 

universality/limitation of such common applications of the nanomaterial in 

similar experimental conditions is the primary motive of the pres ent study. 

 Here, we have synthesized and characterized the nanoscopic structure 

using high resolution transmission electron microscopy (HRTEM) of a well -known 

light -harvesting assembly (LHA), PbS QD sensitized ZnO nanoparticles (NPs) and 

their common appl ications in photocatalysis and solar cell. As both the parent 

materials ZnO and PbS have their intrinsic photoluminescence (PL) because of 

their defect states and band gap emission, respectively, [26-27] steady state 

spectroscopic studies on the LHA have been employed for the interfacial 

charge/energy migration. Picosecond -resolved PL-quenching of ZnO 
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 In order to investigate the interfacial charge transfer dynamics in 

photocatalysis application, we have probed the methylene blue (MB) reduction in 

presence of the LHA in aqueous solution. The results for the photoreduction of 

MB are shown in Figure 5.5a. The photoreduction of MB implies the generation of 

the colorless photoproduct Leuco-Methylene Blue (LMB). The maximum 

photoreduction is observed in the presence of ZnO NPs under UV irradiation  

while using 475 HP optical filter no photoreduction of MB is observed. This is 

obvious because ZnO being a wide band gap (3.37 eV) semiconductor, the band-

gap excitation occurs only at wavelengths less than 380 nm. However, ZnO NPs in 

the proximity of PbS  QDs in the LHAs show inefficient MB photoreduction both 

in presence and absence of the HP filter. We have attributed the de-excitation of 

ZnO NPs via FRET to be responsible for the less photocatalytic activity of the 

LHAs in UV light excitation (no filter ) as shown in the upper panel of scheme 5.1. 

On the other hand visible light excitation (with filter) of the PbS QDs in the LHAs 

shuttles the photogenerated electron in the QDs through the conduction band of 

the ZnO NPs as shown in lower panel of scheme 5.1. Overall for white light 

excitation of the LHAs, the photogenerated electron is sparsely available for the 

reduction of MB in the solution due to the above mentioned two ultrafast 

mechanisms. 

 In order to investigate the efficacy of PbS-ZnO LHAs in photo voltaic 

application, we have performed photoelectrochemical measurements in a half cell 

geometry using the LHAs on ITO plate as anode and Pt as counter electrode [41]. 

For I-V measurement, the Ag/Ag + couple are used as reference electrode. The 

photocurrent measurements were carried out in order to better understand the 

electron transfer processes in terms of short circuit current. The light source (100 

mW cm -2) was turned on and off every 60 sec and the obtained photocurrent 

values were continuously recorded. As shown in F igure 5.5b, under full light  
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Scheme 5.1. Schematic presentation of the interfacial carrier dynamics in PbS-ZnO LHAs (Upper 
panel). Lower panel shows the schematic energy level diagram and charge transfer processes for 
photocatalysis and photovoltaic applications. 

illumination PbS-ZnO has greater photocurrent response than ZnO NPs on the 

ITO plate. The observation is consistent with the fact that the LHAs would be able 

to harvest a wide band of light spectrum from UV to NIR in contrast to the ZnO 

NPs, which is expected to harvest only UV region of the incident white light. The 

initial spike is observed due to the slower recovery of the photoexcited holes from 

the electrolytes and is consistent with other studies reported in the literature  [41]. 

Significant enhancement of the photocurrent in presence of PbS in the proximity 

of ZnO NPs in contrast to the retardation of photocatalysis activity of the LHAs is 

rationaliz ed in the following way. The photogenerated electron in the PbS as well 

as ZnO NPs is expected to be channelized to the ITO plate because of the lower 
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Chapter 6 

Ultrafast Carrier Dynamics in Inorganic -Organic 

Nanohybrid for Enhanced Solar Light Harvesting  

6.1. Introduction:  The development of novel functional materials to harvest 

and convert solar energy has been recognized as an important step to sustainable 

energy resources and to meet the rising energy demand [1-3]. In addition, 

demanding environmental pollution issues prompt for finding potential solutions 

via solar energy routes to clean up water and environmental pollutions. The key to 

the success of solar energy conversion is the development of high performance 

materials having a well matched photo absorption with the solar spectrum, an 

efficient photoexcited charge separation to prevent electron�²hole recombination 

and an adequate energy of charges that carry out the desired chemical reactions 

(for example, photocatalysis) [4-7]. Although, oxide -based semiconductors, for 

example TiO2, serve as the benchmark photo responsive materials, they are 

limited with respect to performance, e.g. in the absorption of ultraviolet light due 

to their wide band gap and their low -efficiency in charge separation [8-9]. The 

rapid recombination of ph otoexcited electron-hole pairs has been recognized as a 

key factor behind the observed small photon conversion efficiency  [3, 10-11]. 

Therefore, a tremendous effort has been made to sensitize oxide based 

semiconductors in the visible spectral range via doping or surface-tuning  [12-13]. 

Plasmonic photocatalysts have appeared as a very promising route to enhance 

solar light harvesting of TiO 2 [14-17]. Nevertheless, the high cost and low 

environmental stability of noble metal doped photocatalysts (i.e., Ag, Au) 

significantly limit their large -scale application. In fact, no single material can meet 

all stringent requirements as ideal solar energy converters. However, coupling of 

two materials as a semiconductor heterojunction has been demonstrated as an 
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effective strategy allowing both a broader range of solar light absorption as well as 

a significant promotion of photo generated charge separation, thereby 

considerably improving their solar light harvesting efficiency  [18-22]. Along this 

way, we have studied ultrafast photoinduced charge separation and charge 

recombination processes at the semiconductor-semiconductor (PbS-ZnO) interface 

for efficient solar light harvesting  [23]. 

 Interestingly, the amalgamation of semiconductor nanocrystals and 

polymers is opening an efficient pathway for t he development of multifunctional 

materials that demonstrate superior electrical, optical and mechanical properties  

[24-29]. Hence, incorporating semiconductor nanocrystals into conjugated 

polymers can complement the spectral absorption range of the polymers as well as 

allow to sensitize the semiconductor nanocrystals for renewable energy 

applications such as bulk heterojunction �²type photovoltaics and photocatalysis  

[22, 30-34]. A series of semiconductor nanocrystals and bulk conjugated polymer 

based heterojunctions such as TiO2-PANI, TiO 2-P3HT have been studied for the 

harvesting of visible light  [35-37]. The integration of another potential 

semiconductor nanocrystal, ZnO to the conjugated polymer has shown an 

improved efficiency under solar light  [38-39]. ZnO nanoparticles (NPs) are 

believed to be nontoxic and biocompatible and have been used in many 

applications in our daily life, such as drug carriers and cosmetics etc [40]. 

Although semiconductor and conducting polymer heterojunctions  demonstrate 

certain visible-light activity, the reported photo -conversion efficiency is small [39]. 

Furthermore, as the interfacial area is critical in achieving the favorable charge 

separation, it is essential to involv e nanoscale units in creating the heterojunctions. 

Thereby a large interface area and reduced charge transport length towards the 

heterojunction may be achieved. Hence, designing heterostructures with the 

appropriate morphological orientation and band position of the semiconductor 

and the polymer unit is challenging. Conjugated polymer nanostructures are 
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emerging materials for energy conversion and storage applications owing to their 

advantages of low cost facile synthesis, exceptional electrochemical activity and 

high carrier mobility  [41-42]. The use of polymerizable organic moieties as 

sensitizers with a wide band gap semiconducting material has ad ded the 

advantage of harvesting lower energy photons through the extension of 

conjugation to the polymeric form of the moiety. In this regard, we have recently 

reported the first experimental evidence of visible light responsive photocatalytic 

activity of conjugated polymer polydiphenylbutadiyne (PDPB) nanofibers for 

water depollution  [43]. Moreover, we have shown that the polymer nanostructure 

is essential for the photoresponse in the visible spectral range [44]. 

 In this chapter, we employ conjugated poly(diacetylene) based PDPB 

nanofibers with ZnO NPs for the formation of a unique nanoheterojunction to 

explore the effective charge separation from polymer to semiconductor 

nanocrystals. Notably, charge transfer or separation at the interface is a crucial 

aspect which determines the efficiency of light harvesting across the 

heterojunctions and consequently surface reactions. Nevertheless there is a 

common consensus that heterojunctions facilitate the migration of photoexcited 

electrons and holes across the interfaces in order to reduce charge recombination 

or enhance charge separation. However, very few direct experimental evidences 

or spectroscopic observations have been explored to establish the photoinduced 

charge transfer mechanism at the heterostructure interface [44-45]. Thus, 

investigations of the role of crystal defects, trapping sites and exciton-relaxation 

on the interfacial processes through spectroscopic studies towards the rational 

design of light harvesting nanoheterojunction (LHNH) are essential. By virtue of 

having intrinsic photoluminescence (PL) of ZnO from defect state emission as well 

as conducting polymer from different oligomeric and polymeric chains, ultrafast 

spectroscopic studies have been employed to investigate the interfacial 

charge/energy transfer dynamics. Furthermore, to ensure efficient charge 
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separation, as well as to address how nanoheterojunctions between PDPB and 

ZnO are beneficial for solar light harvesting, degradation  of methyl orange as a 

model pollutant in water has been evaluated under visible light irradiation.  

6.2. Results and Discussion:  

6.2.1. Enhanced Charge Separation and FRET at Heterojunctions between 

Semiconductor Nanoparticles and Conducting Polymer Nanofibers for Efficient 

Solar Light Harvesting  [46]: For the fabrication of nanoheterojunctions, the first 

step is to synthesize conjugated polymer nanostructures. We have developed a 

soft template mediated controlled synthesis of PDPB nanofibers in hexagonal 

mesophases by UV irradiation [42, 45]. The hydrophobic domain of the 

mesophases can accommodate high concentrations of 1, 4-diphenylbutadiyne 

(DPB) monomers, which can directly polymerize by photoirradiati on in the 

presence of a free-radical initiator (benzoin methyl ether)  [47]. The DPB monomers 

undergo polymerization via 1, 4-additi on reaction to form alternating ene-yne 

polymer chains upon irradiation with UV light. The PDPB-ZnO LHNH  was 

synthesized using ligand -free direct adsorption as well as in situ generation of 

ZnO NPs on polymer nanofibers by the coprecipitation method. A ser ies of 

characterization techniques such as scanning electron microscope (SEM), 

transmission electron microscope (TEM), Fourier transform infrared spectroscopy 

(FTIR) and X-ray diffraction (XRD), UV �²visible spectroscopy have been used to 

establish the formation of nanoheterojunctions. Figure 6.1 (a-b) illustrates the SEM 

images of PDPB nanofibers and PDPB-ZnO LHNH, respectively. The polymer 

nanofibers have high-density with average diameter of 22 nm and few micron 

lengths. For PDPB-ZnO, Figure 6.1b clearly shows the bright spots with the 

incorporation of 20 nm ZnO NPs, which cover the walls of PDPB nanofibers. 

Figure 6.1c illustrates a transmission electron microscopy image of PDPB 

nanofibers of uniform diameter of �a19 nm and a few micrometers long which are  
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Figure 6.1. Microscopic images of PDPB nanofibers and PDPB-ZnO light harvesting 
nanoheterojunction (LHNH). SEM images of (a) PDPB nanofibers and (b) PDPB-ZnO 
LHNH.TEM images of (c) PDPB nanofibers and (d) PDPB-ZnO LHNH.  

consistent with the SEM images. Notably, this one -dimensional structure reflects 

the geometry of the hydrophobic domains of the hexagonal mesophases. These 

polymer nanofibers are formed by ��-stacking of PDPB oligomers [43]. A typical 

high-resolution TEM (HRTEM) image for PDPB -ZnO is shown in Figure 6.1d 

which demonstrates the presence of PDPB and crystalline ZnO NPs (~20 nm) in 

which nanocrystals are embedded in the PDPB nanofibers. The ZnO NPs possess a 

good degree of cystallinity as discernible from the lattice fringes in HRTEM and 

the interplanar distances of ~0.26 nm corresponding to the spacing between two 

(002) planes of ZnO [48]. Furthermore, the crystallinity of ZnO NPs within the 

nanoheterojunction is corroborated by XRD. Figure 6.2a illustrates XRD patterns 

of pure PDPB nanofibers, PDPB-ZnO and ZnO NPs. A comparably small 
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crystallinity is observed in the XRD pattern of PDPB nanofibers with a broad peak 

that may arise due to diffraction from polymeric chains. On the other hand, well -

defined sharp peaks are observed at 2�É = 31.76°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 

66.4°, 67.9°, and 69° which can be indexed as the (100), (002), (101), (102), (110), 

(103), (200), (112) and (201) diffraction planes of wurtzite structure (JCPDS card 

number: 36-1451), respectively, confirmin g the phase and crystallinity of ZnO NPs 

within the PDPB-ZnO LHNH. However, the broad peak originated from the PDPB 

nanofibers is not identified within the LHNH  due to very low loading of polymer.  

 

Figure 6.2. Characterization of PDPB nanofibers and PDPB-ZnO light harvesting 
nanoheterojunction. (a) X-ray diffraction patterns (b) thermogravimetric analysis profile (c) FTIR 
spectra and (d) UV-Vis absorption spectra of ZnO (green), PDPB-ZnO (blue) and PDPB (red). 

The loading of polymer as well as the thermal stability of the PDPB-ZnO 

has been studied by thermogravimetric analysis (TGA). Figure 6.2b shows the 

thermogravimetric curves of each material . The TGA graph of PDPB nanofibers 

showed onset of decomposition at about 185�qC until a major decomposition 

happens around �a250°C may be attributed to large -scale thermal degradation of 

polymeric chains. In contrast to polymer,  pure ZnO NPs are very stable in air and 
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almost no decomposition takes place in the range of 30�²600°C. The thermal 

decomposition of PDPB nanofibers in PDPB-ZnO LHNH  is about 175°C, which is 

slightly lower than that of pure PDPB ( 185�qC) may be associated with the 

interaction of inter -chains in PDPB macromolecule with ZnO NPs. The PDPB-ZnO 

LHNH  exhibits a PDPB mass of as low as 4% determined from TGA curves (inset 

of Figure 6.2b). As the carbon based polymers having high surface area with 

nanofibers morphology, it is expected to accommodate large number of high 

density ZnO NPs on the polymer surface as shown in Figure 6.1b. Thus the weight 

percentage of polymer is lower compared to that of ZnO in the LHNH.  This 

observation confirms the superlative formation of hybrid nanoheterojunction 

retaining the characteristic properties of each element. Additionally, chemical 

interaction between PDPB and ZnO has been monitored by Fourier transform 

infrared spectroscopy (FTIR) as shown in Figure 6.2c. The characteristic peaks of 

pure PDPB at 3050 cm-1 corresponds to the C�²H vibration involving hydrogen 

atoms in the para and meta positions. Pure ZnO did not show any characteristic 

peak in this spectral region. In contrast to the pure PDPB, the absorption peaks 

corresponding to C�²H vibration get shifted to the high wave number and also 

become wider in PDPB-ZnO. This observation confirms that the ZnO NPs are well 

incorporated into the PDPB nanofibers. 

UV�²Visible absorption spectra of pure PDPB, PDPB-ZnO and ZnO 

nanostructures are presented in Figure 6.2d. The PDPB nanofibers show a broad 

absorption in the visible range. The bare ZnO NPs demonstrate an absorption 

peak at 365 nm, corresponding to the band-gap excitation (Eg =3.37 eV). The 

PDPB-ZnO spectrum has the characteristics of both PDPB and ZnO, and it exhibits 

enhanced absorption intensity in the visible  range. This suggest that PDPB-ZnO 

can efficiently absorb visible light which is attributed to the PDPB absorption (see 

inset of Figure 6.2d) and indicates that these heterojunctions could be useful in 

harvesting energy for optoelectronic applications.  
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Figure 6.3. Steady state emission and excitation of PDPB nanofibers and PDPB-ZnO light 
harvesting nanoheterojunction. Room temperature PL spectra of (a) PDPB (c) PDPB-ZnO at 
different excitation wavelengths. The excitation spectra of (b) PDPB (d) PDPB-ZnO monitored at 
different emission maxima are shown. All spectra were recorded in ethanol. 

 In order to investigate the interfacial charge separation at the PDPB-ZnO 

nanoheterojunction which is the key step for efficient light harvesting, the 

photoinduced carrier dynamics is monitored by steady state and picosecond 

resolved fluorescence studies. Room temperature PL spectra of PDPB exhibit a 

strong dependency on the excitation wavelength as shown in Figure 6.3a. The 

emission peak is red shifted from 410 nm to 650 nm at different excitation 

wavelengths from 350 nm to 600 nm. This suggests the presence of multiple 

emitting states in the polymer nanofibers which are associated with the wide 

extend of conjugation in the different segments having various oligomeric and 

polymeric chains. This kind of phenomenon is well documente d in the field of 

conjugated oligomers and polymers  [49]. From the cyclic voltammetry 

measurement, we have estimated the bandgap to be 1.81 eV which is remarkably 

narrow for a polymer  [43]. Additionally, these results are consistent with the 
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calculated value of the PDPB band gap, which is 1.95 eV, on the basis of density 

functional theory. The energy gaps (Eg) for PDPB oligomers and polymeric chains 

having numbers from 1 to 8, decrease as the length of the polymer chains increases 

(Eg = 3.99 eV for monomer whereas Eg = 1.96 eV for octamer) facilitating the 

greater charge delocalization. Thus the multiple photoluminescence of PDPB can 

be attributed to the various oligomers present in the system. It has to be noted that 

the emission at 650 nm for the excitation wavelengths above 510 nm is originated 

from the conjugated polymer chain which acts as molecular wire. The multiple 

photoluminescence are further investigated from the excitation spectra as shown 

in Figure 6.3b. The excitation spectra of PDPB at different detection wavelengths 

reveal a maximum at 340 nm which is consistent with the absorption spectra of 

PDPB as shown in Figure 6.2d. As the detection wavelength shifts from 420 nm to 

600 nm, the tail of the excitation spectra extends to the visible region due to the 

extended conjugation in PDPB nanofibers. Moreover, the excitation spectra 

monitored at a wavelength of 650 nm shows a peak around 590 nm which can be 

attributed to the long conjugated polymeric chain. In contrast, the emission 

spectrum of the PDPB-ZnO LHNH is independent on the excitation wavelength 

from 350 nm to 470 nm due to oligomeric units of the polymer, as shown in Figure 

6.3c. However, the emission spectrum of LHNH illustrates peak at 665 nm upon 

excitation at 600 nm, attributed to polyme r chains. This observation clearly 

indicates the strong electronic interaction between semiconducting PDPB 

nanofibers and ZnO NPs. Due to the formation of nanoheterojunction with a large 

interfacial area the mobility of the excitons towards the interface is facilitated  [44]. 

Consequently, the excited electrons from the polymer nanostructures instantly 

transfer to the ZnO NPs and eventually deexcite through defect centers located at 

the near surface that arise from oxygen vacancies [50]. The excitation spectrum of 

PDPB-ZnO as shown in Figure 6.3d at the detection wavelength 520 nm reveals 

two distinct peaks at 420 nm and 445 nm which are consistent with the band gap 

absorption of the oligomers.  
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Figure 6.4. Steady state and time resolve spectroscopy of PDPB nanofibers and PDPB-ZnO light 
harvesting nanoheterojunction. PL spectra of PDPB, PDPB-ZnO at excitation wavelengths (a) 
409 nm and (b) 633 nm. The inset shows excitation spectra monitored at 520 nm and 660 nm, 
respectively. Fluorescence decay profiles of PDPB and PDPB-ZnO at (b) 520 nm (excitation at 
409 nm) (d) 660 nm (excitation at 633 nm). 

 The room temperature PL spectra of PDPB nanofibers show an emission 

peak at 485 nm upon the excitation at 409 nm, as shown in Figure 6.4a. The 

intensity of the emission peak decreases considerably and is red shifted to 520 nm 

when the polymers are attached to the ZnO NPs. The shift is due to the strong 

electronic interaction and energy level alignment at the nanoheterojunction. The 

inset of Figure 6.4a shows the corresponding excitation spectra. The picosecond 

resolved fluorescence decays (Figure 6.4c) of PDPB and PDPB-ZnO LHNH were 

measured upon excitation with 409 nm laser, and monitored at a wavelength of 

520 nm. In case of PDPB-ZnO LHNH, the decay curve of PDPB shows significant 

shorter lifetime of 30 ps (74%) as compared to that of PDPB; 140 ps (45%) (Table 

6.1). The observed decrease in lifetime can be correlated to the electron transfer 

process from PDPB oligomers to the ZnO NPs. The charge separation from 

polymeric chain of PDPB to ZnO NPs is also monitored from steady state and time 
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resolved spectroscopy, as shown in Figure 6.4b and 6.4d, respectively. The steady 

state emission peak decreases and is red shifted to 665 nm for PDPB-ZnO LHNH 

upon excitation at 620 nm. The inset of Figure 6.4b shows the corresponding 

excitation spectra. As shown in Figure 6.4d, the fluorescence decay curve for PDPB 

upon excitation at 633 nm shows an intrinsic buildup with a rise component of 290 

ps (monitored at 660 nm) due to delocalization of electron in conjugated polymeric 

chain. The emission decay curve of PDPB is fitted with a rise followed by single 

exponential decay function with a lifetime of 1.58 ns. However, the decay curve of 

PDPB-ZnO LHNH deviates f rom single exponential to biexponential showing one 

significant shorter lifetime 30 ps (87%) and a longer lifetime of 1.24 ns (13%). 

Hence, the efficient photoinduced charge separation takes place at the 

nanoheterojunction where electrons are transferred from the conjugated polymer 

nanofibers to the ZnO NPs and holes remain in the polymers. 

Table 6.1. Dynamics of picosecond-resolved luminescence transients of PDPB and PDPB-ZnO 
LHNH a 

Sample Excitation 
wavelength 

(nm) 

Detection 
wavelength 

(nm) 

�Õ1 (ns) �Õ2 (ns) �Õ3 (ns) 

PDPB 409 520 0.14 (45.4%) 1.40 (34.8%) 4.85 (19.8%) 
PDPB-ZnO 409 520 0.03 (74.2%) 0.30 (23.8%) 2.21 (2.0%) 

PDPB 633 650 0.29 (-21%) 1.58 (121%)  
PDPB-ZnO 633 650 0.03 (86.7%) 1.24 (13.3%)  

aNumbers in the parenthesis indicate relative weightages. 

After studying the interfacial dynamics at the nanoheterojunction using 

ZnO NPs with approximate size ~20 nm which does not have intrinsic defect state 

emission, ZnO NPs (~5 nm) were synthesized in situ on PDPB nanofibers to 

investigate the role of defect states in the photoinduced charge transfer processes. 

Interestingly, during in situ synthesis of ZnO NPs on PDPB nanofibers, the 

average grain size of the ZnO is 5 nm which is similar to the size of ZnO NPs if 

formed alone. 
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Figure 6.5. FRET study between PDPB nanofibers and ZnO nanoparticles (5 nm). (a) Room 
temperature PL spectra of ZnO NPs (green) and PDPB-ZnO LHNH (blue) are shown. The 
excitation wavelength was at 320 nm. The broad emission band is composed of two components, P1 
(500 nm) and P2 (555 nm). Inset shows the absorption spectrum of ZnO NPs (~5 nm). (b) Shows 
the overlap of the ZnO NP emission and PDPB absorption. Inset shows the HRTEM image of in 
situ synthesized ZnO NPs (~5 nm) on PDPB nanofibers. The picosecond-resolved fluorescence 
transients of ZnO NPs (excitation at 375 nm) in the absence (green) and in the presence of PDPB 
(blue) collected at (c) 500 nm and (d) 555 nm are shown. 

The ZnO NP (~5 nm) has an intrinsic defect state emission as shown in 

Figure 6.5a. Inset of Figure 6.5a illustrated the absorption spectrum of the 

corresponding ZnO NPs. The room temperature PL spectrum of ZnO NP is 

composed of two emission bands upon excitation above the band-edge (�Ìex = 320 

nm). The narrow band at 360 nm in the emission spectra is due to the band gap 

emission. The broad emission band in the blue green region is associated with 

surface defect centers which is comprised of two bands: one arises from the 

doubly charged  vacancy center (V0++) located at 550 nm (P2) and the other one 

arises from the singly charged vacancy center (V0+) located at 500 nm (P1) [50-52]. 

The emission intensity decreases when ZnO NPs are attached to the PDPB 

nanofibers (inset Figure 6.5b showed TEM image of PDPB-ZnO, 5 nm) which can 
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be attributed to photoinduced non -radiative processes from ZnO NPs to the PDPB 

nanofibers. There is significant spectral overlap between ZnO NP emission and 

PDPB absorption as shown in Figure 6.5b which leads to a probable energy 

transfer. Therefore, we propose Förster resonance energy transfer (FRET) from the 

donor ZnO NPs to the acceptor PDPB nanofibers [51]. The picosecond resolved 

flu orescence decay profile of the donor ZnO NPs in the presence and absence of 

the acceptor PDPB were obtained upon excitation with a 375 nm laser and 

monitored at 500 nm (P1) and 550 nm (P2) (Figure 6.5c and 6.5d, respectively). A 

shorter excited state lifetime of the ZnO NPs is clearly observed in the presence of 

PDPB. Details of the spectroscopic fitting parameters of the fluorescence transients 

are tabulated in Table 6.2. From FRET calculations, the distance between the donor 

ZnO NPs and acceptor PDPB nanofibers are determined to be 3.4 nm and 3.1 nm 

for P1 and P2 states, respectively. The FRET distance is consistent with the size of 

the ZnO NPs (radius = 2.5 nm). The energy transfer efficiency is calculated to be 

64% and 70% from P1 and P2 states, respectively. This observation confirms the 

proximity between the PDPB and ZnO as well as UV light harvesting in the 

LHNH via energy transfer from ZnO to PDPB nanofibers.  

Table 6.2. Dynamics of picosecond-resolved luminescence transients of PDPB and PDPB-ZnO 
LHNH b 

Sample Excitation 
wavelength 

(nm) 

Detection 
wavelength 

(nm) 

�Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) 

ZnO NP (5 
nm)  

375 500 0.82 
(51.8%) 

4.22 
(40.7%) 

29.30 
(7.5%) 

4.34 

PDPB-ZnO  375 500 0.27 
(53.3%) 

2.15 
(39.5%) 

7.8 
(7.2%) 

1.55 

ZnO NP (5 
nm) 

375 550 0.52 
(51.3%) 

4.01 
(35.0%) 

35.12 
(13.7%) 

6.48 

PDPB-ZnO  375 550 0.34 
(53.2%) 

2.63 
(39.8%) 

9.89 
(7%) 

1.91 

bNumbers in the parenthesis indicate relative weightages. 
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Figure 6.6. Photocatalytic activity of PDPB nanofibers, ZnO nanoparticles and PDPB-ZnO light 
harvesting nanoheterojunction. Photocatalytic degradation of MO in the presence of PDPB (red), 
ZnO (green) and PDPB-ZnO (blue) under (a) UV light (b) Visible light (1 sun) irradiation. (c) 
Effect of Cu2+, EDTA and TBA on the photocatalytic activity of PDPB-ZnO LHNH. The 
photodegradation reaction of MO (initial concentration C0 = 0.3×10-4 M) was carried out in a 10 
mm optical path quartz cell reactor containing 3.5 mL of a model solution with a concentration of 1 
g.L-1 of the PDPB-ZnO, PDPB nanofiber (0.2 g.L-1) and ZnO NPs (1 g.L-1). 
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In order to investigate the manifestatio n of the interfacial charge transfer 

dynamics in PDPB-ZnO heterojunction , the photocatalytic activity has been 

studied using methyl orange (MO) as a model pollutant. Photocatalysis involves 

charge carrier generation and mobility from oxide based semiconduc tor 

nanomaterials and recognized as a green technology for the purification of water. 

Adsorption tests under dark condition showed that MO does not adsorb on the 

surface of the PDPB-ZnO LHNH. The photocatalytic activity  of the LHNH  for 

degradation of MO under UV-VIS and Visible light  was compared with ZnO NPs 

and PDPB nanofibers as a control experiment (Figure 6.6a and 6.6b). Figure 6.6a 

demonstrates the efficient photocatalytic activity of PDPB-ZnO LHNH (74%) in 

comparison to both counter parts (PDPB, 18% and ZnO, 40%) under 240 min UV-

VIS light irradiation ( �Ì �•�����������Q�P������Figure 6.6b shows that the PDPB-ZnO LHNH  is 

also very active for photocatalytic degradation of MO under 120 min visible light 

irradiation. However, ZnO  NPs having a wide band gap did not show any visible 

light activity. The activity of the polymer nanostructures is much lower ~ 17% in 

comparison to PDPB-ZnO LHNH (80%) under similar illumination conditions. 

These observations suggest that due to efficient charge separation at the interface 

between PDPB and ZnO, the PDPB-ZnO LHNH is suitable for solar light 

harvesting. This novel photocatalyst exhibits an additional advantage compared to 

unsupported ZnO or TiO 2 photocatalysts, it does not require any filtration step as 

it settles down quickly af ter use in the photocatalytic reactor. The ease of solution 

based synthesis and good photocatalytic activity of PDPB-ZnO LHNH make them 

promising nanostructures for environmental applications.  During photocatalytic 

reaction, photoinduced electrons and holes escape recombination and migrate to 

the semiconductor surface which consequently generates (in the presence of 

oxygen and water) highly oxidative radicals, that can degrade the organic 

pollutants.  A large number of reactive species including h +, �‡OH, and O2�‡�ï are 

involved  in the photocatalytic oxidation process  [53]. Hence, the effects of free 

radical scavengers on the degradation of MO were examined to elucidate the 
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reaction mechanism. To investigate the role of the excess electrons, Cu2+ was used 

as a scavenger (it reacts with electron to yield Cu+) [53]. Tertiary butyl alcohol 

(TBA) was int roduced as the scavenger of �‡OH, and ethylenediaminetetraacetic 

acid (EDTA) was adopted to quench the holes (h+) [54]. As a consequence of 

quenching, the photocatalytic oxidation reaction is partly suppressed. The effects 

of a series of scavengers on the degradation efficiency of MO are shown in Figure 

6.6c. The degradation efficiency of PDPB-ZnO photocatalyst fo r MO is reduced to 

44% after adding Cu2+. A similar trend is observed after the addition of EDTA and 

TBA. The corresponding photodegradation efficiencies decreased to 49% and 55%, 

respectively. According to the above experimental results, it can be clearly seen 

that O2�‡�ï and h+ are the main reactive species in the photocatalytic oxidation 

process of MO, whereas �Ã�‡OH has a minimal effect on this process. 

 

Figure 6.7. Photocurrent response of ZnO nanoparticles and PDPB-ZnO light harvesting 
nanoheterojunction. (a) Schematic representation of photocurrent measurement set up using dye-
sensitized solar cell geometry. (b) Photocurrent responses of PDPB-ZnO LHNH and ZnO NPs 
without any bias voltage under 1000 W m-2 incident power irradiation from a light source. 
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A direct evidenc e of enhanced charge separation at the nanoheterojunction 

interface is followed by photocurrent measurements. Photocurrent generation of 

ZnO and PDPB-ZnO films deposited onto ITO electrodes were studied under 

white light irradiation (at 1000 W/m 2) in solar cell geometries, as shown in Figure 

6.7a. A steady and rapid cathodic photocurrent response is obtained from the 

LHNH film when the irradiations is switched on and off, see Figure 6.7b. For 

PDPB-ZnO, the photocurrent response was 7.2 �PA/cm 2, about 2.5 times higher 

than pure ZnO NPs which reflects higher separation and transfer efficiency of 

photo excited electrons from conjugated polymer to the conduction band of ZnO 

due to the formation of the heterostructure. The PDPB is a p-type, organic 

semiconductor; ZnO is an inorganic, n-type semiconductor and forming a donor -

acceptor junction (heterojunction). When the PDPB-ZnO LHNH is illuminated 

under visible light, electrons are excited from the HOMO to the LUMO of PDPB, 

leaving holes behind in the HOMO of PDPB. The excited state electrons are 

readily injected into the conduction band of ZnO as schematically presented in 

Scheme 6.1a. Consequently, we have observed enhanced photocatalytic activity 

and photoresponse due to formation of the nanoheterojunction, as shown in 

Scheme 6.1b. In future, w e will consider the optimization of the cell architecture, 

utilization of other types of semiconductors and conducting polymer 

nanostructures to obtain a signifi cantly enhanced solar light harvesting.  

6.3. Conclusion: In summary, we have successfully demonstrated that a simple 

adsorption of ZnO NPs on PDPB nanofiber surface leads to the effective 

sensitization of semiconductor nanocrystals for solar light harvesting. The 

formation of PDPB-ZnO LHNH has been confirmed by several  microscopic and 

analytical techniques. Appropriate band gap alignment in combination with easy 

solution -processability, highlights this material as a promising candidate for 

energy harvesting applications. The interfacial carrier dynamics which is the key  

for efficient light harvesting has been unraveled by detailed steady state and 
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ultrafast spectroscopic studies, suggesting the co-sensitization of ZnO NPs by 

multiple states of polymer nanofibers originated from oligomeric and polymer 

chain unit. The effi cient charge separation at the interface leads to enhanced 

photocatalytic activity and photoresponse. Our approach provides simple and 

economic ways to design hybrid nanoheterojunction with several functionalities 

which are suitable for solar cell, chemical sensors and optoelectronic device 

applications.  

 

Scheme 6.1. Schematic presentation of (a) the co-sensitization of different PDPB oligomers to ZnO 
NPs and molecular structure of PDPB polymer (b) the interfacial carrier dynamics at the 
heterojunction showing the photocatalytic degradation of MO in aqueous solution. 
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Chapter 7 

Essential Dynamics in Plasmonic Nanostructure for 

Enhanced Solar Photovoltaic Application  

7.1. Introduction:  Solar energy is the most promising resource to meet future 

energy demands due to the depletion of fossil fuels. Among various technologie s, 

dye-sensitized solar cells (DSSC) have attracted widespread attention as a solar 

energy conversion technology because of abundantly available low cost materials, 

ease of fabrication and relatively high photon to current conversion efficiency [1-

7]. DSSC consist of a nanocrystalline porous semiconductor electrodes-sensitized 

with light absorbing dye as a photoanode, I ¯ /I 3¯or Co2+/Co 3+ redox couples as 

electrolytes and platinized conducting glass as counter electrode (CE) [1]. 

Extensive efforts have been made to improve the efficiency of DSSC by 

engineering all the components. For instance, nanocrystalline TiO2 films with 

various morphologies  [8-9] and dopants [10-11], synthesizing panchromatic dyes 

to absorb visible and near-infrared light effectively  [12-13], synthesizing 

alternative redox electrolytes [14-15] and substituting platinized counter 

electrodes with low cost materials  [16-18] have all been explored to enhance the 

photocurrent and photovoltage, in order to improve the efficiency of DSSC `. 

 Among all the factors, the photoanode is regarded as sovereign for 

improving the efficiency. In order to modulate the photoanode, thickness of the 

nanocrystalline titanium dioxi de layer has been extensively studied to improve 

both the photocurrent and photovoltage [19-20]. Generally lowering the thickness 

of the active layer reduces the recombination at the interface between electrode 

and electrolyte which in turn increases the efficiency. However, the dye loading 

also decreases with decreasing thickness resulting in lower photocurrents. To 

combat this problem, surface modification of semiconductor nanoparticles (NPs) 
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with plasmonic metal n anostructures such as gold, silver and copper have been 

investigated recently [21-27]. Solar cells employing hybrid materials have 

revolutionized efficient solar energy conversion applications through cost -

effective fabrication techniques [28-31]. Hupp et al. reported the enhancement of 

photocurrent in DSSC by the localized surface plasmon resonance (SPR) of silver 

NPs which increases the effective absorption cross section of dye molecules [21, 

32]. The enhancement of photocurrents in DSSC by using silver doped 

semiconductor nanostructures are well documented in the literature [33-36]. But 

signifi cant improvement of the photovoltage by surface modification with silver is 

reported sparsely in the literature. Recently, Kamat et al.[37] have reported 

significant photovoltage boosting of DSSC with thiolated gold nanocluster 

anchored on TiO2 surface along with squaraine as a sensitizing dye. Gold 

nanoclusters increase the quasi-Fermi level of TiO 2 close to the conduction band 

which enhances the open circuit photovoltage. In the present study, we aimed to 

raise the photovoltage of DSSC by silver modification on TiO 2 surface. 

 Another aspect in order to realize the cost effective DSSC is the 

development of alternative counter electrode materials. In DSSC, the most 

prevailing CE is a platinum ( Pt) thin film due to its exceptionally high 

electrochemical activity [38]. However, the high cost and corrosion of Pt in 

presence of the iodine electrolyte restricts it from large scale applications and long 

term use [39-40]. In this regard, carbon based materials such as carbon nanotube, 

graphene and reduced graphene oxide (RGO) as CE have induced current 

research interests as a substituent of Pt due to low cost, high charge carrier 

mobility  [41] and reasonable performances [42-43]. However, the energy 

conversion efficiency is lower in case of graphene CE compared to that of Pt 

electrodes and also requires large quantities of graphene to achieve an acceptable 

catalytic activity [42, 44]. Thus hybridization of small amount of Pt with graphene 

or RGO can meet the requirements of low cost, long term stability as well as high 
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catalytic activity. Significant efforts have been made to fabricate Pt NPs on 

reduced graphene oxide film or substrate by using chemical reducing agents [45], 

photo-reduction  [46], pulsed laser ablation method [47], dry plasma reduction  

[16], thermal decompositi on [48-49] and hydrogen plasma [50] etc. However, in 

most cases, the energy conversion efficiency has not reached the expected level as 

well as the complex fabrication process limits its large scale application. The 

modific ation of both the active and counter electrode can provide both high 

efficiency and low cost requirements. 

 In the present chapter, we have modified both the active and counter 

electrodes to realize an energy efficient device using simple fabrication processes. 

We have synthesized and characterized small silver NPs embedded on the TiO2 

surface (Ag-TiO2) as a photoanode material which exhibits significant 

enhancement in the photovoltage. On the other hand, the CE has been modified 

with the Pt NPs supported o n RGO (Pt@RGO) using a facile photo-reduction 

method without any reducing or stabilizing agents where Pt loading is very low 

compared to that of the standard Pt CE. This reduces the cost and also increases 

the catalytic activity to regenerate the electroly te more efficiently. The combination 

of both factors enhances the efficiency of the device as high as 8%. The open circuit 

photovoltage decay in the presence of Ag-TiO2 photoanode unravels slow back 

electron transfer from the active layer to the electrolyt e or oxidized dye molecules.  

7.2. Results and Discussion: 

7.2.1. Enhanced Photovoltage in DSSC: Synergistic Combination of Silver 

Modified TiO 2 Photoanode and Low Cost Counter Electrode  [51]: The formation 

of silver modified TiO 2 (Ag-TiO2) by radiolysis and detailed characterization are 

reported previous ly  [52]. The silver ions were reduced by the free radicals such as 

solvated electrons and alcohol radicals generated due to high energy radiati on. 
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Figure 7.1. Characterization of Ag-TiO2 nanocomposites. (a) TEM image of silver modified TiO2. 
(b) SEM image and Ag, Ti, O elemental mapping images of Ag-TiO2 nanocomposites. (c) EDAX 
spectrum of Ag-TiO2 nanocomposites. 

The silver nanoparticles (NPs) (2% metal loading) are homogeneously distributed 

on P25 TiO2 NPs as shown in a Transmission Electron Microscopic image (Figure 
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7.1a). The average size of the silver NPs is 2 nm. The elemental distribution of the 

Ag-TiO2 was further characterized by energy dispersive spectroscopic (EDS) 

mapping. The EDS elemental mapping clearly confirmed the presence and 

homogeneous distribution of Ag, Ti, and O elements in the Ag -TiO2 as shown in 

Figure 7.1b. The EDS spectrum indicates the presence of 1.61% Ag in the material 

(Figure 7.1c). 

 

Figure 7.2. Electron microscopic images of the Pt@RGO nanocomposites. SEM images of (a) RGO 
nanosheets and (b) Pt@RGO nanocomposites. (c) TEM and (d) HRTEM images of Pt@RGO 
nanocomposites. Inset of (c) shows the size distribution of the Pt NPs on RGO nanosheets. 

 In order to lower the Pt content in CE which in turn decreases the cost, 

small amount of Pt has been hybridized with RGO (Pt@RGO). The simultaneous 

photo-reduction of GO and Pt salt under UV light irradiation without any 

chemical reducing or stabilizing agents results in the successful formation of the 

nanohybrid. In hydrogen -donating solvents, Pt(acac)2 undergoes efficient 
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photodegradation to yield colloidal platinum. The photoreduction mechanism of 

Pt(acac)2 in alcohol solut ion has been established previously  [53]. Figure 7.2a and 

7.2b illustrate the scanning electron microscopic (SEM) images of RGO and Pt NPs 

on the RGO, respectively. The homogeneous distribution of Pt NPs all over the 

RGO nanosheet is clearly evident from the TEM image as shown in Figure 7.2c. 

The average particle size of Pt NPs is estimated by fitting the experimental TEM 

data over 200 particles and it is found to be 2.6 nm as shown in the inset of Figure 

7.2c. From high resolution TEM (HR -TEM) image of Pt@RGO, the inter-planar 

distance between the fringes of Pt NPs is found to be 0.234 nm which is consistent 

with (111) planes (Figure 7.2d) [47]. The crystal planes of the RGO nanosheets are 

also evident from the HR -TEM image. The Pt content in Pt@RGO nanocomposite 

is estimated from the ICP-MS and it is found to be 20.7%. 

 The X-ray diffraction patterns (XRD) of GO, RGO and Pt@RGO are 

presented in Figure 7.3a. The GO sample shows characteristic diffraction peaks at 

25.9º and 42.3º which can be assigned to the (002) and (100) crystal planes, 

respectively. In case of RGO and Pt@RGO, the peak at 25.9º moved slightly to a 

higher angle which indicates the partial reduction of GO to the conjugated 

crystalline graphene network (sp 2) [54]. The peak at 42.3º corresponding to the 

(100) planes diminishes after the deposition of Pt on RGO nanosheets due to the 

surface coverage by Pt NPs [55]. In addition, the peaks of the Pt@RGO 

nanocomposites at 39.8º, 46.5º and 67.5º can be assigned to the (111), (200) and 

(220) crystal planes of face centered-cubic (fcc) Pt NPs, respectively. The results 

confirm the successful formation of Pt NPs over the RGO nanosheets. To further 

characterize the nanocomposites, Raman spectra of GO, RGO and Pt@RGO have 

been collected as shown in Figure 7.3b. The Raman spectra show two major peaks, 

a G band at 1590 cm-1 and a D band at 1352 cm-1. The G band corresponds to the in 

plane bond stretching motion of pairs of C sp 2 atoms (E2g mode), while D band  
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Figure 7.3. Characterization of the Pt@RGO nanocomposites. (a) X-ray diffraction patterns (b) 
Raman spectra and (c) thermogravimetric analysis profiles of Pt@RGO (red), RGO (blue) and GO 
(black). 

corresponds to the disordered structures, such as bond angle disorders and 

asymmetric lattices in the graphite [16, 45]. The intensity ratio of D band to G band 
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(D/G) increases after reduction of GO to RGO and further increases after the 

form ation of the nanocomposite. The increase in D/G intensity ratio can be 

attributed to (a) an increase in the quantity of amorphous carbon, (b) a higher 

density of defects on the structure, or (c) a reduction in the crystallite size or 

domains [56]. In the present case, the increase in the intensity ratio may be due to 

the increase in the density of defects on the graphene structures. In case of 

Pt@RGO, a strong D�¾ peak at 1615 cm-1 is observed, which can be assigned to the 

nonzero phonon density of the states at energies above the energy of the G band. 

These phonons are usually Raman-inactive but become active due to phonon 

confinement caused by the defects [57]. Moreover, thermogravimetric analysis has 

been carried out to assess the thermal stability of the nanocomposite as shown in 

Figure 7.3c. For the GO sample, a weight loss of �a40% occurs between 180 to 230 

ºC due to a pyrolysis of the labile oxygen-containing functional groups, yielding 

CO, CO2 and steam [58]. The weight loss in the similar temperature range for the 

RGO and Pt@RGO decreases to �a33% and 27%, respectively. This observation 

indicates the decrease of functional groups in the RGO and Pt@RGO samples after 

reduction. The complete decomposition of the GO and RGO samples occurs 

around 500 ºC, while the carbonaceous material present in the Pt@RGO 

decomposes around 400 ºC. The lower decomposition temperature can be 

attributed to an increase in the interlayer distance of the nanosheets due to the 

presence of Pt NPs. A residue of �a20% remains at high temperature in case of 

Pt@RGO due to the presence of Pt NPs which is well consistent with the ICP-MS 

data. 

 In order to demonstrate practical ap plications utilizing Ag -TiO2 at active 

electrode and Pt@RGO at counter electrode, a series of DSSC were fabricated. 

Figure 4a shows the photocurrent-voltage characteristics of DSSC fabricated with 

different active and counter electrodes. The corresponding values of the  
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Figure 7.4. Device performance. (a) J-V characteristics, (b) incident photon to current conversion 
efficiency (IPCE) spectra and (c) open circuit voltage decay profiles of different DSSCs. 
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Table 7.1. Solar cell performance using different active and counter electrodesa 

Photoanode Counter 
electrode 

Best Values Average 
Value  
�È�������� 

Jsc (mA 
cm-2) 

Voc (V) Fill Factor 
(FF) 

�È (%) 

 
TiO2 

 

Pt-RGO 14.3 0.74 59.5 6.37 5.64 
Pt 14.5 0.72 59.1 6.21 5.58 

RGO 10.5 0.69 26.8 1.95 1.50 
Ag-TiO2 Pt-RGO 15.4 0.86 60.8 8.02 7.22 

Pt 15.1 0.84 61.4 7.73 6.80 
aShort-circuit photocurrent densities (JSC cm-2), open-circuit voltage (VOC�����D�Q�G���H�I�I�L�F�L�H�Q�F�\�����È���� 

photovoltaic parameters, such as the short circuit photocurrent density (Jsc), open 

circuit voltage  (Voc������ �I�L�O�O�� �I�D�F�W�R�U�� ���)�)������ �S�R�Z�H�U�� �F�R�Q�Y�H�U�V�L�R�Q�� �H�I�I�L�F�L�H�Q�F�\�� ���È���� �I�R�U�� �W�K�H�� �E�H�V�W��

cells along with the average efficiency values are presented in Table 7.1. An 

increase of around 16% (from 0.72 to 0.84 V) in the photovoltage (Voc) is observed 

in case of Ag-TiO2 at photoanode compared to that of the bare TiO2 along with Pt 

at the counter electrode. During steady state illumination, V oc is the difference in 

potential between the quasi-Fermi level of the TiO 2 film and the rest potential of 

the counter electrode, which remains in equilibrium with the redox couple. 

Semiconductor and metal NPs undergo electron equilibration under light 

illumination. In the Ag -TiO2 nanocomposites, due to the larger work function of 

Ag (4.5-4.7 eV) [59] compared to the electron affinity of TiO 2 (1.59 eV) [60], a 

schottky barrier exists at their interface [61]. The possible electron transfer 

pathways and formation of schottky barrier are shown in Scheme 7.1. Under light 

illumination, the electrons from excited N719 dyes are injected to the Ag NPs on 

TiO2 surface which results in accumulation of electrons in Ag NPs. As a result, the 

Fermi level of the Ag NPs shifted closer to the conduction band (CB) of TiO2 in the 

Ag-TiO2 nanocomposites which is responsible for the increase in Voc. To the best 

of our knowledge, such a significant enhancement in the Voc in presence of Ag 

NPs has not been reported earlier. Time resolved microwave conductivity (TRMC ) 

studies have shown that electrons can be injected from Ag NPs to the CB of TiO2 

[52] in order to establish charge equilibrium in the system. In contrast, the 



171 
 

electrons at the CB of the TiO2 cannot reverse their path to recombine with the 

oxidized dye or electrolyte due to the presence of schottky barrier which results in 

enhanced efficiency of the device. In addition to the enhancement in Voc, 

photocurrent also increases (14.5 to 15.1 mA cm-2) in case of Ag-TiO2 

nanocomposite which is well documented in the literature [32, 34]. This is due to 

an increase in effective absorption cross section of the dye (N719) and a modest 

increase in the framework surface area. 

 After the successful demonstration of Ag -TiO2 as a photoanode, the counter 

electrode has been modified with Pt@RGO to reduce the Pt loading as well as 

optimization of  the catalytic activity. The amount of Pt in the Pt@RGO 

nanocomposite is 10 times smaller than that of the standard Pt counter electrode 

which lowers the cost and makes it viable for large scale commercial utilization. 

Although the amount of Pt decreases, the catalytic activity of Pt@RGO is 

comparable or slightly higher than the Pt only. The DSSC with Ag -TiO2 

photoanode along with Pt@RGO and Pt counter electrode show energy conversion 

efficiency of 8.02% and 7.73%, respectively. The effect of CE on DSSC performance 

is dictated by the electrical conductivity and electrocatalytic activity in the 

reduction of triiodide to iodide [62]. In case of Pt@RGO, the catalytic activity of Pt 

and high electron conductivity of the stable support material RGO are 

synergistically combined owing to more interfacial active sites. The combination 

of Pt@RGO with bare TiO2 �D�V���S�K�R�W�R�D�Q�R�G�H���D�O�V�R���H�[�K�L�E�L�W�V���V�O�L�J�K�W�O�\���K�L�J�K�H�U���H�I�I�L�F�L�H�Q�F�\�����È��

� �����������������W�K�D�Q���W�K�H���3�W���D�O�R�Q�H���D�V���&�(�����È��� �������������������+�R�Z�H�Y�H�U�����X�V�L�Q�J���F�R�Q�W�U�R�O���5�*�2���D�V���&�(��

with TiO 2 as photoanode showed lower efficiency of 1.95%. In order to investigate 

the light harvesting by the  N719 dye, the incident photon to current conversion 

efficiency (IPCE) of the cells were monitored as shown in Figure 7.4b. The spectra 

collected from different cells show good agreement between the wavelength of 

photocurrent maximum and N719 absorption ma xim �X�P�� ���Ìmax = 520nm), 

signifying that the N719 sensitizers on the photoanode surface are indeed 
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responsible for photocurrent generation. The trend in the photocurrent responses 

is consistent with the short circuit currents of the corresponding cells as shown in 

Figure 7.4a. 

 

Figure 7.5. Stability of the device. Plot of (a) Jsc and Voc, (b) Fill factor and efficiency of the DSSC 
fabricated using Ag-TiO2 photoanode and Pt@RGO CE with time. 

 In order to investigate the lifetime of accumulated charges at the 

photoanode, the decay of open circuit voltage has been monitored for different 

cells in the dark following a brief period of illumination. Upon visible light 

illumination, the excited sensitizers inject electrons into TiO 2 electrode. The 

accumulated electrons in the TiO 2 drives the Fermi level to the more negative 

potential which reflects in the photovoltage enhancement. The forward electron 

injection from sensitizer to TiO 2 is terminated upon stopping the illumination, 

thus discharging of electrons occurs through the back electron transfer or 

recombination with the oxidized electrolytes. The open circuit voltage decay 

reflects the timescales for the recombination processes. Figure 7.4c shows the 
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decay profiles of different DSSC fabricated using Ag-TiO2 and TiO2 as 

photoanode, Pt@RGO and Pt as CE. The fitted timescales are presented in Table 

7.2. The Ag-TiO2 photoanode in combination with Pt@RGO CE exhibit a 

remarkably slow rate of voltage decay (15.68 s) compared to the bare TiO2 

photoanode (3.74 s). This is due to the storage of electrons in Ag NPs [52] which 

prevents recombination with the oxidized electrolytes. This ob servation is 

consistent with the enhanced photovoltage in the presence of Ag-TiO2 as a 

photoanode. The Pt@RGO CE in combination with TiO2 photoanode shows slower 

decay with a lifetime of 3.74 s compare to the Pt CE (1.91 s). This can be attributed 

to the higher catalytic activity of Pt@RGO than Pt only at the CE in regenerating 

the oxidized electrolyte which in turn reduces the recombination processes. The 

stability of the DSSC fabricated using Ag-TiO2 photoanode and Pt@RGO CE, the 

photocurrent -voltage characteristics were monitored for 240 h. Figure 7.5a depicts 

the change in short circuit current and open circuit voltage with time. Initially the 

Jsc decreases but after few days it is stable for a long period. The Voc is very stable 

during the experimental time window which can be attributed to the stability of 

the Ag-TiO2 photoanode. It is reported that the Ag NPs are easily damaged under 

oxidizing conditions [63]. However, our observation suggests that the Ag 

modified TiO 2 photoanode are stable which is consistent with the reported 

literature [32-33]. The fill factor and overall efficiency of the DSSC are also 

consistent with time as shown in Figure 7.5b. 

Table 7.2. Dynamics of photovoltage transients of DSSCs fabricated using different active and 
counter electrodesb 

Active 
Electrode 

Counter 
Electrode 

�Õ1 (S) �Õ2 (S) �Õ3 (S) �Õavg (S) 

TiO2 Pt-RGO 0.09 (48.5%) 1.28 (16.9%) 10.08 (34.6%) 3.74 

Pt 0.08 (32.4%) 0.39 (19.9%) 3.78 (47.7%) 1.91 

Ag-TiO2 Pt-RGO 0.26 (25.7%) 1.67 (19.2%) 27.77 (55.1%) 15.68 

Pt 0.16 (30.2%) 1.17 (24.3%) 9.99 (45.5%) 4.87 
bNumbers in the parenthesis indicate relative weightages. 
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Scheme 7.1. Schematic presentation of the dye-sensitized solar cell consists of Ag-TiO2 photoanode 
and Pt@RGO counter electrode. Lower panel shows the energy level diagram. 

 In order to investigate the electronic and ionic processes in DSSC, 

electrochemical impedance spectroscopy (EIS) were performed. As shown in 

Figure 7.6a, the Nyquist plot features two semicircles, one in the high frequency 

region and the other one in the intermediate frequency region.  The semicircle in 

the high frequency region can be attributed to the charge transfer at counter 

electrode while the semicircle in the intermediate frequency region is associated 

with the electron transport in the mesoscopic TiO 2 film and back reaction at the 

TiO2/electrolyte interface. The Nyquist plots are fitted using the equivalent circuit 

shown in Figure 7.6b and the parameters are summarized in Table 7.3. The R2 

value represents the interfacial recombination resistance at TiO2/electrolyte  
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Figure 7.6. EIS of the device. (a) Nyquist plots of different cells. Inset shows the full region. (b) 
Equivalent circuit model that was used to fit the EIS spectra. 

interface. The R2 value for Ag -TiO2 �S�K�R�W�R�D�Q�R�G�H���������������º�����L�V���J�U�H�D�W�H�U���W�K�D�Q���W�K�D�W���R�I���W�K�H��

bare TiO2 photo�D�Q�R�G�H�� ������������ �º���� �Z�K�L�F�K�� �F�D�Q�� �E�H�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �O�H�V�V�� �F�K�D�U�J�H��

recombination from Ag -TiO2 photoanode to the triiodide ions in the electrolyte 

[33]. The observation is consistent with the slower photovoltage decay of the DSSC 

with Ag -TiO2 photoanode as shown in Figure 7.4c. This confirms that Ag NPs act 

as electron-hole separator due to the formation of schottky barrier at the Ag -TiO2 

interface which prevents recombination with the oxidized electrolytes [61]. The R1 

Table 7.3. EIS parameters of DSSCs fabricated using different active and counter electrodes. 

Active 
Electrode 

Counter 
Electrode 

Rs ���º�� R1 ���º�� R2 ���º�� 

Ag-TiO2 Pt-RGO 15.5 11.0 72.1 

TiO2 Pt 20.3 1.9 12.6 
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value represents the charge transfer resistance at the CE interface i.e. the catalytic 

activity of the electrode for reducing triiodide ions. The R 1 �Y�D�O�X�H���I�R�U���3�W���&�(�������������º����

is less th�D�Q�� �W�K�D�W�� �R�I�� �W�K�H�� �3�W�#�5�*�2�� �&�(�� ������������ �º������ �7�K�X�V�� �W�K�H�� �3�W�� �&�(�� �S�U�H�S�D�U�H�G�� �E�\�� �G�U�R�S��

casting method exhibits slightly higher catalytic activity than that of the Pt@RGO 

CE as observed from EIS spectra [48] which can be attributed to t he 10 times lower 

Pt content in Pt@RGO CE than that of the Pt CE. However, the device performance 

of the Pt@RGO CE is comparable or slightly higher than Pt CE as shown in Figure 

7.4a which decreases the cost of CE significantly. 

7.3. Conclusion: In summary , we have successfully utilized Ag modified TiO 2 

(Ag-TiO2) as photoanode material in dye sensitized solar cell. On the other hand, 

we have demonstrated a facile synthesis of Pt NPs supported on RGO (Pt@RGO) 

surface by simple photo-reduction method without using chemical reducing or 

stabilizing agents. The quantity of Pt in the Pt@RGO nanocomposite is 10 times 

lower than that of the Pt counter electrode which reduces the cost and makes it 

viable for large scale commercial utilization. The combination of Ag -TiO2 as 

photoanode and Pt@RGO as counter electrode leads to a light to electrical energy 

conversion with an overall efficiency of 8%. An enhancement of around 16% in the 

photovoltage (V oc) is observed in case of Ag-TiO2 at photoanode compared to that 

of the bare TiO2, which can be attributed to the shifting of the quasi -Fermi level of 

the TiO2 photoanode close to the conduction band in the presence of Ag NPs due 

to the formation of schottky barrier at Ag -TiO2 interface. Moreover, Pt@RGO is 

found to be more efficient tha n Pt only as CE due to the catalytic activity of Pt and 

high electron conductivity of the stable support material RGO. These advantages 

are synergistically combined owing to the large number of active interfacial sites. 

The open circuit voltage decay profiles show remarkably slow rate of electron 

recombination from Ag -TiO2 photoanode to the oxidized electrolyte. The present 

study holds great promise for low cost, large scale fabrication of efficient solar 

devices. 
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Chapter 8 

Facile Carbonate Doping in Mesoporous TiO 2 

Microspheres for Dye Sensitized Solar Cell with 

Enhanced Efficiency  

8.1. Introduction:  The marathon race for the ultimate goal of commercialization 

of an alternative silicon -free solar cell technology to achieve lower cost-per-watt 

level with grid parity versus fossil fuel technologies, started with the seminal 

demonstration of a prototype dye sensitized solar cell (DSSC) in last century with 

7% efficiency [1]. Since then many efforts are dedicated to enhance the efficiency 

of the cells by a variety of following ways  [2]: (i) selection of strongly absorbing 

donor -pi -acceptor sensitizing dyes [3-5] (ii) use of redox couples to achieve higher 

open circuit voltage  [6-8] (iii) better thin film (composition and morphology) on 

the photoanode [9-11]. Apparentl y first two points look independent of the third 

one. However, given the amount of dye adsorption, electron injection from the 

dye to the photoanode and redox coupling, the parameters are found to be key 

factors for the optimum DSSC efficiency. Successful design of the photoanode 

again relies on the four key parameter: (a) light trapping via scattering of incident 

solar radiation (b) very high surface area of the oxide film in the photoanode for 

dye adsorption (c) ultrafast electron injection from excited d ye to the oxide layer 

(d) efficient transport of charge carriers with minimal recombination loss of 

electrons [2]. 

 A mammoth of literature on the various ways of controlling above four 

parameters for the efficient DSSC is existing [2, 12-13]. For example, plasmonic 

nanoparticles (Ag, Au) are integrated into photovoltaic devices for light trapping  

[14-16]. However, use of plasmonic nanoparticles on the photoanode is reported to 
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generate a negative influence named Fano effect due to destructive interference 

between scattered and unscattered light below the plasmon resonance of 

nanostructure causing reduced light absorption in DSSC at short wavelength  [17]. 

Application of Aluminum (Al) nanoparticles is reported t o overcome such 

limitation due to Fano effect  [17]. Use of porous oxide layer in the photoanodes 

are reported to be efficient strategy for the layer with higher surface area [18]. 

Ultrafast electron injection in the DSSC were achieved by doping plasmonic 

metals [15, 19] and atomic layer deposition (ALD) of TiO 2/Al 2O3 after dye 

adsorption  [20]. The use of unidirectional nanotube arrays is shown to exhibit a 

faster electron diffusion time ( �Wd) along the tube axis [21]. In principle, charge 

collection efficiency ( �Kcc) can be enhanced by reducing �Wd [22]. However, it has 

been shown that the nanostructure based photoanodes exhibit an undesired 

porous structure and t hereby offer poor solar light harvesting  [23]. Alternatively, a 

particular submicron sized TiO 2 structure called beads was used in photoanode or 

as scattering layer in order to increase charge collection efficiency [9]. 

 From the brief overview of different synthesis strategies for the 

optimization of photoanode to account different important parameters for the 

betterment of the DSSC efficiency, it is most likely that optimization of one 

parameter may compromise others. Thus finding one -shot optimization strategy 

�R�I�� �D�O�O�� �W�K�H�� �S�D�U�D�P�H�W�H�U�V�� �I�R�U�� �W�K�H�� �E�H�W�W�H�U�P�H�Q�W�� �R�I�� �V�R�O�D�U�� �F�H�O�O�� �H�I�I�L�F�L�H�Q�F�\�� �L�V�� �´�P�R�V�W�� �Z�D�Q�W�H�G�µ��

and is the motive of the present study. In this w ork, we have used a particular 

TiO2 structure called carbonate doped mesoporous microstructure (doped MS) in 

photoanode of a N719 dye containing solar cell. The doped MS prepared using 

two step non-aqueous solvothermal method in the photoanode essentially satisfies 

all the key requirements for the enhancement of efficiency of the DSSC. While 

scattering and electronic band modification increase light trapping, porosity 

enhances the dye adsorption. The ultrafast electron injection and minimization of 
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electron recombination leading to better solar cell efficiency compared to DSSC 

with photoanode using undoped MS are also demonstrated.  

8.2. Results and Discussion: 

8.2.1. Carbonate Doping in TiO 2 Microsphere: The Key Parameter Influencing 

Others for Efficient Dye  Sensitized Solar Cell  [24]: The control TiO 2 MS and 

doped MS were prepared according to modified procedures reported earlier  [25-

27]. The positive influences of the doped MS in DSSC performance are 

schematically shown in Scheme 8.1. Figure 8.1-A-a shows scanning electron  

 

 

Scheme 8.1. Schematic presentation. Synthesis of doped TiO2 MS and their advantages in the dye-
sensitized solar cells. 
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Figure 8.1. Characterization of TiO2 MS and doped TiO2 MS. (A) SEM images (a and b); EDAX 
spectrum (c); SEM image of a single particle (d) and Ti, O elemental mapping images of that 
particle (e, f) of TiO2 MS. (B) SEM images (a and b); EDAX spectrum (c); SEM image of a single 
particle (d) and Ti, O, C elemental mapping images of that particle (e, f, g) of doped TiO2 MS. 

microscopy (SEM) image of TiO2 MS with a diameter range 1-���������Í�P���R�E�W�D�L�Q�H�G���E�\��

solvothermal treatment at 180 oC for 12 h. Densely-packed, interconnected TiO2 

nanocrystals are clearly visible in the high resolution image as shown in Figure 

8.1-A-b. Figure 8.1-A-c shows EDAX spectrum of the microspheres with the 

relative distribution of oxygen and titanium. The el emental EDAX mapping of the 

microspheres for Ti and O and their distribution in a microsphere are shown in 

Figure 8.1-A-(d-f), consistent with uniform distribution of the element in the 

sample. No signature of carbon in this sample is evident. In Figure 8.1-B-a, we 

have shown SEM images of the doped MS. The distribution lies in the range of 0.9-

���� �Í�P���� �Z�K�L�F�K�� �L�V�� �V�O�L�J�K�W�O�\�� �V�P�D�O�O�H�U�� �W�K�D�Q�� �W�K�D�W�� �R�I�� �W�K�H�� �X�Q�G�R�S�H�G�� �0�6���� �6�L�P�L�O�D�U��

interconnection of the TiO 2 nanocrystals with a bit higher porosity is evident from 

Figure 8.1-B-b. The EDAX spectrum (Figure 8.1-B-c), the elemental mapping for Ti,  
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Figure 8.2. Characterization of TiO2 MS and doped TiO2 MS. TEM and HRTEM images (a-c), 
SAED patterns (d), powder XRD patterns (i) of TiO2 MS. TEM and HRTEM images (e-g), SAED 
patterns (h), powder XRD patterns (j) of doped TiO2 MS. 

O and C (Figure 8.1-B-(d-g)) and their atomic percentages clearly show uniform C -

doping in the microsphere. In an earlier report on the synthesis of such C-doped 

nanoparticles, X-ray photoelectron spectroscopy (XPS) was performed and 

obtained two distinct peaks at 284 eV and 288 eV consistent with C 1s binding 

energy. While the peak at 284 eV was assigned to carbon adsorbed on the TiO2 

surface as contaminant, the later peaking at around 288 eV was concluded to be 

the result of Ti -C bonds [27]. Although high resolution microscopy on the samples 

was out of the scope of the report, the absorption spectrum of the C-doped 

samples is consistent with our result (see later). The high resolution transmission 
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electron microscopy (HRTEM) images of the MS before and after doping are 

shown in Figure 8.2. Relatively higher porosity and similar nanoparticle size of 10-

20 nm in the case of doped MS compared to undoped counterpart are clear. The 

additional porosity and surface roughness in the case of doped MS could be result 

of surface adsorbed carbon as concluded in the earlier XPS study [27]. As the 

materials were annealed at 450 oC for the preparation of working electrode of the 

DSSC, we have examined the crystalline condition of the materials after the 

annealing as shown in Figure 8.2 (i, j). We have obtained negligibly small 

difference in the diffractograms after and before annealing. The diffraction peaks 

of the undoped and doped samples are not only consistent with that reported in 

the literature  [28], also consistent with the selected area electron diffraction 

(SAED) patters of the corresponding samples as shown in Figure 8.2 (d, h). 

 The absorption spectrum of the doped MS is found to be significantly 

different from that of undoped counterpart as shown in Figure 8.3a. The main 

electronic band of TiO2 at ~360 nm is found to be red-shifted to 410 nm upon 

carbonate doping in addition to significant scattering across the absorption 

spectrum of N719 in the entire visible solar spectrum. In a recent computational 

study the density of states (DOS) of undoped and carbonate doped TiO2 have been 

performed  [26]. The study showed that the carbonate-doping produced band tail 

states near the valence and conduction band edges of TiO2 decreasing the band 

gap by about 0.2 eV. The calculation also demonstrated that the band gap in 

doped TiO 2 is smaller than that of the undoped one. As shown in Figure 8.3b, the 

red-shift in the absorption spectrum of the doped MS has signif icant spectral 

overlap with green light (~500 nm) emission from two coumarin dyes namely 

C343 and C500 covalently and non-covalently adsorbed at the TiO2 surfaces. The 

ability of absorbing direct sunlight and contributing to the total photoinduced  

charge carrier in the doped MS are additional advantages over its undoped  
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Figure 8.3. Optical studies of TiO2 MS and doped TiO2 MS attached to C343 and C500 dyes. (a) 
UV-VIS absorption spectra of TiO2 MS and doped TiO2 MS. (b) Shows the overlap of C343, C500 
emission and doped TiO2 MS absorption. (c) The picosecond-resolved fluorescence transients of 
C500 (excitation at 375 nm) in the absence (pink) and in the presence of TiO2 MS (green) and 
doped TiO2 MS (red) collected at 490 nm. (d) The picosecond-resolved fluorescence transients of 
C343 (excitation at 375 nm) in the absence (cyan) and in the presence of TiO2 MS (green) and 
doped TiO2 MS (red) collected at 480 nm. 

counterpart. N719 dye does not have emission, thus the coumarin dyes are used to 

study the electron and energy transfer processes. We have quantified the light 

absorption in terms of Förster resonance energy transfer (FRET) from the green 

emitting dye C500 adsorbed to the host surface of the MS. As shown in Figure 

8.3c, the dye C500 at the doped MS shows faster fluorescence decay compared to 

C500 at the undoped MS surface revealing resonance energy transfer in the former 

case [29]. The estimated distance between the dye and the host surface of doped 

TiO2 is found to be 1.53 nm, consistent with the surface adsorption of the dye 

C500. The ultrafast electron injection of the covalently attached coumarin dye 
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C343 is evident from Figure 8.3d. The spectroscopic and fitting parameters are 

shown in Table 8.1. It is well known that the covalently adsorbed dye C343 

undergoes electron transfer to host TiO2 upon photoexcitation  [30]. The apparent 

rate constant, knr, is determined for the nonradiative processes by comparing the 

�O�L�I�H�W�L�P�H�V���R�I���&���������L�Q���W�K�H���D�E�V�H�Q�F�H�����Õ0�����D�Q�G���W�K�H���S�U�H�V�H�Q�F�H�����Õ�����R�I���0�6�����X�V�L�Q�J���W�K�H���I�R�O�O�R�Z�L�Q�J��

equation [31]: 

   (8.1) 

we have estimated that electron transfer rate of the dye C343 at the doped MS 

(2.8X109 s-1) is much faster than that at the undoped MS (1.1X109 s-1). Although a 

significant spectral overlap of the C343 emission with the absorption band of the 

doped MS is evident from Figure 8.3b, the possibility of FRET in this case can be 

ruled out for the interferenc e of much faster electron transfer dynamics. 

Table 8.1. Dynamics of picosecond-resolved luminescence transients of C343, C500 and 
nanohybridsa 

Sample Excitation 
wavelength 

(nm) 

Detection 
wavelength 

(nm) 

�Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) 

C343 375 480 3.88 
(100%) 

  3.88 

C343-TiO2 
MS 

375 480 0.19 
(80.7%) 

3.04 
(19.3%) 

 0.74 

C343-doped 
TiO2 MS 

375 480 0.08 
(78.3%) 

0.35 
(16.3%) 

3.88 
(5.4%) 

0.33 

C500 375 490 3.25 
(100%) 

  3.25 

C500-TiO2 
MS 

375 490 3.25 
(100%) 

  3.25 

C500-doped 
TiO2 MS 

375 490 0.35 
(66.7%) 

3.25 
(33.3%) 

 1.31 

aNumbers in the parenthesis indicate relative weightages. 
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Figure 8.4. Device performance. I-V characteristics without dye (a) and with N719 dye (c); (b) dye 
loading; (d) wavelength dependent photocurrent response curves and (e) open circuit voltage decay 
profiles of different DSSCs fabricated with TiO2 MS and doped TiO2 MS. 

 The direct light harvesting ability and the better photoconductivity of the 

doped MS compared to those in its undoped counterpart is evident from I -V 

characteristics of the solar cell without sensitizing dye (Figure 8.4a). Figure 8.4b 

shows enhanced dye loading capability of the doped MS because of its better  
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Table 8.2. Solar cell performance using different active electrodesb 

Photoanode Dye Jsc (mA cm -2) Voc (V) Fill Factor �È�������� 

TiO2 MS No dye 0.08 0.27 38.7 0.01 

Doped TiO 2 
MS 

No dye 0.18 0.35 38.5 0.02 

TiO2 MS N719 15.2 0.68 54.8 5.16 

Doped TiO 2 
MS 

N719 16.6 0.76 65.6 7.65 

TiO2 NP P25 N719 15.6 0.72 63.2 6.49 

bShort-circuit photocurrent densities (JSC cm-2), open-circuit voltage (VOC�����D�Q�G���H�I�I�L�F�L�H�Q�F�\�����È���� 

porosity as discussed earlier. The betterment of all the key parameters ultimately 

enhances the solar cell efficiency as shown in Figure 8.4c. The corresponding 

values of the photovoltaic parameters, such as the short circuit photocurrent 

density (Jsc), open circuit voltage (V oc), fill factor (FF), power conversion efficiency 

���È�����Y�D�O�X�H�V���D�U�H���S�U�H�V�H�Q�W�H�G���L�Q���7�D�E�O�H��8.2. The DSSC with doped TiO2 MS shows higher 

energy conversion efficiency of 7.6% compared to that of the undoped MS (5.2%). 

The enhancement of photocurrent at the peak absorption of the dye N719 is also 

studied and shown in Figure 8.4d. The spectra collected from different cells show 

good agreement between the wavelength of photocurrent maximum and N719 

absorption �P�D�[�L�P�X�P�� ���Ìmax = 520nm). The temporal decay of the open circuit 

voltage has been monitored for different cells in the dark following a brief period 

of illumination as shown in Figure 8.4e, revealing reduced recombination in the 

case of DSSC with doped MS. The fitted timescales are presented in Table 8.3. The 

open circuit voltage decay reflects the timescales for the recombination processes 

of the electron at the conduction band of the semiconductor with the oxidized 

electrolytes [32]. The increase in Voc as evident from Figure 8.4c is a consequence 

of reduction in the back electron transfer  [33]. 
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Table 8.3. Dynamics of photovoltage transients of DSSCs fabricated using different active 
electrodesc 

Active Electrode �Õ1 (S) �Õ2 (S) �Õavg (S) 

TiO2 MS 0.13 (38.8%) 1.60 (61.2%) 1.03 

Doped TiO 2 MS 0.21 (33.7%) 2.21 (66.3%) 1.54 

TiO2 NP P25 0.11 (28.8%) 1.25 (71.2%) 0.92 
cNumbers in the parenthesis indicate relative weightages. 

8.3. Conclusion: Carbonate doped TiO2 microspheres were synthesized via two 

step facile solvothermal routes and used as photoanode of a N719 based dye 

sensitized solar cell (DSSC). Our single-shot modification in the solar cell design is 

shown to take care of several key parameters including porosity for dye loading , 

scattering for light trapping, electron injection for photocurrent and less electron 

recombination with redox coupling for the enhancement of the efficiency of the 

solar cell as schematically shown in Scheme 8.1. We have compared the efficiency 

of the DSSC with undoped TiO 2 microsphere and conventional TiO 2 nanoparticle 

(P25) and found significant improvement in the light harvesting efficiency upon 

doping. To our knowledge the realization of carbonate doping solar cells provides 

a novel pathway to control  conversion efficiency in DSSC. Future investigations 

will focus on tailoring the absorption wavelengths of the sensitizing dye for the 

light trapping in the NIR region of solar radiation, where 49% power remains un -

harvested. 
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Chapter 9 

Key Light Harvesting Dynamics  in Various 

Nanostructures for Biomedical Application  

9.1. Introduction:  In recent years, use of nanotechnology in medical science is 

gaining a lot of attention across the world. Research focusing on the use of various 

nanostructured materials in different areas, such as for drug delivery [1], cancer 

treatments [2-3] etc. is underway. Out of the numerous nanostructured materials, 

zinc oxide (ZnO) is one of the most promising materials for the applications in the 

medical fields due to its biocompatibility, biodegradability and non -toxicity [4]. 

Moreover, ZnO can degrade various organic compounds efficiently through 

photocatalysis [5-6]. It has been reported that the native defects in the ZnO lattice, 

mostly the oxygen vacancy sites, play an important role in the photocatalytic 

activity of the nanostructures [6]. Oxygen vacancies have been reported as the 

cause of the characteristic green luminescence of ZnO [7-9], which exist in three 

charged states: singly charged (VO+), doubly charged (VO++) and neutral (V Ox). The 

presence of the oxygen vacancies and other native defects in the ZnO lattice 

reduces the direct e-/h + recombination process thus increasing the quantum yield 

of ZnO nanocrystall ine photocatalysts. Furthermore, defect mediated energy 

emitted from the ZnO nanostructures can also effectively degrade various organic 

compounds in water through Förster Resonance Energy Transfer (FRET) [10]. 

Hence, for an efficient ZnO nanostructure based photocatalysis system, the control 

of such defect sites is a crucial factor. One of the effective ways to modulate the 

concentration of defect density in the ZnO lattices is to anneal the ZnO 

nanostructures in an oxygen rich atmosphere. The effect of post-annealing 

treatment on the native defects of ZnO has been studied extensively and it has 

been demonstrated that the crystallinity of ZnO can be improved by annealing the 
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samples at a higher temperature, typically above 500 °C [11-15]. However, some 

studies show that annealing at higher temperatures can also introduce defects, 

such as oxygen interstitials in the ZnO lattice [16-17]. 

 In the first  work  of this chapter, we have explored the potential use of ZnO 

NPs as a phototherapy agent, by controlling the surface defect states of the 

nanoparticles through a post-annealing treatment in oxygen rich atmosphere, in 

order to efficiently degrade BR molecules through photocatalysis. Bilirubin (BR) is 

a yellow-orange pigment which is  a byproduct of normal heme catabolism in 

mammals. In human body, 250�²400 mg BR is produced every day [18], that can 

exist both as a free molecule and as an albumin complex in the body. The 

unconjugated ZZ -BR isomer is water insoluble, which is converted to water 

soluble ZE-BR isomer in the liver with the assistance of glucuronic acid following 

which most are extracted in the bile while a small portion passes through urine 

[19]. Excess bilirubin in blood can lead to deposits on tissues, giving rise to 

neurotoxicity and hyperbilirubinemia or yellowish pigmentation of the skin, a 

disease commonly known as Jaundice. According to World Health Organization, 

almost 30,000 people suffering from jaundice die every year [20]. Jaundice is most 

commonly seen in newly born babies, known as Neonatal Jaundice, which 

typically develops within a few weeks of birth. There can be many sources for 

neonatal jaundice, like weak liver f unction, high level of red blood cells in blood 

and deficiency in the important enzymes in the body [21]. At present, 

phototherapy, a technique used to treat various diseases under light irradiation, is 

the most widely used treatment for neonatal jaundice in the medical field,  where 

unconjugated ZZ -BR isomers are converted to water soluble ZE-BR isomers using 

a light source. Under the light radiation, the unconjugated ZZ -BR isomer 

undergoes rearrangement of its molecular structure forming either structural or 

configurational wa ter soluble isomers. Additionally, upon absorption of light, the 

ZZ-BR isomers can also react with oxygen in the blood forming colorless oxidation 
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products, which are typically extracted via urine [19]. However, the photo-

oxidation of ZZ -BR is a slow process and isomerization of ZZ-BR occurs much 

faster than the photo-oxidation [22]. In one of our recent studies, it was 

demonstrated that upon surface adsorption of BR molecules on ZnO 

nanostructures, defect mediated energy from the photo-excited ZnO 

nanostructures resonantly transfers to the BR molecules inducing their 

photodegradation [10]. It was also demonstrated that the system can effectively 

degrade BR when it is bound to albumin. Although literature related to the 

molecular transformation of water insoluble BR via photocatalysis process is 

limited, a few studies are available on the photocatalytic degradation of BR 

adsorbed on nanostructured hydroxyapatite coating [23] or molecularly imprinted 

titania film [24], amongst others. The current study focuses on the efficient 

utilization of the defect mediated emission from the ZnO NPs, modulated through 

post-annealing of the nanoparticles, in order to improve the overall efficiency of 

the FRET process and hence to expedite the photocatalytic degradation of BR 

molecules. By using steady state and picosecond-resolved fluorescence 

spectroscopy techniques, we have explored the influence of the surface defect 

states (mainly the oxygen vacancies) of the various annealed and as-synthesized 

ZnO NPs on the photocatalytic degradation process of BR. 

 The use of nanoscale materials in delivering drugs precisely and safely to 

the target site at the right time and with maximum impact provides great 

opportunity in the area of drug delivery. These nanosc ale materials facilitate high 

drug loading due to their large surface to volume ratio and consequently 

minimize the toxicity by their preferential accumulation at the target site. 

Nanoparticle -based drug delivery systems have many other advantages such as, 

improving solubility of hydrophobic drugs and also prolonging the half -life of 

drug systemic circulation by reducing immunogenicity  [25-26]. A number of 

nanoparticle-based therapeutic and diagnostic agents have been successfully 
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introduced in the treatment of diabetes, pain, cancer and infectious diseases [27-

32]. However, most of the nanoparticles are toxic to animals and very less 

biocompatible in vivo  [33-35]. Among them ZnO NPs have shown promising 

potential as drug delivery vehicles due to their low cost, good biocompatibilit y 

and low toxicity  [36-38]. Unfortunately, because of its large band gap of 3.3 eV, the 

popular ZnO can be activated only by UV light of wavelength <375 nm. UV light 

is not suitable for most in vivo experiments because it can only penetrate the skin 

by several millimeters and is harmful to the human body. However, ZnO NPs as 

efficient drug carriers in photodynamic therapies (PDT) which avoid non -

significant accumulatio n of the drug at the target site have attracted considerable 

research interest [39]. 

 Photodynamic therapy ( PDT) is a promising noninvasive treatment for 

cancer which involves the uptake of a photosensitizer by cancer tissue followed by 

photoirradiation  [40-42]. Protoporphyrin IX (PP) is a very well -known cancer drug 

and efficient hydrophobic photosensitizer (PS) for PDT  [43]. The efficiency of PDT 

depends on photoactivation of the photosensitizers accumulated at the target site 

and the pharmacokinetic properties of the phot osensitizer to achieve the desired 

biological response. Due to very low water solubility of hydrophobic drugs like 

PP, several strategies have been employed to prepare stable formulations, 

including conjugation to water -soluble polymers or encapsulation in  colloidal 

carriers such as oil-in-water emulsions, [44] gold NPs, [45-46] polymer NPs [47-

48], microspheres [49] and block copolymer micelles [50-51]. Majid and co-workers 

[39] have shown that PEGylated ZnO NPs coated with PP exhibit an excellent 

anticancer effect due to countable localization of the drug in the targeted area in 

the presence of a suitable light dose. ZnO NPs loaded with drugs can penetrate 

cancer cells through specific ligand-receptor recognition or non -specific binding 

forces based on hydrophobic or coulombic interactions  [36]. The stability of the 

combination of the ZnO and the drug molecules is very important. The guest drug 
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molecules should not leak from the host surface during blood circulation in vivo, 

so strong interactions with ZnO carriers are necessary, e.g., covalent bonds. The 

drug molecules have to be released from these carriers easily at the target site. The 

tumor and cancer cells have acidic environments and ZnO NPs are decomposed 

completely at pH 5 in aqueous solution, therefore drugs can be released easily by 

ZnO nanocarriers at the target site [52]. 

 The photochemical and photophysical processes in the PS during PDT are 

the key for the generation of reactive oxygen species (ROS). When a PS in its 

ground state is exposed to light of a specific wavelength, it absorbs a photon and 

is promoted to an excited singlet state. The singlet state is eventually decayed to 

triplet excited state via intersystem crossing (ISC) and then the triplet state energy 

is transferred to ground state molecular oxygen to produce singlet oxygen. It is the 

cytotoxicity of the singlet oxygen which can cause oxidation of biomolecules and, 

finally, cell death. The enhancement in the ROS generation can essentially increase 

the overall activity of a PS, thereby reducing the concentration of the essential 

�S�K�R�W�R�V�H�Q�V�L�W�L�]�H�U���� �7�K�H�U�H�I�R�U�H���� �W�K�H�� �H�O�H�F�W�U�R�Q�ï�K�R�O�H�� �V�H�S�D�U�D�W�L�R�Q�� �L�Q�� �3�6���� �L�P�P�H�G�L�D�W�H�O�\�� �D�I�W�H�U��

the photoexcitation, is a key-step to enhance the average ROS concentration. In 

this context, photoinduced electron transfer between drugs and colloidal 

semiconductors plays a vital role where the rapid charge injection from sensitizer 

molecules to the conduction band (CB) of the semiconductor followed by the 

generation of ROS may enhance the activity of the PS. This necessitates the 

exploration of photoinduced ultrafast dynamics in PP -ZnO nanohybrid as a 

potential photodynamic agent.  

 In th is chapter, we have also exploreed the key photoindu ced dynamics in 

ZnO upon complexation with a model cancer drug PP, which eventually leads to 

the enhanced efficiency in PDT and successful realization of ZnO NPs as drug 

delivery vehicle of cancer drugs. To study the nanohybrid formation at the 

molecular l evel, picosecond-resolved FRET from the defect emission of ZnO to PP 
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has been used. Picosecond-�U�H�V�R�O�Y�H�G�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �V�W�X�G�L�H�V�� �R�Q���3�3�ï�=�Q�2�� �Q�D�Q�R�K�\�E�U�L�G��

also reveal efficient electron migration from photoexcited PP to ZnO, eventually 

enhancing the ROS activity in the PP-ZnO nanostructures. In addition, we have 

used a well-known electron acceptor, p-benzoquinone (BQ) to emphasize the 

electron-donating efficiency of PP upon photo -excitation. The dichlorofluorescin  

(DCFH) oxidation and no oxidation of luminol in PP/PP -ZnO nanohybrids upon 

green light illumination indicate that the nature of ROS is essentially  singlet 

oxygen rather superoxide anions. PP-ZnO nanohybrids were employed to 

construct photoelectrode that lead to enhanced photocurrent. We have also used 

the nanohybrid in a model photodynamic therapy application in bacteriological 

culture experiment.  

9.2. Results and Discussion: 

9.2.1. Modulation of Defect M ediated Energy Transfer from ZnO Nanoparticles 

for the Photocatalytic Degradation of Bilirubin  [53]: Figure 9.1a shows the 

UV/Vis optical absorption spectra o f the as-synthesized ZnO NPs and the 

particles annealed in air at different temperatures. The as-synthesized ZnO NPs 

show a sharp absorbance onset at about 340 nm indicating almost uniform size of 

the NPs. However, upon annealing at higher temperatures, a slight red -shift in the 

absorption spectra of the nanoparticles was observed indicating a marginal 

increase in the size of the ZnO NPs after annealing [54]. The changes in the 

crystallite size of the NPs after annealing were estimated from their respective 

XRD patterns (Figure 9.1b) using Scherrer equation. The crystallite size of the as-

synthesized ZnO NPs was found to be about 7.3 nm that marginally increases 

upon annealing to 7.8 nm at 250 °C. The changes in the sizes of ZnO NPs annealed 

at different temperatures were further verified by transmission electron 

microscopy (TEM). Figure 9.2a shows the typical TEM of the fairly monodispersed 

ZnO NPs annealed at 250 °C. As shown in Figure 9.2b, the lattice fringe 
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Figure 9.1. (a) UV/Vis optical absorption and (b) X-ray diffraction pattern of ZnO NPs annealed 
at various temperatures in air for 1 hour. The 60 °C sample indicates the non-annealed as-
synthesized ZnO NPs. 

width of 0.26 nm indicates the (002) plane of the wurtzite structure of ZnO NPs, 

demonstrating polycrystalline nature confirmed from their corresponding selected 

area electron diffraction (SAED) pattern (Figure 9.2c). The particle size distribution 

of all the ZnO NP samples obtained from their r espective TEM micrographs are 

also shown in Figure 9.2d to 9.2i. For the as-synthesized ZnO NPs the mean 
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Figure 9.2. (a) Transmission electron micrograph, (b) high resolution TEM image of a single ZnO 
NP and (c) SAED pattern of the ZnO NPs annealed at 250 °C. The particle size distribution of the 
(d) as-synthesized, (e) 150 °C, (f) 200 °C, (g) 250 °C, (h) 300 °C and (i) 350 °C annealed ZnO 
NPs are also shown. 

particle size was found to be 4.5 nm, while the NPs increased in size upon 

annealing at higher temperatures corroborating well with our previous 

observations from XRD analysis. The mean size for the ZnO NPs annealed at 250 

°C was obtained as 5.5 nm, and the maximum particle size was obtained in case of 

the NPs annealed at 350 °C showing a mean particle size of 5.9 nm. Here, it should 

be noted that the size of the NPs estimated by using Scherrer equation yielded 

larger crystallite sizes than the size obtained from TEM images. This discrepancy 

arises due to band broadening in XRD patterns primarily from  the 

inhomogeneous strain on the samples as well as instrumental effect apart from the 
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actual size of the sample [55]. As a result, size estimation from XRD peaks using 

�6�F�K�H�U�U�H�U�·�V�� �H�T�X�D�W�L�R�Q�� �W�\�S�L�F�D�O�O�\�� �\�L�H�O�G�V�� �O�D�U�J�H�U�� �V�L�]�H�V�� �W�K�D�Q�� �W�K�H�� �D�F�W�X�D�O�� �V�D�P�S�O�H�� �V�L�]�H�� �W�K�D�W��

can be obtained from TEM more accurately. 

 

Figure 9.3. (a) Room temperature photoluminescence (PL) spectra of the ZnO NPs annealed at 
various temperatures in air for 1 hour (Excitation wavelength: 320 nm) and (b) defect mediated 
green-yellow emission from ZnO NPs showing the two individual emission bands peaking at 520 
nm and 590 nm wavelengths, which are contributed by the singly charged and doubly charged 
oxygen vacancy states respectively. 
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 The room temperature photoluminescence (PL) spectra of annealed ZnO 

NPs are shown in Figure 9.3a. All the NP samples show a small UV emission at 

~355 nm, attributed to the near band edge transitions in the ZnO NPs and a large 

and broad green-yellow emission centered at around 530 nm, attributed to the 

oxygen vacancy defect states (mostly present at the surface of the NPs) [56]. A. van 

Dijken et al. [57] has proposed the transition of a photoexcited electron from the 

conduction band of ZnO to a deep level trap state (VO++) as the origin of the green 

luminescence; whereas, Vanheusden et al. [58] reported that the recombination of 

an electron from VO+ state to a valence band hole lead to the green luminescence 

peak. In contrast, J. D. Ye et al. [56] has reported that both the above assumptions 

are correct and demonstrated that the broad green-yellow luminescence from ZnO 

is mainly composed of two individual emission bands centered at ~ 520 and 590 

nm respectively, as shown in Figure 9.3b. It was observed that with increasing 

annealing temperature the green-yellow emission from the ZnO NPs also 

increases representing the rise in the surface defect states responsible for the broad 

green-yellow emission from ZnO. Maximum defect origi nated emission was 

observed from ZnO NPs annealed at 250 °C. These observations show that upon 

annealing the ZnO NPs up to 250 °C in air, the concentration of the surface defect 

sites in the NPs gradually increases. Previously it was observed that the ZnO NPs 

grow slowly along with the annealing temperatures demonstrating gradual 

improvement in their crystallinity, as can be evidenced from TEM and XRD 

analysis, respectively. However, at the same time, they also show higher defect 

densities near their surface for annealing temperatures up to 250 °C. In case of the 

as synthesized ZnO NPs, initially defects are randomly created within the 

particles as they grow and hence defects are located randomly from the core to the 

surface of the particles. As the particles are subjected to high temperature 

annealing, the defects within the particles start to diffuse inside out, i.e. from the 

core of the particles towards the surface, increasing the defect densities near the 

surface of the particles. This results in a gradual increase of the surface defect 
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mediated green-yellow emission peak of the ZnO NPs annealed up to 250 °C. It 

should be noted that during the process the core of the particles gets annealed 

first; however, the total defect concentration within the particl e volume remains 

almost similar since no sintering of the particles were observed upon annealing at 

such low temperatures. Although the ZnO NPs annealed at 250 °C demonstrated 

slightly higher crystallite size (5.5 nm) than the as synthesized NPs (4.5 nm), only 

a marginal improvement in the crystallinity of the NPs were observed from the 

XRD pattern compared to the as synthesized particles due to the relatively 

unchanged total defect concentration within the particle volume.  For the ZnO NPs 

annealed at temperatures above 250 °C, significant drop in the surface defect 

mediated emission band was observed indicating reduction in the oxygen vacancy 

states. In this regard, recently Wei et al. [59] has reported that at annealing 

temperatures above 300 °C, oxygen vacancies can be eliminated from the ZnO 

crystal lattice as well as the Zn�²O bonding can be enhanced, which further 

confirms the observed reduction in the intensity of the gre en-yellow emission 

band from samples annealed at temperatures above 250 °C. Improvement in the 

ZnO crystal stoichiometry upon annealing at temperatures above 250 °C can also 

be evident from the higher band to band emission of the annealed NPs (Figure 

9.3a) as well as from their respective XRD spectra (Figure 9.1b). 

 Following the optical characterization of the ZnO NP samples annealed at 

various temperatures, we have explored the effect of the concentration of the 

surface defects in the ZnO NPs on the efficient photocatalytic degradation of BR 

using the NPs as a photocatalyst medium. The photocatalytic degradation of BR 

�Z�D�V���F�R�Q�G�X�F�W�H�G���E�\���X�V�L�Q�J���D�������Í�0���%�5���V�R�O�X�W�L�R�Q���S�U�H�S�D�U�H�G���L�Q���F�K�O�R�U�R�I�R�U�P�����Z�K�L�F�K���V�K�R�Z�V��

an absorption peak at 450 nm (inset of Figure 9.4). Under UV l ight irradiation, the 

photocatalytic degradation of BR in the presence and absence of different ZnO NP 

samples were studied by constantly monitoring the absorption spectra of BR  
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Figure 9.4. Relative concentration (Ct/Co) of BR with varying UV irradiation time during 
photocatalytic degradation (monitored for BR peak absorbance at 450 nm) in the absence (control) 
and presence of ZnO np catalysts air annealed at different temperatures. Adsorption of BR on ZnO 
surface under no light condition was carried out for 30 minutes prior to the UV light irradiation. 
Inset shows the UV-Vis absorption spectrum of the BR solution. 

solution at 450 nm wavelength over a period of 90 minutes. The BR adsorption on 

ZnO surface in dark was studied over a period of 1 hour and i t was found that 

irrespective of the annealing temperatures of the ZnO NPs an equilibrium 

adsorption reaches in about 30 minutes. All the adsorption curves were found to 

be Langmuir type . Figure 9.4 shows the relative concentration (Ct/C o) of BR with 

respect to UV irradiation time in the absence and presence of ZnO NPs, with a BR 

adsorption period in dark of 30 minutes. A control experiment was performed in 

the absence of ZnO NPs and the photolytic degradation of BR was monitored. In 

the absence of a catalyst, about 30% degradation in BR concentration was 

observed upon UV light irradiation for 90 minutes. However, in the presence of 

the ZnO NPs as the catalyst medium, much faster degradation of BR was 

observed. In this context, it has been previously shown that the defect mediated 

energy transfer from the surface defects of ZnO NPs to the BR molecules via 
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Förster Resonance Energy Transfer (FRET) mechanism is the pre-dominant reason 

for the faster degradation of BR molecules under UV irradiation in the presenc e of 

ZnO NPs [10]. Upon inclusion of the as-synthesized ZnO NPs (hydrolyze d at ~60 

°C) in BR, almost 50% degradation was observed to occur within 40 minutes of UV 

irradiation, leading to about 70% faster photocatalytic reduction of BR compared 

to the degradation of BR in 40 minutes when no catalyst was used. The reduction 

in the BR concentration increased further when annealed ZnO NPs (up to 250 °C) 

were employed as the photocatalysts due to their higher concentrations of surface 

defects compared to the as-synthesized NPs, resulting in higher energy transfer  

between the donor ZnO and acceptor BR molecules. The course of BR 

photocatalytic degradation were found to follow a first -order exponential 

equation, showing maximum photocatalytic activity for the ZnO NPs annealed at 

250 °C, attributed to the increased surface defect states. However, when the 

surface defects were reduced by annealing the ZnO NPs at temperatures above 

250 °C, significant drop in the catalytic activity was observed suggesting the vital 

role of the surface defects in the photocatalytic degradation of BR. It should be 

noted that since the FRET process between the ZnO NPs and the BR molecules 

does not interfere in the normal phototherapy process of BR under UV irradiation. 

Hence, the photoproducts formed after the photocatalysis of BR in the pr esence of 

ZnO NPs should mainly contain the structural (Z -lumirubin) and configurational 

(ZE-BR) isomers of water insoluble BR, which are the usual photoproducts of BR 

phototherapy [19]. In addition, the presence of Methylvinylmaleimide (MVM) as 

an outcome of the photocatalytic degradation of BR in the presence of ZnO NPs 

has also been evidenced in our previous study [10]. 

 In order to obtain further insight on the influence of defect concentration of 

the ZnO NP samples on the BR photocatalytic degradation rate (Ro), we conducted 

photocatalysis experiments with different  initial  concentrations (Co) of BR, 
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Figure 9.5. Langmuir-Hinshelwood (L-H) plot showing the Langmuir�²Hinshelwood rate constant 
(kL-H), Langmuir adsorption coefficient (K) and regression coefficients (R2) for the photocatalytic 
reactions conducted by using (a) the as-synthesized, (b) 250 °C and (c) 350 °C annealed ZnO NPs 
as catalysts. 

keeping the ZnO concentration constant. For these experiments, we selected the 

as-synthesized ZnO NPs, the ZnO NPs annealed at 250 °C having the maximum 

surface defect states and the ZnO NPs annealed at 350 °C demonstrating 

minimum surface defect states. The rate of photocatalytic degradation of BR (Ro) 
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was then fitted by using Langmuir -Hinshelwood (L -H) kinetic model, which 

typically explains the bimolecular reaction of two species upon surface adsorption 

[60]. Upon fitti ng the rate constant (Ro) vs. initial concentration of BR (Co) curves 

using equation 2.18, we observe that the photocatalytic degradation of BR on the 

surface of the ZnO NPs with three different concentrations of surface defect states 

exactly follows the p henomenon explained by the L-H model (Figure 9.5). In case 

of the as-synthesized ZnO NPs, the value of the L-H rate constant (kL-H) was found 

�W�R���E�H�����������������Í�P�R�O���G�P-3.sec-1; which then improved to  ���������������Í�P�R�O���G�P-3.sec-1 for the 

250 °C annealed ZnO NPs, owing to the maximum surface defect concentrations 

resulting in faster photocatalytic activity. For the ZnO NPs with minimum surface 

defect states, the values of kL-H and K were found to reduce again to 152.80 

�Í�P�R�O���G�P-3.sec-1 �D�Q�G�������������Í�P�R�O-1.dm3, respectively. 

 The energy transfer process (FRET) between the acceptor BR molecules and 

the donor ZnO NPs having various surface defect concentrations was then probed 

by studying the FRET dynamics process using picosecond-resolved fluorescence 

technique. For efficient FRET process it is important to have a significant spectral 

overlap between the emission spectrum of the donor and the absorption spectrum 

of the acceptor species. There are generally two mechanisms used to describe the 

transfer of excitations between a donor and an acceptor species, Dexter and 

Förster mechanisms. In both these mechanisms, the energy transfer rate is 

dependent on the distance between the donor and acceptor as well as the spectral 

overlapping of the emission from donor and the absorption of acceptor molecules. 

However, the basic difference between the two mechanisms is that in Dexter 

mechanism the donor and the acceptor exchange their electron, whereas in Förster 

mechanism energy (not electron) is exchanged between the donor and acceptor. 

Therefore, wavefunction overlapping or molecular orbital overlapping between 

the donor and acceptor is very crucial in case of Dexter mechanism so that 
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Figure 9.6. (a) Spectral overlap (shaded area) between the defect mediated ZnO NP emission and 
the BR absorption spectra and (b) quenching of the steady state defect mediated PL of the ZnO NPs 
with gradual addition of BR into the system. 

�W�K�H�� �H�O�H�F�W�U�R�Q�V�� �F�D�Q�� �R�F�F�X�S�\�� �W�K�H�� �R�W�K�H�U�·�V�� �P�R�O�H�F�X�O�D�U�� �R�U�E�L�W�D�O���� �7�K�H�� �H�Q�H�U�J�\�� �W�U�D�Q�V�I�H�U�� �U�D�W�H��

also decays exponentially in Dexter mechanism with the distance between the 

donor and acceptor molecules and the exchange normally occurs when the 

distance is smaller than 1 nm or 10 Å. On the other hand, the energy transfer in 

Förster mechanism is highly influenced by the Förster distance (Ro) and the 

relative space orientation of the transition dipoles of the donor and acceptor. 

Furthermore, in Förster mechanism the energy exchange occurs within a minimal 

donor -acceptor distance of 1�²10 nm. Therefore, here in this study, the 

consideration of Dexter mechanism (orbital overlap) via an exchange process 

associated with the transfer of single charge carriers can be excluded, as it is a 
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short-range mechanism. Figure 9.6a shows the spectral overlap of the defect 

mediated ZnO emission and BR absorption spectra, responsible for the energy 

exchange process between donor ZnO and acceptor BR. As represented in Figure 

9.6b, the defect mediated green-yellow emission of the ZnO nanoparticles was 

found to be suppressed upon gradual addition of BR into the system, clearly 

indicating that an energy exchange process takes place through FRET when the 

two species are in close proximity (typically  1�²10 nm). 

 The fluorescence decay kinetics of the as-synthesized and annealed ZnO 

NPs in the presence and in the absence of BR were then studied by using 

picosecond-resolved TCSPC technique. The emissions from ZnO NPs were 

detected at 540 nm with a laser excitation wavelength at 375 nm. As shown in 

Figure 9.7, upon addition of BR into the system, a faster fluorescence decay 

component was observed, attributed to the energy transfer process via FRET 

between the donor ZnO and acceptor BR. The various decay transients of the ZnO 

NPs in the presence and absence of BR, obtained after the deconvolution of the 

fluorescence decay curves with IRF (fitted globally by keeping the time scale 

fixed) are tabulated in Table 9.1. 

 In case of the as-synthesized ZnO NPs (hydrolyzed at 60 °C), it was 

observed that the fraction of electrons following the faster nonradiative decay path 

(�Õ1 in Table 9.1) increased significantly from 33% to 72% upon the addition of BR 

into the NP system, validating the FRET process between donor ZnO and acceptor 

BR. Using picosecond resolved spectroscopy techniques we have recently 

demonstrated that both singly charged (VO+) and doubly charged (V O++) oxygen 

vacancy centers contribute to the energy transfer process with efficiencies of about 

78% and 89% respectively [10]. In the present study, the average lifetime (�Õavg) of 

the fluorescence decay of the as-synthesized ZnO NPs was found to reduce by an 

order of magnitude, from 8.78 ns to 0.79 ns, upon the addition of BR, with energy 

transfer efficiency (E) of 91.53%. 
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Figure 9.7. The picosecond resolved fluorescence transients of the as-synthesized (hydrolyzed at 60 
°C) and annealed ZnO NPs in the presence and in the absence of BR. The fluorescence decay was 
monitored at 540 nm with an excitation wavelength of 375 nm. 

 However, upon annealing the nanoparticles, the �Õavg was observed to 

reduce in presence of the BR molecules with higher number of electrons following 

the faster decay path (�Õ1), reaching a maximum of 85% in case of the NPs annealed 

at 250 °C having maximum surface defects. This suggests that in nanopartic les 

with higher amount of surface defect states, more number of photoexcited 

electrons lose their energy through a nonradiative path. This loss of energy 

through the nonradiative path can be directly correlated to the FRET  
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Table 9.1. Picosecond resolved fluorescence transients of the as-synthesized and annealed ZnO 
NPs in the presence and in the absence of BRa 

Annealing 
temperature (°C) 

Samples �Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) E (%) 

60 
ZnO only  

0.71 
(33%) 

4.69 
(46%) 

39.20 
(21%) 

8.78 - 

ZnO + BR 
0.13 

(72%) 
1.60 

(26%) 
14.20 
(2%) 

0.79 91.53 

150 
ZnO only  

0.71 
(50%) 

4.69 
(43%) 

39.20 
(7%) 

5.11 - 

ZnO + BR 
0.13 

(81%) 
1.60 

(18%) 
14.20 
(1%) 

0.53 88.63 

200 
ZnO only  

0.71 
(47%) 

4.69 
(45%) 

39.20 
(8%) 

5.58 - 

ZnO + BR 
0.13 

(78%) 
1.60 

(21%) 
14.20 
(1%) 

0.58 86.20 

250 
ZnO only  

0.71 
(42%) 

4.69 
(33%) 

39.20 
(25%) 

11.64 - 

ZnO + BR 
0.13 

(85%) 
1.60 

(14%) 
14.20 
(1%) 

0.48 93.79 

300 
ZnO only  

0.71 
(41%) 

4.69 
(52%) 

39.20 
(7%) 

5.47 - 

ZnO + BR 
0.13 

(78%) 
1.60 

(21%) 
14.20 
(1%) 

1.85 88.18 

350 
ZnO only  

0.71 
(28%) 

4.69 
(67%) 

39.20 
(5%) 

5.30 - 

ZnO + BR 
0.13 

(75%) 
1.60 

(23%) 
14.20 
(2%) 

0.75 87.25 

aThe emissions from ZnO NPs were detected at 540 nm with a laser excitation wavelength at 375 
nm. Numbers in parentheses indicate relative weightages. 

process, in which the energy associated with the surface defects of the NPs 

transfers resonantly to the acceptor BR molecules, resulting in faster photocatalytic 

degradation of  the BR. The population of the trap state electrons, indicated by the 

number in parenthesis in the slower time component ( �Õ3) of the fluorescence decay 

curves, was also found maximum (25%) in case of the 250 °C annealed ZnO NPs 

pointing the highest concentration of surface defect states in these NPs. It was 

observed that the energy transfer efficiency increases with increasing surface 

defect states. For the ZnO NPs annealed at 250 °C, demonstrating maximum 

surface defect states, highest energy transfer efficiency of 93.79% was observed, 
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which reduces gradually to 87.25% in samples annealed at 350 °C, due to the 

reduction in th e surface defects in the NPs. From the steady-state 

photoluminescence study of the annealed ZnO NPs (Figure 9.3a), it was observed 

earlier that the defect mediated green-yellow luminescence from oxygen vacancies 

is maximum for the NPs annealed at 250 °C in air, which justifies the highest 

energy transfer efficiency observed here. As a result, the ZnO NPs annealed at 

250°C in air demonstrated highest photocatalytic degradation of BR compared to 

the NPs annealed at other temperatures. Therefore, it is clear from our results that 

efficient BR degradation can be achieved through photocatalysis using ZnO NPs 

as the catalyst medium by careful utilization of the surface defect states of the ZnO 

NPs. 

9.2.2. Direct Observation of Key Photoinduced Dynamics in a Potent ial Nano -

delivery Vehicle of Cancer Drugs  [61]: A typical high -resolution transmission 

electron microscopic (HR-TEM) image of ZnO NPs is shown in Figure 9.8a. The 

lattice fringe of ZnO NP shows an interplanar distance of ~0.26 nm, corresponding 

to the spacing between two (002) planes. The average particle size is estimated by 

fitting our experiment al TEM data over 60 particles and it is found to be ~5 nm. As 

characterized by UV-Vis spectroscopy, the soret band peak of drug PP resides at 

405 nm while the Q-band peaks are observed in the range between 500 nm and 

650 nm as shown in Figure 9.8b. The Sor�H�W���E�D�Q�G�� �R�I�� �3�3�ï�=�Q�2�� �L�V�� �U�H�G-shifted by ~5 

nm as compared to that of free PP. The bathochromic shift of the Soret band is 

related with different physical and chemical changes in the porphyrin molecular  

structure when it is incorporated into solids or under spe cific conditions, in 

solution. This observation suggests successful anchoring of PP to the ZnO surface. 

The efficiency of the ZnO NPs as nano delivery vehicles is also evident from our 

UV-Vis spectroscopic studies. The absorption spectra of ZnO NPs as shown in 

Figure 9.8b has baseline upliftment due to the scattering of colloidal ZnO NPs.  
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Figure 9.8. (a) HRTEM images of ZnO NPs. Inset shows the size distribution of the ZnO NPs. (b) 
UV-Vis absorption of ZnO NPs (green), �3�3�����U�H�G�����D�Q�G���3�3�ï�=�Q�2�����E�O�X�H�����L�Q���'�0�6�2-ethanol mixture. 

The ZnO NPs have no molecular absorption beyond 380 nm. According to the 

Rayleigh scattering, the scattering intensity is inversely proportional to the fourth 

order of wavelength offering higher scatterin g cross section of the colloidal 

samples at lower wavelength. Thus the baseline upliftment in the absorption 

spectra (Figure 9.8b) decreases with increase in wavelength. We have estimated 

that 74 �ÍM and 20 �ÍM of PP are associated with 9.6 nM and 4.2 nM of 5 nm and 30 

nm ZnO NPs, respectively[62]. In other words ~7800 and ~5000 PP are found to be 

attached with each 5 nm and 30 nm ZnO NPs, respectively. 



220 
 

 

Figure 9.9. (a) F�7�,�5�� �D�Q�G�� ���E���� �5�D�P�D�Q�� �V�S�H�F�W�U�D�� �R�I�� �3�3�� ���U�H�G������ �=�Q�2�� �1�3�V�� ���J�U�H�H�Q���� �D�Q�G�� �3�3�ï�=�Q�2��
composites (blue). 

 The Fourier transform infra -red (FTIR) technique is used to investigate the 

binding mode of the carboxylate group of PP on the ZnO surface as the 

attachment is very crucial for precise and safe delivery of the drug. For free PP, 

stretching frequencies of the carboxylic group are at 1695 cm-1 and 1406 cm-1 for 

antisymmetric and symmetric stretching vibrations, respectively, as shown in 

Figure 9.9a. When PP is attached to ZnO, the stretching frequencies of the 

carboxylic group are located at 1604 cm-1 and 1418 cm-1 for antisymmetric and 

symmetric stretching vibration s, respectively. The shifting of the stretching 

frequencies clearly indicates the formation of a covalent bond between the drug 

PP and the carrier ZnO NPs [63-65]. The difference between carboxylate stretching 
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frequencies, �¦ =�Öas - �Ösym is useful in identifying the bonding mod e of the 

carboxylate ligand  [66]. The observed �¦  value for the hybrid material is 186 cm -1 

which is smaller than that of free PP (289 cm-1). This observation is consistent with 

the fact that the binding mode of PP on ZnO surface is predominantly bidentate. 

To further investigate the binding between drug and delivery vehicle, Raman 

spectra were collected from PP, ZnO NPs and PP-ZnO nanohybrids as shown in 

Figure 9.9b. The Raman spectrum of PP does not show any peak in the 

wavenumber range of 300�²600 cm-1. However, four vibration peaks at 328, 378, 

438, and 577 cm�ï�� are observed in the Raman spectrum of ZnO NPs, indicating the 

presence of a wurtzite structure. After binding of PP on the ZnO surface, the 

characteristic bands of ZnO are all present but slightly blue shifted and broadened 

which is indicative of its go od retention of the crystal structure and shape. The 

strong peak at 438 cm�ï�� is assigned to the nonpolar optical phonon, E2 mode of the 

ZnO NPs at high frequency, which is associated with oxygen deficiency. 

Noticeably, the E2 �P�R�G�H�·�V�� �F�K�D�U�D�F�W�H�U�L�V�W�L�F�� �E�D�Q�G�� �R�I��ZnO shifts toward lower 

wavenumbers and its linewidth is larger upon its attachment to PP. The 

observation can be attributed to the attachment of the carboxylic group to Zn (II) 

that is located at the ZnO surface. 

 The emission spectrum of ZnO NP is compri sed of two emission bands 

upon excitation above the band-edge (�Ìex = 300 nm) as shown in Figure 9.10a. The 

narrow UV band centered at 363 nm in the emission spectra of ZnO NPs is due to 

the band gap emission. The broad emission is composed of two bands, one arises 

from doubly charged vacancy center (Vo++) located at 555 nm (P2) and the other 

arises from singly charged vacancy center (Vo+) located at 500 nm (P1) [8-9]. The 

emission intensity of ZnO NPs in the PP-ZnO nanohybrid decreases considerably 

than that of free ZnO NPs whic h can be attributed to the efficient non -radiative 

photoinduced processes from ZnO NPs to the PP. Herein, we propose FRET 
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Figure 9.10. (a) Room temperature PL spectra of ZnO NPs (green) a�Q�G�� �3�3�ï�=�Q�2�� �F�R�P�S�R�V�L�W�H�V��
(blue) are shown. The excitation wavelength was at 320 nm. The broad emission band is composed 
of two components, P1 (500 nm) and P2 (555 nm). (b) Shows the overlap of ZnO NP emission and 
PP absorption. The picosecond-resolved fluorescence transients of ZnO NPs (excitation at 375 nm) 
in the absence (green) and in the presence of PP (blue) collected at (c) 500 nm and (d) 555 nm are 
shown. 

from the donor ZnO NPs to the acceptor PP. The assessment of molecular 

distances in numerous biomolecular assemblies from FRET calculations has 

become a very useful tool [53, 67-68]. The spectral overlap of the donor ZnO NPs 

emission with that of the PP absorption is shown in Figure 9.10b. The fluorescence 

decay profile of the donor ZnO NPs in the presence and absence of the acceptor 

PP were obtained upon excitation of 375 nm laser and monitored at 500 nm (P1) 

and 555 nm (P2) (Figure 9.10c and 9.10d, respectively). The excited state lifetime of 

the ZnO NPs quenches in PP-ZnO nanohybrid compared to that of bare ZnO NPs. 

�7�K�H�� �G�H�W�D�L�O�V�� �R�I�� �W�K�H�� �V�S�H�F�W�U�R�V�F�R�S�L�F�� �S�D�U�D�P�H�W�H�U�V�� �D�Q�G�� �W�K�H�� �À�W�W�L�Q�J�� �S�D�U�D�P�H�W�H�U�V�� �R�I�� �W�K�H��

�Á�X�R�U�H�V�F�H�Q�F�H�� �G�H�F�D�\�V�� �D�U�H�� �W�D�E�X�O�D�W�H�G�� �L�Q�� �7�D�E�O�H��9.2. From FRET calculations, the 

distance between the donor ZnO NPs and acceptor PP drug are determined to be 

1.59 nm and 1.16 nm for P1 and P2 states respectively. The energy transfer 
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efficiency is calculated to be 77.7% and 95.7% from P1 and P2 states, respectively. 

The FRET distances confirm the proximity of the PP drugs to the ZnO NPs 

delivery vehicle.  

Table 9.2. Dynamics of picosecond-resolved luminescence transients of PP and PP-ZnO 
compositesb 

Sample Excitation 
wavelengt

h (nm) 

Detection 
wavelengt

h (nm) 

�Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) 

ZnO NP  375 500 1.14 
(67.4%) 

2.41 
(27.0%) 

38.94 
(5.6%) 

3.60 

PP-ZnO 
nanohybrid  

375 500 0.11 
(65.7%) 

1.04 
(27.1%) 

6.27 
(7.2%) 

0.80 

ZnO NP 375 555 0.95 
(50.7%) 

3.90 
(21.3%) 

44.76 
(28.0%) 

13.84 

PP-ZnO 
nanohybrid  

375 555 0.08 
(71.3%) 

0.87 
(21.3%) 

4.81 
(7.4%) 

0.60 

bNumbers in parentheses indicate relative weightages. 

 In order to explore the PP as an efficient source of electrons, a well-known 

electron acceptor benzoquinone (BQ) is attached to PP and the possible excited-

stat�H���H�O�H�F�W�U�R�Q���G�R�Q�R�U�ï�D�F�F�H�S�W�R�U���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���3�3-BQ composite is investigated by a 

series of time-resolved fluorescence measurements with increasing BQ 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �7�K�H�� �I�O�X�R�U�H�V�F�H�Q�F�H�� �G�H�F�D�\�� �S�U�R�I�L�O�H�� �I�R�U�� �3�3�ï�%�4�� �D�Q�G�� �I�U�H�H�� �3�3�� �Z�H�U�H��

obtained upon photoexcitation at 409 nm in DMSO and monitored at 630 nm as 

shown in Figure 9.11a. The time profile of the fluorescence decay at 630 nm for the 

singlet excited-state of reference PP showed single exponential decay, with a 

lifetime of 16.09 ns. The lifetime components of the transients are tabulated in 

Table 9.3. As evident from Table 9.3, time components of ~1.50 ns and ~0.14 ns 

appear in the fluorescence transients of PP in the presence of the quencher. These 

components were found to be enhanced with increase in BQ concentration. The 

fast-�G�H�F�D�\�L�Q�J�� �F�R�P�S�R�Q�H�Q�W�� �R�I�� �a�������� �S�V�� �L�Q�� �W�K�H�� �3�3�ï�%�4�� �F�R�P�S�R�V�L�W�H�� �D�F�F�R�X�Q�W�V�� �I�R�U�� �W�K�H��

ultrafast charge transfer process from PP to electron acceptor BQ molecules. The 

time component of ~1.50 ns appears probably due to the formation of PP 
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aggregates in the experimental solution  [69]. The PL quenching, as evident from 

the time-resolved PL studies, shows the affinity of PP dyes to BQ molecules. A 

detailed Stern Volmer (SV) analysis on the quenching of the PP PL (Figure 9.11b) 

 

Figure 9.11. (a) Fluorescence decay profiles of PP in DMSO with increasing concentrations of BQ 
(1.0, 2.0, 3.6, and 5.1 nM). (b) Plots of �W0/�W vs BQ concentration, where �W0 and �W represent excited-
state lifetime of the fluorophore (PP) at 630 nm in the absence and presence of quencher (BQ), 
�U�H�V�S�H�F�W�L�Y�H�O�\�����(�[�F�L�W�D�W�L�R�Q���Z�D�Y�H�O�H�Q�J�W�K�����Ìex = 409 nm). 

reveals the dynamic quenching constant to be KD = 7.3 ×108 M �ï�� S�ï��. After 

highlighting the photoinduced charge migration pathway as one of the key 

aspects of a potential PS in the presence of organic molecules, it is necessary to 

�X�Q�G�H�U�V�W�D�Q�G�� �W�K�H�� �F�K�D�U�J�H�� �V�H�S�D�U�D�W�L�R�Q�� �G�\�Q�D�P�L�F�V�� �D�W�� �W�K�H�� �3�3�ï�=�Q�2�� �L�Q�W�H�U�I�D�F�H�� �W�R�� �U�H�D�O�L�]�H a 

superior ROS activity. Upon 409 nm photoexcitation, the strong fluorescence  

 



225 
 

Table 9.3. Dynamics of picosecond-resolved luminescence transients of PP in the absence and 
presence of various BQ concentrationsc 

Sample �Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) 

PP (bare)   16.09 (100%) 16.09 

�3�3�ï�%�4�������������Q�0�� 0.136 (19%) 1.50 (9%) 13.5 (72%) 10.46 

�3�3�ï�%�4�������������Q�0�� 0.136 (43%) 1.50 (19%) 13.5 (38%) 5.47 

�3�3�ï�%�4�������������Q�0�� 0.136 (49%) 1.50 (22%) 13.5 (29%) 4.75 

�3�3�ï�%�4�������������Q�0�� 0.136 (54%) 1.50 (27%) 13.5 (19%) 3.19 
cThe emission (monitored at 630 nm) was detected with 409 nm laser excitation. Numbers in the 
parenthesis indicate relative weightages. 

�L�Q�W�H�Q�V�L�W�L�H�V�� �R�I�� �3�3�� �L�Q�� �W�K�H�� �U�D�Q�J�H�� �R�I�� �������ï�������� �Q�P�� �Z�H�U�H�� �V�L�J�Q�L�I�L�F�D�Q�W�O�\�� �V�X�S�S�U�H�V�V�H�G�� �Z�K�H�Q��

anchored to ZnO NPs as shown in Figure 9.12a. In addition, the fluorescence peak 

�R�I�� �3�3�� �L�Q�� �W�K�H�� �3�3�ï�=�Q�2�� �Q�D�Q�R�K�\�E�U�L�G�V�� �Z�D�V�� �I�R�X�Q�G�� �W�R�� �E�H�� �U�H�G-shifted by ~5 nm as 

compared to the fluorescence spectra of free PP. The fluorescence decays (Figure 

9.12�E�����R�I���3�3�����3�3�ï�=�Q�2���������Q�P�����D�Q�G���3�3-ZnO (30 nm) were measured upon excitation 

with 409 nm laser, and monitored at wavelength of 630 nm. The spectroscopic and 

fitting parameters are shown in Table 9.4. The longer lifetime of PP quenches in 

the presence of both ZnO (5 nm) and ZnO (30 nm) NPs. The observed decrease in 

lifetime  could be correlated to the electron transfer process from PP to ZnO NPs. 

The apparent rate constant, knr, is determined for the nonradiative processes by 

comparing the lifetimes of PP in the absence (�W0) and the presence (�W) of ZnO NPs, 

using the following equation:  

        (9.1)  

The apparent rate constant for the nonradiative process was estimated to be 

1.75×109 s�ï�� �I�R�U���3�3�ï�=�Q�2���������Q�P�����D�Q�G����������×108 s�ï�� �I�R�U���3�3�ï�=�Q�2�����������Q�P�����D�G�G�X�F�W�V����As 

reported in previous studies  [64], such knr values represent electron transport from 

LUMO of PP to the conduction band of ZnO NPs. These rules out the possibility of 

self-quenching due to the aggregation of PP molecules on ZnO surface [70-72]. 
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Figure 9.12. (a) Room-temperature PL spectra (excitation at 409 nm) of free PP (red) and PP-ZnO 
���J�U�H�H�Q���������E�����)�O�X�R�U�H�V�F�H�Q�F�H���G�H�F�D�\���S�U�R�I�L�O�H�V���R�I���3�3�����U�H�G�������3�3�ï�=�Q�2���������Q�P�������E�O�X�H�����D�Q�G���3�3�ï�=�Q�2�����������Q�P����
(cyan) at 630 nm (excitation at 409 nm). 

Table 9.4. Dynamics of picosecond-resolved luminescence transients of PP and PP-ZnO 
compositesd 

Sample �Õ1 (ns) �Õ2 (ns) �Õ3 (ns) �Õavg (ns) knr×109 (sec�ï��) 

PP (bare)   16.09 (100%) 16.09  

PP-ZnO (5 nm)  
nanohybrid  

0.06±0.03 
(76.3%) 

0.71±0.03 
(13.4%) 

4.00±0.08 
(10.3%) 

0.55±0.09 1.75 

PP-ZnO (30 nm)  
nanohybrid  

0.05±0.03 
(58.8%) 

0.93±0.04 
(10.6%) 

13.35±0.17 
(30.6) 

4.21±0.06 0.17 

dThe emission (monitored at 630 nm) was detected with 409 nm laser excitation. knr represents 
nonradiative rate constant. Numbers in the parenthesis indicate relative weightages. 
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Figure 9.13. (a) TEM images of PP-ZnO (~30 nm) Nanohybrids dispersed in water. Inset shows 
the HRTEM image of a PP-ZnO nanohybrid. (b) Dynamic light scattering spectra for PP-ZnO 
and ZnO NPs dispersed in water. 

 A transmission electrom microscopy (TEM) image of PP-ZnO (~30 nm) 

nanohybrids dispersed in water confirms the presence of nearly spherical 

nanocrystals as shown in Figure 9.13a. The HR-TEM image of ZnO NP shows an 

interplanar distance of ~0.26 nm, corresponding to the spacing between two (002) 

planes as shown in Figure 9.13a, inset. The dynamic light scattering (DLS) spectra 

of PP-ZnO nanohybrid and ZnO NPs dispersed in water are shown in Figure 

9.13b. ZnO NPs show a peak at 40 nm which is consistent with TEM results and a 

peak at 300 nm due to the aggregation in water. The DLS spectra remains almost 

similar when Z nO NPs are attached to the PP drug molecules. The observation 
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Figure 9.14. (a) Stability of the nanohybrid from absorbance at 370 nm of PP-ZnO dispersed in 
water at pH 7 and pH 5. Inset shows the dissolution of PP-ZnO nanohybrids in water at pH 5 and 
pH 7 after 12 hours. (b) The DCFH oxidation with time in the presence of PP-ZnO (blue at pH 5 
and pink at pH 7), PP (red at pH 5 and dark yellow at pH 7), ZnO (green at pH 5 and orange at 
pH 7) and DCFH only (black at pH 5 and dark red at pH 7) under green light irradiation. The 
excitation was at 488 nm. (c) Chemiluminescence of luminol after green light irradiation for 15 
minutes in the presence of (I) control, (II) NaOH + H2O2, (III) PP and (IV) PP-ZnO. 
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indicates the formation of stable dispersion of PP-ZnO nanohybrids in water. The 

time dependent stability of the PP-ZnO nanohybrid dispersion in water is 

monitored at different pH values (Figure 9.14a). The dispersion is less stable in 

acidic aqueous solution (pH=5) compared to that in neutral (pH=7) solution . As 

the cancer cells are generally acidic in nature, nanohybrids are expected to be 

deposited more in the cancer cells rather in the normal cells. The dissolution of the 

nanohybrids at different pH values is also monitored as shown in Figure 9.14a, 

inset. At pH 5, 8% PP-ZnO nanohybrids were dissolved, whereas, 3% dissolution 

occurs at pH 7 after 12 hours. The ROS generation was monitored directly by the 

dichlorofluorescin -dichlorofluorecein (DCFH -DCF) conversion in aqueous 

medium. The DCFH is a well -known marker for ROS detection [73]. ROS oxidize 

nonfluorescent DCFH to fluo rescent DCF and the emission intensity of DCF was 

monitored with time as shown in Figure 9.14b. In the presence of PP-ZnO 

nanohybrids, maximum enhancement in fluorescence intensity was observed 

under green light irradiation. In a control experiment ZnO NPs  show no ROS 

generation under green light illumination as the NPs lack photon absorption in 

the green region of optical spectrum. Thus the presence of ZnO NPs in the 

proximity of PP drugs not only acts as drug delivery vehicle as reported in the 

literature  but also enhances the generation of ROS. The ROS generation by the 

nanohybrid in acidic aqueous solution (pH 5) compared with that in neutral pH=7 

is monitored by DCFH oxidation and found to be comparable as shown in Figure 

9.14b. It has to be noted that DCFH oxidation is not conclusive to confer the nature 

of ROS (singlet oxygen/superoxide formation). However, in the presence of 

superoxide, more specifically, luminol is oxidized to produce chemiluminescence  

[74]. As shown in Figure 9.14c, no chemiluminescence observed in the presence of 

PP and PP-ZnO after green light irradiation for 15 minutes. The above 

observations of DCFH oxidation and no oxidation of luminol in PP/PP -ZnO 

nanohybrids upon green light illumination indica te that the nature of ROS is 

essentially singlet oxygen rather superoxide anions. The conclusion of the 
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formation of singlet oxygen is consistent with the reported literature as Carraro et. 

al. have shown that photosensitized reactions in vitro and in vivo  by porphyrin 

involves the production of 1O2 but not O2- or �‡OH radicals [75]. 

 

Figure 9.15. ���D�����6�F�K�H�P�D�W�L�F���H�Q�H�U�J�\���O�H�Y�H�O���G�L�D�J�U�D�P���D�Q�G���F�K�D�U�J�H���V�H�S�D�U�D�W�L�R�Q���S�D�W�K���L�Q���3�3�ï�=�Q�2���L�Q�W�H�U�I�D�F�H����
(b) Photocatalytic degradation of MB in the presence of PP (red), ZnO (green) and PP-ZnO (blue) 
under green light irradiation. (c) Degradation rate (R0) versus initial MB concentration (C0) plots 
(with 10% error bar) in the presence of PP-ZnO under green light irradiation. 
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 A well known dye methylene blue (MB) is reported to be bleached to 

Leuco-methylene blue (LMB) in presence of ROS in several photocatalysis 

experiments [76-77]. However, under green light irradiation, in the presence of PP -

ZnO nanohybrid 30% MB is reduced to LMB whereas no MB reduction occurs in 

the presence of PP only (Figure 9.15). The observation along with the conclusion 

made earlier clearly indicate that MB reduction in the present case is neither 

through singlet oxygen nor superoxide formation. The efficacy of direct electron 

transfer of PP to BQ (Figure 9.11) is concluded to be responsible for the MB 

reduction in the nanohybrid as shown in Figure 9.15a. It has to be noted that 

proximity of MB to PP without  ZnO is hindered because of higher solubility of MB 

in aqueous solution. In the present PP sensitization approach, the photoexcited 

dye molecule transfers an electron into the conduction band (CB) of ZnO, thereby 

�H�Q�K�D�Q�F�L�Q�J�� �W�K�H�� �F�K�D�U�J�H�� �V�H�S�D�U�D�W�L�R�Q�� �D�W�� �W�K�H�� �G�\�H�ï�V�H�P�L�F�R�Q�G�X�F�W�R�U�� �L�Q�W�H�U�I�D�F�H����MB is 

reduced to LMB by taking the electron from ZnO CB.  Concurrently water in the 

media acts as an electron donor to regenerate the sensitizer dye [63]. To confirm  

the surface catalysis mechanism, MB reduction is performed in the presence of PP-

ZnO by varying the initial MB concentration. The MB degradation rate (R 0) versus 

initial MB concentration (C 0) curve as shown in Figure 9.15c is fitted using 

Langmuir �²Hinshel wood equation. The values of K and kL�²H are given in Table 9.5 

and are consistent with other surface catalyzed reaction [63]. 

Table 9.5. Kinetic fitting parameters of Langmuir-Hinshelwood modele 

Sample [MB]  
���Í�P�R�O���G�P-3) 

R0 
���Í�P�R�O���G�P-3 min -1) 

K 
���Í�P�R�O���G�P-3) 

kL-H 
���Í�P�R�O���G�P-3 min -1) 

PP-ZnO 2.0000 0.1830 0.11 1.07 
3.4000 0.2500 
4.2500 0.3400 
5.1000 0.4130 
6.8000 0.4970 
8.5000 0.5500 
10.2000 0.5200 

eR0 is the degradation rate, kL-H is the Langmuir-Hinshelwood rate constant, and K is the Langmuir 
adsorption coefficient. 
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Figure 9.16. (a) Schematic presentation of the fabricated dye sensitized solar cell geometry for 
photocurrent measurement. (b) SEM images of vertically aligned, hexagonal ZnO NRs decorated 
on a FTO plate. (c) Incident photon-to-current conversion efficiency (IPCE) spectra for PP-
sensitized ZnO NRs. 

 The evidence for electron transfer from PP dye to the host ZnO NP is 

apparent from an incident photon -to-current conversion effici ency (IPCE) 

measurement in a photocell as shown in Figure 9.16a. The SEM images of ZnO 

NRs used in the photocell are shown in Figure 9.16b. The light source (intensity 25 

mW cm �ï��) was turned on and off every 20 sec, and the obtained current values 

were continuously recorded using a multimeter. Inset of Figure 9 .16c shows the 
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photocurrent response for the ZnO NR and PP-ZnO thin films, where an 

improved photocurrent was observed for the PP -modified ZnO thin film (~100 

�ÍA) under illuminated condition compared to the bare ZnO NR thin film (~10 

�ÍA). The incident photon -to-current conversion efficiency (IPCE) of the device as 

shown in Figure 9.16c is found to be closely identical as absorbance spectra of PP 

and as large as 40% at 395 nm. This shows that the PP sensitizers on the photo 

anode surface are indeed responsible for the photocurrent generation. 

 

Figure 9.17. (a) Antibacterial activity of PP-ZnO, PP and ZnO in the presence and absence of 
green light. (b) Images of E. Coli. in PP-ZnO sensitized plates before and after green light 
irradiation. 
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 After thorough characterization and investigation of photoinduced 

dynamics in PP-ZnO nanohybrid, we have employed the PP-ZnO nanohybrids as 

potential photodynamic agent for the inhibition of growth of Escherichia coli (E. 

coli). For photodynamic therapy experiments, we have used 30 nm ZnO NPs due 

to lower toxicity than that of 5 nm ZnO NPs  [78]. Figure 9.17b shows the picture of 

E. coli cultures treated with PP-ZnO nanohybrids in the presence and absence of 

green light. The inhibition of bacterial growth after photodynamic treatment is 

clearly visible. The green light treated sample contains significantly less number of 

colonies. For comparison, the colonies were counted for control and treated with 

PP drugs, ZnO NPs and PP-ZnO nanohybrids  in the presence and absence of 

green light as shown in Figure 9.17a. The images of the selected area for the 

corresponding samples are shown within the columns in the F igure 9.17a. In 

control and ZnO treated samples, the colony forming unit (CFU) are almo st same 

in the presence and absence of green light. The observation indicates the absence 

of antibacterial activity of the ZnO NPs itself in our experimental concentration 

range. In case of PP treated samples, the bacteria growth is inhibited upto 34% 

after photodynamic treatment. The maximum inhibition of bacterial growth is 

obtained for PP-ZnO treated samples where 65% decrease in CFU is observed 

after photodynamic treatment. The results clearly indicate the enhanced ROS 

generation in the presence of PP-ZnO nanohybrids compared to that of PP only as 

the presence of ZnO NPs in the proximity of PP drugs facilitates the charge 

separation which is evident from our picosecond resolved fluorescence studies. 

8.3. Conclusion: ZnO nanoparticles of about 5�²6 nm diameters were 

synthesized and used as catalyst for studying the photocatalytic degradation of 

bilirubin. It has been demonstrated that through annealing process the surface 

defect states (mainly the oxygen vacancies) of the nanoparticles can be controlled, 

wh ich plays an important role in the photocatalytic degradation of the BR 

molecules. From picosecond-resolved TCSPC studies, it was observed that the 
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energy related to the defect mediated photoluminescence from the ZnO 

nanoparticles that peaks at about 530 nm resonantly transfers to the surface 

adsorbed BR molecules via Förster Resonance Energy Transfer (FRET) process, 

leading to efficient photocatalytic degradation of the BR molecules. The energy 

transfer efficiency of the FRET process between the annealed ZnO nanoparticles 

and BR molecules was estimated and for the ZnO nanoparticles annealed at 250 

°C, a maximum energy transfer efficiency of more than 93% was obtained, 

attributed to the highest concentration of the surface defect states present in these 

nanoparticles. Under continuous UV irradiation, the 250 °C annealed ZnO 

nanoparticles showed maximum photocatalytic activity, which was almost 3.5 

times higher  than that of the as-synthesized ZnO nanoparticles. In summary, from 

the present study, it is clear that for the efficient photocatalytic degradation of BR 

in blood, the role of the surface defect states in the ZnO nanoparticle catalysts is 

crucial, which can be modulated simply by a post -annealing treatment of the 

nanoparticles. Although DNA damage due t o the exposure of the BR containing 

blood to the exposure to UV radiation can be a concern in case of the practical 

implementation of this type of FRET based phototherapeutic systems, we believe 

that such harmful effects can be circumvented in the presence of the ZnO 

nanoparticle layer due to their UV filtering action.  

 We have also investigated the crucial photoinduced dynamics in ZnO 

nanoparticles (NPs) upon complexation with the cancer drug protoporphyrin IX 

(PP). Association of ~7800 and ~5000 PP molecules per 5 nm and 30 nm ZnO NPs, 

respectively, is evidenced from our study. The PP-ZnO nanohybrid was 

characterized by Vibrational spectroscopy (FTIR), Raman scattering and UV-Vis 

absorption spectroscopy. To confirm the proximity of the drug and vehicle of 

delivery at the molecular level, we have employed picosecond -resolved Förster 

resonance energy transfer (FRET) from the defect mediated emission of ZnO NPs 

to PP and the distance between two is found to be 1.16 nm from P2 states. 
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Picosecond-resolved fluore �V�F�H�Q�F�H�� �V�W�X�G�L�H�V�� �R�Q�� �3�3�ï�=�Q�2�� �Q�D�Q�R�K�\�E�U�L�G�� �D�O�V�R�� �U�H�Y�H�D�O��

efficient electron migration from photoexcited PP to ZnO, eventually enhancing 

the ROS activity in the PP-ZnO nanostructures. The dichlorofluorescin  (DCFH) 

oxidation and no oxidation of luminol in PP/PP -ZnO nanohybrids upon green 

light illumination indicate that the nature of ROS is essentially singlet oxygen 

rather superoxide anions. The photocurrent and incident photon -to-current 

conversion efficiency (IPCE) measurements confirm the enhanced charge 

separation in PP-ZnO nanohybrid under photoirradiation. The nanohybrid shows 

greater photodynamic activity for the inhibition of E. coli growth  compared to that 

of free drug molecules. The exploration of key photoinduced dynamics in the 

porphyrin based nanohybrids will be helpful in designing future photodynamic 

agents. 
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