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Abstract 

Energy and environmental issues like pollution, greenhouse effect at a universal 

level are central problems in the current scenario. Researchers have been trying to mimic 

natural photosynthesis, hoping to find a greener fuel generation by clean renewable energy 

for the future alternative for non-renewable and polluting fossil fuels. Hydrogen generation 

by photocatalytic water splitting with solar radiation is a renewable process, which can be 

carried out under ambient conditions for clean energy production. Several semiconductor 

oxides, sulfides, and selenides have been explored which has led to various exciting and 

attractive developments in solar hydrogen producing system However, attention is focused 

on oxide systems due to the availability, ease of synthesis, and limited photocorrosion. In 

general, photocatalytic reactions on semiconductors proceed through absorption of 

photons, charge separation of the electrons and holes into conduction and valence bands, 

respectively, and their migration to the catalyst surface. These charge pairs can be 

effectively used in a variety of electron transfer or redox reactions provided that they do 

not recombine (excited e- with the hole in the valence band or with the defect centers), 

where the recombination sites vary from grain boundaries and bulk crystal defects to 

surface sites. Most of the semiconductors absorb light in the UV region, thus wasting the 

abundance of visible light irradiance in sunlight falling on earth’s surface. Hence the two 

most important problems to be addressed here is to identify visible light absorbing 

semiconductors and minimisation of recombination by appropriate strategies. Among the 

various semiconductor oxides, zinc oxide nanostructures have been attracting increasing 

interest due to their favourable aspects which include its broad chemistry: particle size 

over the largest possible range, narrow size distribution, good crystallinity, high 

luminescence and desired surface properties. Consequently, even though there is 

considerable interest in studying ZnO in the form of nanostructures, pure ZnO 

nanoparticles cannot be utilized effectively for solar excitation or conversion because their 

poor visible light absorption and fast electron−hole recombination limit potential 

applications. Hence, surface modifications of nanostructured ZnO with appropriate organic 
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linker molecules are required to address this problem in a bipronged approach: (i) organic 

moiety helps in visible light absorption by creating appropriate donor bands to ZnO and (ii) 

modifications to surface sites can be achieved advantageously in tandem with reducing the 

recombination sites. The ligands of choice are perylenes, thiophenes and azo based 

aromatic conjugated systems formed by coupling amino benzoic acids with β-naphthol and 

8-hydroxy quinoline. 

The thesis will be presented in six chapters, a brief summary of which is given 

below. 

Chapter 1 presents a general introduction to environmental issues, hydrogen as 

greener fuel for the future,  photocatalytic water splitting reaction and a detailed literature 

survey of metal oxides used as photocatalysts. This chapter further discusses the principle 

and processes behind the photocatalytic water splitting and the basic requirement of a 

material to act as a visible based photocatalyst for water splitting. Detailed literature 

survey of the strategies involved in the utilization of visible light in photocatalytic water 

splitting systems. The role of sensitizers in DSSC and the importance of ZnO are discussed. 

Finally the scope and objective of the thesis are stated. 

Chapter 2 describes synthesis, characterization and photocatalytic water splitting 

activity of ZnO-azonaphthol composites.  ZnO nanoparticles (ZnONPs) are grafted with two 

azonaphthols, one conjugated and the other non-conjugated. Photophysical properties of 

modified ZnO indicate an effective electron transfer from the conjugated azonaphthol to 

ZnO but not in case of nonconjugated molecule. It is also observed from lifetime studies 

that conjugated molecule stabilises the defect sites on ZnONPs. It is possible that excited 

electrons from the conjugated molecule are transferred to specific defect sites in ZnO. This 

apparently does not occur in non-conjugated molecule bringing to focus the importance of 

photophysical characteristics of organic modifiers in designing visible light active 

photocatalysts. Enhanced H2 evolution from water−methanol mixtures was observed in the 

composite systems compared to pristine ZnO under visible light irradiation without any 
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cocatalyst. The experimental observations are corroborated with computational studies, 

which also point to a localization of valence band maximum of the interface on the organic 

moiety and conduction band minimum on ZnO. 

Chapter 3 describes synthesis, characterization and photocatalytic water splitting 

activity of ZnO-azoquinoline composites. Further, the multimodal anchoring of 

azoquinoline on ZnO nanoparticles (ZnONPs) for enhanced electron transfer, stability and 

H2 evolution were investigated. Among various azo-aromatic molecules, azo-8-hydroxy 

quinoline (8-HQ) is well known as a ligand forming chelating complexes. (E)-3-((8-

hydroxyquinolin-5-yl)diazenyl) benzoic acid (3ABBN8HQ) and (E)-4-((8-hydroxyquinolin-

5-yl)diazenyl) benzoic acid (4ABBN8HQ) were designed so that carboxylic group as well as 

quinoline group would be potentially interacting with ZnO surface on grafting. A 

comprehensive photophysical characterization and correlation to H2 evolution activity 

through computational studies is attempted in both the cases and reveals that the 

alignment of dye orbitals to the band positions of the semiconductor is appropriate 

resulting in facile electron transfer and enhanced activity. 

Chapter 4 presents synthesis, characterization and photocatalytic water splitting 

activity of ZnO-perylene composites. Our next aim was to examine the impact of electronic 

coupling and charge transfer process in perylene dyes which are bound to the ZnO surface. 

Surface site modulation by the π system of the perylene chromophore to the ZnO 

nanoparticles extend in a conjugative manner, which is understood based on absorption 

and fluorescence spectroscopy. The photostability and photophysical properties of the 

perylene composites with ZnO is understood based on the electron and charge transfer 

mechanisms using time resolved photoluminescence and corroborated by electrochemical 

studies. Enhanced H2 evolution from water−methanol mixtures was observed in the 

composite systems for longer durations even after visible light irradiation.  

Chapter 5 presents synthesis, characterization and photocatalytic water splitting 

activity of ZnO-terthiophene composites. ZnO-terthiophene composites have been 
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prepared and characterized. The photophysical properties of the composites by absorption 

and fluorescence spectroscopy indicate an effective electron transfer between thiophene 

linkers and ZnO nanoparticles. Electrochemical studies are performed to see the effect of 

electron transfer in ZnO-terthiophene composites. Photocatalytic water splitting activities 

of ZnO-terthiophene composites were studied and found to be visible light active and 

stable. This is further proved by computational studies. 

Chapter 6 summarizes the results and conclusions based on the work reported in 

the thesis. This thesis reports the detailed structural and photophysical characterizations 

of  ZnO-azonaphthol composites,  ZnO-azoquinoline composites, ZnO-perylene composites 

and ZnO-terthiophene composites. In addition, it also discusses the electrochemical 

measurements, computational studies and photocatalytic hydrogen evolution capability of 

ZnO-azonaphthol, ZnO-azoquinoline, ZnO-perylene and ZnO-terthiophene composites. 
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1.1. Introduction 

Technological advances and the growing world economy have led to major 

improvements in the living conditions of the people, which in turn cause excessive use of 

fossil fuels. These are also considered to be the backbone of industries and the most 

exploited sources of energy, due to which they are fast depleting. The environmental 

problem associated with the excessive use of fossil fuel is even worse, which results in 

serious air pollution due to the emission of CO2 along with oxides of nitrogen and sulfur. 

These gases are mainly responsible for the environmental issues like greenhouse effect and 

global warming due to their heat trapping properties, intensifying the earth’s natural 

greenhouse effect and causing average global temperatures to rise at an increasing rate. 

Other dangerous consequences like acid rain also originate from such polluting gases. In 

addition, incomplete combustion of fossil fuel results in the emission of CO, which is more 

poisonous than CO2 as it can irreversibly combine with blood haemoglobin reducing the 

affinity towards O2 and leading to dangerous effects on the human body. Due to all these 

adverse environmental effects, fossil fuels are of great concern globally [1-8].  

In this disturbing situation of fastly depleting oil and an increasing dependence on 

international markets for energy supplies, it is time to focus on limitless resources and 

energy forms which are renewable and sustainable that withstands exploitation and at the 

same time is virtually without hazardous emissions as a result of their operation. At this 

point, the role of alternate sources of energy comes into play which can be harnessed in the 

form of sun, wind, water and biomass. Governments have already taken steps towards 

addressing these issues through policymaking. Moreover, nearly 174 countries are 

signatory to COP21 (a global agreement on the reduction of climate change) promising to 

reduce global warming and green house gas emissions [9].  

Of the renewable sources, solar energy seems especially attractive due to various 

reasons. Sun is the primary source of energy and this energy is virtually inexhaustible and 

freely available. Solar energy is also the largest renewable carbon-free resource amongst all 

other renewable energy options. The amount of sunlight (~1.2× 105 TW) which falls on the 

earth's surface in 1 h is more than that used by all human activities in 1 year globally. 
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About 174,000 terawatts (TW) of incoming solar radiation on the earth’s surface is 

received by the upper atmosphere.  Of the total incoming energy, roughly 70 % of the sun’s 

radiation is only penetrating and reaching the earth. Approximately 30% is reflected back 

to space and the rest of the radiation is absorbed by clouds, oceans and land masses, that is, 

~ 3,850,000 EJ (EJ-exajoule, 1018 J) per year. The energy use of mankind on earth is only ~ 

500 EJ per year which is about 0.01 % of the sun’s total yearly energy coming to the earth. 

The spectrum of the solar light at the Earth's surface is mostly spread across the visible 

range (46 %) and the rest near-infrared ranges experienced as heat with a small part in the 

near-ultraviolet (5 %). Hence, a proper exploitation of the solar spectral distribution 

specially the visible light spectrum of the solar irradiance will be the ultimate aim of 

sustainable energy solutions [10]. 

In general, solar energy can be harvested in different ways, but the energy content of the 

solar radiation can be captured as excited electron-hole pairs in a semiconductor, a dye, or 

a chromophore, or as heat in a thermal storage medium. These excited electrons and holes 

can be used for immediate conversion to electrical power, or converted to biological or 

chemical molecules for conversion to fuel.  

The life sustainability on earth has been developed by nature through a very efficient 

process utilizing solar energy called photosynthesis. This occurs in two stages of reactions. 

In the first stage, light-dependent reactions or light reactions capture the energy of light 

and use it to make the energy-storage molecules ATP and NADPH. During the second stage 

of photosynthesis, the light-independent reactions use these products to capture and 

reduce carbon dioxide. Carbon dioxide is converted into sugars in a process called carbon 

fixation. Carbon fixation is a redox reaction, so photosynthesis needs to supply both a 

source of energy to drive this redox process, and also the electrons needed to convert 

carbon dioxide into carbohydrate, which is a reduction reaction. In the overall reaction of 

photosynthesis, oxygen and carbohydrates are formed when plants transform water and 

carbon dioxide in the presence of light. Effectively, H2O is split into O2 and H2, here the 

hydrogen is bound by carbon and not in the gaseous form. In effect, the solar energy 

fixation in plants is achieved via the photosynthetic growth process. The primary fuels 

obtained by the combustion of biomass and the conversion to secondary fuels like ethanol 

https://en.wikipedia.org/wiki/Terawatt
https://en.wikipedia.org/wiki/Earth%27s_atmosphere
https://en.wikipedia.org/wiki/Electromagnetic_spectrum
https://en.wikipedia.org/wiki/Visible_light
https://en.wikipedia.org/wiki/Near-infrared
https://en.wikipedia.org/wiki/Near-ultraviolet
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and hydrogen are possible from these plants. However, from natural photosynthesis, the 

idea of artificial photosynthetic systems has evolved which is very promising for the future 

carbon-free power fuels. In such a process, C fixation does not occur, instead, water 

splitting directly yields hydrogen and oxygen. Hydrogen is projected as the best alternative 

energy fuel of the future that would be a great substitution to the fossil fuels; emission free 

and environmentally friendly.  

Hydrogen has been used for energy since the 1800s and is considered as a green 

fuel for two reasons: it can be produced from renewable sources and is emission less; H2 

when reacted with O2 produces water as the product with enormous amount of energy. At 

normal atmospheric conditions, hydrogen is a colourless and odourless gas. It is stable and 

coexists harmlessly with oxygen until an input of energy drives the exothermic reaction 

that forms water. Most of the H2 produced currently comes from the steam reforming of 

methane and other fossil fuel sources. Syngas which is generated from the gasification of 

coal, wood, or municipal wastes consists of ~50% by volume of hydrogen. The ultimate 

goal would be to produce H2 with little or no greenhouse gas emissions and the process 

which may become economically feasible is the electrolysis of water using power 

generated by renewable energy sources such as wind turbines and solar energy [11]. 

However, the holygrail of solar energy harvesting is harnessing abundant visible light 

radiation of sunlight directly for the production of greener fuel hydrogen. There are two 

possible ways of utilizing visible light of solar energy for H2 production: 

(i)Photoelectrolysis 

       (ii)Photocatalytic water splitting.  

Photoelectrolysis of water occurs in a photoelectrochemical cell (PEC) and the 

source of energy is light for the electrolysis of water thereby producing hydrogen as a fuel. 

In other words, photoelectrochemical cells or PECs are another type of solar cells that 

produce electrical energy or hydrogen in a process similar to the electrolysis of water. 

When a semiconducting material (working electrode) and metal electrode (counter 

electrode) are immersed in H2O, upon light irradiation, excitation of the semiconducting 

material can lead to redox processes in the interfacial region around each particle, thereby 
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creating a potential gradient at the interface of a semiconducting material and a liquid 

phase. In other words, photoexcited electrons reduce H2O to give H2 and the electron 

vacancies oxidize H2O to form O2 [12]. But the disadvantage in electrochemical cells is that 

the separation of the products formed during the reaction is a bottle neck and there are 

chances of reverse reaction also (Figure 1.1).  

 

Figure 1.1. Illustration of  photo electrolysis (Adapted from reference 13). 

Photocatalytic water splitting is an artificial photosynthesis process with powdered 

or thin-film based semiconductor which acts as photocatalyst for the dissociation of water 

into its constituent elements, hydrogen and oxygen using either artificial or natural light. 

Theoretically, only solar energy (photons), water and a catalyst are needed. Powdered 

catalysts have the potential to be produced at much lower costs through easily scalable 

processes. It can be thought of as a short-circuited version of the PEC; the reactions are 

spatially separated on the powdered catalyst, but on a much finer length scale than for the 

PEC. Handling of the powder photocatalyst system is simple and economical, making it 

advantageous over photoelectrochemical cells [14-20].  

Photocatalytic reactions are divided into two types, one which is considered as a 

‘‘down-hill’’ (negative Gibbs free energy) and the other as ‘‘up-hill’’ (positive Gibbs free 

energy) reactions (Figure 1.2). Down-hill reactions are generally photodegradation 
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reactions such as photo-oxidation of organic compounds using oxygen molecules and the 

reaction proceeds through an irreversible mechanism. TiO2 photocatalyst has been 

extensively studied in these reactions. Here, the photocatalyst initially works as a trigger to 

produce O2-,  HO2 (perhydroxyl radical), OH-, and H+ as active species for oxidation and can 

also be called as a photoinduced reaction. On the other hand, photocatalytic water splitting 

into H2 and O2, which is an up-hill reaction, is followed by a large positive Gibbs free energy 

change (ΔG0 = 273 KJ/mol). Hence attaining overall photocatalytic water splitting is very 

tough [21-27]. Here the process is similar to natural photosynthesis where solar (photon) 

energy is converted into chemical energy through certain chemical reactions, so the term 

“artificial photosynthesis”. 

 

 

 

Figure 1.2.  Energy profiles of photocatalytic water splitting and photocatalytic 

decomposition reactions (Adapted from reference 21). 

 

Photocatalytic reaction systems for overall water splitting can be divided into two primary 

approaches. One approach is to split water into H2 and O2 using a single visible-light-

responsive photocatalyst with a sufficient potential to achieve overall water splitting 

(Figure 1.3). In this system, the photocatalyst should have a suitable thermodynamic 

potential for water splitting, a sufficiently narrow band gap to harvest visible photons, and 

stability against photocorrosion. Because of these stringent requirements, the number of 
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reliable and reproducible visible light based photocatalysts suitable for one-step water 

splitting is limited. The other approach is to apply a two-step excitation mechanism using 

two different photocatalysts. The combined system involving two photoexcitation 

processes is called ‘Z-scheme system’ because of the similarity to the natural 

photosynthesis scheme in green plants. In photosynthesis, the photosystems I and II 

harvest 700 and 680 nm photons, oxidizing H2O into O2 under sunlight. Similarly, in the Z-

scheme system, two different photocatalysts are combined using an appropriate shuttle 

redox mediator (Figures 1.4). Visible light can be utilized more efficiently than in the 

conventional one-step photoexcitation water splitting systems because the energy required 

to drive each photocatalyst is reduced [28]. It is also possible to apply a photocatalyst that 

has either water reduction or water oxidation potential to one side of the system.  

        

 

Figure 1.3. One-step photoexcitation process in  photocatalytic water splitting (Adapted 

from reference 28). 
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(a)

(b)
 

 

Figure 1.4. (a)Two-step photoexcitation process in Z-scheme photocatalytic water splitting  

(Adapted from reference 28) and (b) Schematic representation of photosynthesis by green 

plants (Adapted from reference 29). 

1.2. Mechanism and Processes in Photocatalytic water splitting 

2H2O                                             H2 +2O2 

Photon energy › 1.23 ev 

Photocatalytic water splitting involves three major steps and the general 

mechanism of photocatalytic water splitting using powder semiconductor photocatalysts is 

schematically represented in Figure 1.5. 
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Figure 1.5. Main processes involved in photocatalytic water splitting. 

The first step of the photocatalytic reaction is the absorption of photons to form 

electron-hole pairs called excitons and the process can be termed as band-gap excitation. 

The main criterion for the semiconductor material used for this reaction is that it should 

have appropriate energy levels such that the band gap energies are in the range of photon 

energies of the solar spectrum. The semiconductor electrons can have energies only within 

certain bands, i.e., between the energy of the ground state (electrons tightly bound to the 

atomic nuclei of the material) and the free electron energy (the energy required for an 

electron to escape entirely from the semiconducting material). The ground state energy 

bands can be called as valence band which correspond to a large number of discrete 

quantum states of the electrons in which most of the states with low energy (closer to the 

nucleus) are full. These electrons on excitation are available in the conduction band (the 

band immediately above the valence band). When the radiation strikes a semiconductor 

photocatalyst, it may excite an electron from the valence band to the conduction band and 

leave behind a hole, thereby generating an electron–hole pair. This in turn promotes 

charge-separation by the utilization of the free energy gradient.  

Photocatalyst   eCB- +hVB+    (1.1) 

Photocatalysts used in H2O splitting have strict band requirements to carry out the 

reaction.  The basic mechanisms of photocatalytic hydrogen production and oxygen 
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production are the reduction and oxidation reactions (0 V vs NHE). The photoreduction 

reaction of H2O to form H2 occurs at 0 V vs NHE, i.e., the bottom level of the conduction 

band has to be more negative than the redox potential of H+/H2 (conduction band must be 

at a potential less than 0 V). Secondly, the hole left behind in the valence band will pass to 

water, which will get oxidized and produce O2 and for that  the top level of the valence band 

(VBM) has to be more positive than the redox potential of O2/H2O (1.23 V),ie., the valence 

band must be at a potential greater than 1.23 V. In overall water splitting, the reduction 

reaction to form H2 occurs at 0 V and pH 0 and the oxidation reaction to form O2 occurs at 

1.23 V. Therefore, the minimum photon energy required thermodynamically to drive the 

photocatalytic water splitting reaction is 1.23 eV (Figure 1.6) [30,31]. 
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Figure 1.6. Principle of photocatalytic water splitting using semiconductor photocatalysts. 

 

In natural photosynthesis, the water splitting process is based on the four-hole 

requirement (one molecule of oxygen from two water molecules requires four holes and 

therefore four photons).  Thermodynamically, oxidation of water to produce O2 is more 

feasible but kinetically oxygen evolution reaction (OER) is competitive. Photocatalytic OER 

is sluggish and requires large over potentials. Oxygen evolution reaction from water is a 

four-electron reaction but the photon capture is a single electron process. Photochemically, 
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this slow kinetics leads to the recombination of photogenerated charge carriers, which is 

one of the major bottlenecks for photocatalytic water splitting.  There is an electrostatic 

coulombic interaction between the photogenerated e--h+ charge carriers, since the electron 

is negatively charged and the hole is arbitrarily positively charged. As a result, even though 

semiconductors possess suitable band structure for photocatalytic water splitting, many of 

them like TiO2, ZnO and CdS undergo a phenomenon called photocorrosion [32-34]. For 

example, ZnO upon band gap excitation undergoes photocorrosion by photogenerated 

holes accompanied by the formation of Zn2+. The reaction is as follows: 

ZnO + 2h+          Zn 2+ + ½ O2          (1.2) 

Here comes the role of sacrificial reagents (electron donors or hole scavengers) 

which can improve the H2 evolution. The photocatalytic reactions using sacrificial reagents 

are not “overall” water splitting reactions but are considered to be test reactions for overall 

water splitting. When the photocatalytic reaction is carried out in an aqueous solution 

along with a reducing reagent (methanol), photogenerated holes in the valence band 

irreversibly oxidize the reducing agent instead of H2O, thus facilitating water reduction by 

conduction band electrons if the bottom of the conduction band of the photocatalyst is 

located at a more negative potential than the water reduction potential. It enriches 

photogenerated electrons in the conduction band of a photocatalyst by excitation, thereby 

enhancing H2 evolution reaction. Organic compounds, such as alcohols (methanol, ethanol, 

isopropanol, etc.), acids (formic acid, acetic acid, etc.), and aldehydes (formaldehyde, 

acetaldehyde, etc.), have been used as electron donors for photocatalytic hydrogen 

generation reaction. S2−, SO32− and I-/IO3- can act as sacrificial inorganic reagents for the 

photocatalytic H2 generation because they are also very efficient hole acceptors, enabling 

the effective separation of the charge carriers. On the other hand, photogenerated electrons 

in the conduction band are consumed by oxidizing reagents known as electron acceptors or 

electron scavengers such as Ag+ and Fe3+ resulting in efficient O2 evolution reaction [35-

38]. 

The basic principle of photocatalytic reactions using sacrificial reagents is depicted 

schematically in Figure 1.7.  



Introduction & Literature Survey Chapter 1 

 

Ph.D. Thesis: AcSIR                                                                                                                         11  

 

CB

VB

CB

VB

e-

h+P
o

te
n

ti
al

-

+

H+/H2

0 V

O2/H2O
+1.23 V

CB

VB

CB

VB

e-

h+

Ox/Red
MeOH

Ox/Red
Ag+

H2 evolution O2 evolution

 

Figure 1.7. Basic principle of photocatalytic reactions in the presence of sacrificial 

reagents. 

Among the above examples, methanol is frequently used as a sacrificial reagent for 

the hydrogen generation process. Valence band maximum of most of the semiconductor 

photocatalysts is situated more positive to the reduction potential and highly feasible for 

the generation of hydroxyl radicals. •OH radicals are products formed by the trapping of VB 

holes by surface −OH groups or adsorbed water molecules. Photo-oxidation of alcohols can 

also generate reductive hydroxyl radicals. During methanol oxidation, hydroxyl radicals, 

are known to react with methanol mainly through the abstraction of a hydrogen atom from 

the C−H bond for the formation of α-hydroxymethyl radical (E0 (˙CH2OH/ CH2O) = −0.95 v 

NHE). The radical formed in turn injects an additional electron into the conduction band of 

the photocatalyst.  This phenomenon is called current doubling effect, thereby two 

photoelectrons are generated; one by single photon band gap excitation and another from 

electron injection by hydroxyl radical [39,40].  The suggested mechanistic routes for 

methanol as sacrificial reagent are as follows. 

 

h+ + H2O                 ∙OH + H+                                   (1.3) 

      CH3OH + ∙OH              ∙CH2OH + H2O                (1.4) 
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  ∙CH2OH                 HCHO + H+ + e-                      (1.5) 

                                           2H2O + e-            H2 + 2OH-                                (1.6) 

 

 Overall reaction    CH3OH                                              HCHO + H2                  (1.7) 

Further HCHO reacts with water in the presence of the photocatalyst and light to 

give two more moles of hydrogen.  

 

                         HCHO +H2O     HCOOH + H2                   (1.8)                                          

                                                HCOOH                                    CO2 + H2                           (1.9)     

                 

The second step consists of charge separation of the photogenerated charge carriers 

in bulk and their migration to the surface of the semiconductor photocatalyst. The crystal 

structure and the crystallinity strongly affect these processes, i.e., higher the crystalline 

quality, smaller is the amount of defects. These defects can operate as trapping and 

recombination centres between photogenerated electrons and holes, thereby resulting in 

the decrease in photocatalytic activity [41]. Therefore, a high degree of crystallinity, rather 

than a high surface area, is required for photocatalysts. If the particle size becomes small, 

the mean free distance that photogenerated electrons and holes have to migrate to the 

reaction sites on the surface becomes short and this results in a decrease in the 

recombination probability [42]. 

The final step involves the surface chemical reactions and it depends on the surface 

character (active sites) and quantity (surface area). The photogenerated charge carriers 

(holes and electrons) which have migrated to the semiconductor photocatalyst surface 

through interfacial charge transfer can oxidize and reduce surface adsorbed molecules. 

Photocatalytic reduction and oxidation reactions are the basic mechanistic steps for the 

Photocatalyst/hν

Photocatalyst/hν

Photocatalyst/hν
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photocatalytic water splitting [43]. The overall catalytic reactions involved in 

photocatalytic water splitting are: 

       Photocatalytic reduction :   2H+ + 2e- → H2                                                   (2.0) 

       Photocatalytic oxidation  :   H2O + 2h+ → ½O2 + 2H+                                (2.1) 

Photocatalytic overall water splitting: H2O  →  H2 + ½O2 (E = -1.23 eV)             (2.3) 

Hence the vital requirement for photocatalytic water splitting reaction is the existence of 

active sites for oxidation and reduction reactions on the surface of the photocatalyst. The 

active sites should be readily available to prevent recombination centres, even if the 

photogenerated holes and electrons possess thermodynamically sufficient potentials for 

water splitting. This critical situation can be solved by loading the photocatalyst with co-

catalysts of noble metals, such as Pt, Pd, Au and Ag and metal oxides such as NiO, CuO2 and 

RuO2, having a low over potential for hydrogen evolution . The role of co-catalysts is that 

they can create active sites on the surface of the photocatalysts, facilitating the oxidation 

and reduction reactions. The cocatalyst can also provide trapping sites for the 

photogenerated charges and promote the charge separation enhancing the quantum 

efficiency, improve the photostability of the catalysts by timely consumption of the 

photogenerated charges, particularly the holes and catalyze the reactions by lowering the 

activation energy. There are some requirements for cocatalyst, viz., smaller barrier for 

migration of electrons from the semiconductor photocatalyst to the cocatalyst, sufficient 

catalytic activity for water reduction/oxidation and finally, it should not catalyze the 

reverse reaction, where the hydrogen and oxygen produced react to form water (Figure 

1.8) [44-46].  
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Figure 1.8. Basic principle of photocatalytic  water splitting reactions in the presence of 

cocatalyst for water reduction. Here, photocatalyst surface site acts as water oxidation 

catalytic sites. 

1.3. Strategies to utilize visible light by a photocatalyst  

H2 and O2 production by water decomposition using sunlight on semiconductor 

photocatalysts has attracted great research interest since the revolutionary work on a 

photo-electrochemical cell was carried out by Honda and Fujishima in 1972 using TiO2 

anode and a Pt cathode under ultraviolet irradiation and an external bias. Afterwards 

extensive efforts have been made to develop semiconductor photocatalysts for 

photocatalytic water splitting reactions.  Many types of semiconductors comprising oxides, 

nitrides, oxynitrides, sulphides, selenides, carbides, phosphides, perovskite type materials, 

inorganic complexes, layered compounds etc. have been reported to be appropriate 

candidates as photocatalysts for hydrogen evolution via water splitting. Among these, 

simple oxides like, ZnO, TiO2, ZrO2, SnO2 etc. are reported to be active in photocatalytic 

hydrogen evolution under UV irradiation due to large band gaps. From the above 

discussions, it is clear that the semiconductor systems with optimized band gap and band 

alignment vis-à-vis positioning to the reduction/oxidation potentials of H2O are suitable for 

photocatalytic water splitting, so as to make maximum utilization of solar radiation and 

sufficient chemical stability against photocorrosion.  
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Various methods are recommended to achieve visible light absorption in these 

semiconductor oxides such as doping, using sensitizers etc. Band gap engineering plays a 

crucial role in designing a photocatalyst which is visible light active (Figure 1.9).  
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Figure 1.9. Three types of band engineering for the design of visible-light-driven    

photocatalysts . 

The conduction band level of oxide semiconductors are composed of empty orbitals 

(LUMOs) of their metal cations. The valence band is usually filled O 2p orbitals. Band gap 

energy can be tuned by introducing a new valence band or an electron donor level near to 

the valence band by dopants consisting of orbitals other than O 2p orbitals to utilize visible 

light wavelengths. The newly formed energy bands should be associated with sufficient 

thermodynamic potential and kinetic ability for photoelectrolysis. The charge imbalance 

caused by these dopants is maintained by the addition of codopants [47-50].  

Anion doping is also a well-accepted way of band gap engineering to introduce 

visible light absorption in metal oxides. In anion doping, mixing of the p states of doped 

anion (N, S and C) with the O 2p states shift the valence band edge upwards to narrow the 

overall band gap energy of the metal oxide. Among these, nitrogen doping is the most 

efficient anion dopant because of the sufficient overlapping of O 2p and N 2p states which 

reduces the effective band gap. Making a solid solution catalyst is also a useful band gap 

engineering stratagem. This will reduce the effective band gap by providing new electronic 

levels. For example, CdS-ZnS solid solution is active for visible light hydrogen production 
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[51-54]. Another efficient method to utilize visible light irradiation is Z scheme water 

splitting  which was originally introduced by Prof. A. J. Bard. As already mentioned above, 

in Z scheme photocatalysis two different kinds of photocatalysts are jointly used as a redox 

mediator. Here the systems must have two excitation centres. Usually the first system 

produces hydrogen and an oxidizing agent which is used up by the second system to 

produce oxygen [28, 55]. 

Another strategy to make visible light driven photocatalysts is to incorporate 

sensitizers capable of absorbing visible light. Oxide photocatalysts with visible light 

response has been extensively studied as dye sensitized solar cells (DSSC). The key to the 

breakthrough for DSSC was the use of a mesoporous TiO2 electrode to support the 

monolayer of an organic sensitizer in 1991 [56]. In DSSC, upon irradiation the dye molecule 

became photo-excited and ultrafastly injects an electron into the conduction band of the 

semiconductor electrode, then the original form of the dye is subsequently restored by 

electron donation from the electrolyte, usually an organic solvent or ionic mediator I3−/I− 

redox system (Figure 1.10). The photosensitizer should fulfill some essential 

characteristics [56]:  

(i) the absorption spectrum  of the sensitizer should cover the whole visible region 

and some portion of the near-infrared (NIR) for maximum solar energy utilization 

(ii)should have binding groups (-COOH, -H2PO3, -SO3H, etc.) to strongly anchor the 

dye onto the surface of the semiconductor 

(iii) the excited state level of the photosensitizer should be higher in energy than the 

conduction band edge of the semiconductor (n-type) so that an efficient electron transfer 

process can occur between the excited dye and conduction band (CB) of the semiconductor  

(iv) the oxidized state level of the photosensitizer must be more positive than the 

redox potential of electrolyte/sacrificial reagent for dye regeneration.  

 (v) the photosensitizer should be stable  photolytically, electrochemically and 

thermally. 
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Figure 1.10. Schematic representation of DSSC (Adapted from reference 57). 

Different photosensitizers have been designed and applied in photocatalysis in the past few 

decades which include metal complexes, porphyrins, phthalocyanines and metal-free 

organic dyes. Metal complexes have been investigated extensively because of their broad 

absorption spectra.  Visible light absorption in metal complexes is due to a metal to ligand 

charge transfer (MLCT) process. Among the metal complexes, Ru complexes have excellent 

visible light active properties: a broad absorption spectrum, suitable excited and ground 

state energy levels, relatively long excited-state lifetime, and good electrochemical stability. 

Gratzel and co-workers improved visible light absorption in Ru complexes by modifying Ru 

center using a trinuclear thiocyanato ligands and one terpyridine ligand with three 

carboxyl groups on mesoporous TiO2 electrode [58-75]. The main drawback of ruthenium 

complexes is the limited absorption in the near-infrared region (NIR) of the solar spectrum. 

Porphyrin and phthalocyanine systems exhibit intense spectral response bands in the near-

IR region and possess photo stability as sensitizers in DSSC. Porphyrins have strong 

absorptions extending from 400-700 nm range. Several studies by Kay et al, Durrant et al 

and Otero et al have confirmed that porphyrin dyes can show efficient photoinduced 

electron injection into the conduction band of TiO2 [76-78]. Phthalocyanine dyes possess 

intense absorption around 700 nm and used as NIR photosensitizers for DSSCs [79-84] . 

 



Introduction & Literature Survey Chapter 1 

 

Ph.D. Thesis: AcSIR                                                                                                                         18  

 

Organic dyes exhibit many advantages as photosensitizers compared to metal complexes. 

They are easily synthesized, low-cost and have high molar-extinction coefficient.    To date, 

organic dyes including coumarin dyes, indoline dyes, tetrahydroquinoline dyes, 

triarylamine dyes, heteroanthracene dyes, carbazole dyes, N,N-dialkylaniline dyes, 

hemicyanine dyes, merocyanine dyes, squaraine dyes, perylene dyes, anthraquinone dyes, 

boradiazaindacene (BODIPY) dyes, oligothiophene dyes, polymeric dyes, and natural dyes 

have been used as sensitizers for DSSCs and have obtained impressive efficiencies (Figure 

1.11). In coumarin dyes, coumarin unit acts as an electron donor. Triarylamine dyes have 

been investigated widely due to their electron donating ability and hole-transporting 

properties. Heteroanthracene dyes include xanthene, phenothiazine and phenoxazine. They 

show relatively low efficiency due to their narrow light harvesting region and instability. 

Sun and co-workers developed a series of organic dyes by changing the triphenylamine 

units, making them strong electron donors. Hemicyanines are considered as D-π-A-type 

cationic dyes with basic p-dialkyl aniline groups as electron donor and cationic moieties as 

strong electron acceptor linked by methane π-bridge. Squaraine dyes exhibit sharp and 

intense absorption bands in the visible and NIR regions. Perylene dyes are well-known for 

their excellent chemical stability and light fastness. They exhibit a high molar extinction 

coefficient in visible light (~105 M-1cm-1). Oligothiophene dyes are known as conducting 

polymers due to their strong inter-molecular π –conjugated interactions. But the bottleneck 

is its aggregation property on introducing larger thiophene framework [85-140]. 

The adsorption modes of dyes on semiconductor surfaces are very important for the  

DSSC efficiency. The adsorption modes can be summarized in six different ways: covalent 

attachment via linking agents, electrostatic interactions via ion exchange, ion-pairing or 

donor –acceptor interactions, hydrogen bonding, hydrophobic interactions, physisorption 

of molecules, van der Waals forces and physical entrapment inside the pores or cavities of 

hosts. The dye should possess an anchoring group which should react with surface 

hydroxyl groups of the semiconductor oxide to form chemical bonds. The standard 

anchoring group for photosensitizer organic dye is carboxylic acid (-COOH) [141-145]. 

The key problems of DSSC are low-efficiency, low stability and low scalability. In 

other words, the synthetic procedures, complex nature, stability and the narrow spectral 
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response of these dyes have led researchers to explore short conjugated organic dyes, 

which are advantageous because of their easier synthesis, broad spectral response and 

ultrafast photoexcited electron transfer.  

Coumarin Indoline

Perylene

Oligothiophenes
 

 

Figure 1.11. Common organic dyes used as sensitizers in DSSC (Adapted from reference 

56). 

Historically, ZnO was one of the first semiconductors used in DSSCs with the band 

gap and conduction band edge similar to that of TiO2 (anatase). ZnO possesses higher 

electron mobility than TiO2 favoring electron transport. The use of ZnO in DSSCs has 

increased dramatically in recent years which can be mainly attributed to the relative ease 

of synthesizing highly crystalline  ZnO with different morphologies, such as nanoparticles, 

nanowires, nanorods, nanotubes, nanoflowers, nanosheets and branched nanostructures 

(in the wurtzite structure). Nanostructured ZnO has been synthesized via a wide range of 
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techniques and is so far the runner up to TiO2. Also, zinc oxide semiconducting 

nanostructures have been attracting increasing interest due to their large potential 

applications in different UV-emitting devices, spintronics, or transparent electronics and 

may be used as building blocks to construct new synthetic materials with unique 

properties mainly opto-electronics. ZnO is a chemically stable and environmentally friendly 

material which makes it all the more attractive to be used in greener options. Other 

favourable aspects of ZnO include its broad chemistry: particle size over the largest 

possible range, narrow size distribution, good crystallinity, high luminescence and desired 

surface properties [146-155]. The size quantization of ZnO NPs can change the spectral 

position of the visible emission and exciton emission. The fluorescence characteristics of 

nano particles of ZnO have been studied as a function of the excitation wavelength and 

particle size. It is found that emission shifts with the change of the excitation wavelength. 

The ZnO nano particles have various luminescence transitions since different preparation 

techniques lead to varying structures and surface properties in ZnO [156-202]. Generally, 

the luminescence spectrum of ZnO exhibits a narrow emission band in the UV region 

(~3.22 eV) which originates from the radiative recombination of a hole in the valence band 

and an electron in the conduction band (excitonic emission) and a broad band in the visible 

(~2.11 eV) due to the recombination of an electron in or near the conduction band with a 

hole at a defect site (defect emission).   But the broad visible emission band can extend 

from 380 to 650 nm.  The most commonly seen defect-related visible emission is green 

luminescence though other emissions such as yellow or blue have also been observed. But 

the phenomenon of green luminescence is still controversial and a number of suggestions 

have been proposed. The proposed suggestions for green luminescence arises due to 

various types of defects such as oxygen vacancies, zinc ion vacancies as well as donor-

acceptor pairs. Vanheusden et al. found that oxygen vacancies are responsible for the defect 

green luminescence in ZnO. Oxygen vacancies occur in three different charge states: the 

neutral oxygen vacancy (Vo0), the singly ionized oxygen vacancy (Vo*) and the doubly 

ionized oxygen vacancy (Vo**) of which only Vo* can act as the so called luminescent 

center (Figure 1.12) [203-230]. 
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Figure 1.12. Schematic band diagram, demonstrating various Photoluminescence emission 

components originated due to electronic transitions between different defect levels and the 

band edges of ZnO films (Adapted from reference 156). 

1.4. Scope and objective of the thesis 

From the discussions in the previous sections, it is clear that ZnO semiconductor 

nanostructures with appropriate band structure will have enough work function for the 

excited electron to split water into H2 and O2. Efficiencies achieved so far is not high enough 

for a viable use of the technology; however, the bottleneck in photocatalytic water splitting 

is more in materials designing rather than the thermodynamics or kinetics. The main 

drawback lies in recombination of the exciton pairs before the catalytic process since the 

transfer is kinetically controlled. Hence, efficient ways of space separation of holes and 

electrons produced is a prerequisite in utilizing them in catalytic processes. Several 

mechanisms are suggested to minimise the recombination centers like defect sites in bulk 

structure, grain boundaries, and surface sites. A simple and yet potent way of countering 

this would be to reduce the particle size without compromising on the crystallinity, thereby 

decreasing the possibilities of bulk defect sites. However, this strategy has adverse effects 

on the semiconductor behaviour, especially in altering the band structure and band gap 

and also in increasing surface sites-the former decreasing the applicability in the visible 

light solar spectrum and the latter assisting recombination. Consequently, even though 
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there is considerable interest in studying ZnO in the form of nanostructures, pure ZnO 

nanoparticles cannot be utilized effectively for solar excitation or conversion because their 

poor visible light absorption and fast electron−hole recombination limit potential 

applications. One way we propose to achieve this is to attach appropriate conducting 

organic molecules to the semiconductor surfaces so that fast electron transfer happens to 

the conducting path rather than recombination. Another way is the surface modifications of 

nanostructured ZnO with appropriate organic linker molecules to address this problem in a 

bipronged approach: (i) organic moiety helps in visible light absorption by creating 

appropriate donor bands to ZnO and (ii) modifications to surface sites can be achieved 

advantageously in tandem with reducing the bulk recombination sites. In addition, 

enhanced surface areas of nanomaterials will aid in increasing the catalytic activity. Here, 

the organic moiety acts as a sensitizer facilitating photo- absorption and excitation, leading 

to possible electron transfer from the HOMO to the LUMO energy levels of the sensitizer to 

the semiconductor conduction band as in the case of DSSCs. In such a case, the mechanism 

of water splitting can be expected to differ from that occurring through photoexcitation of 

semiconductors, where electrons are excited from valence band to the conduction band 

creating a hole in the former when light falls on it. Photosensitizers usually reported for 

DSSCs have tedious synthetic procedures, are complex in nature and less stable, with 

narrow spectral response and low molar extinction coefficient  which led researchers to 

explore short conjugated organic dyes. This aspect is very recently reported by Carlo et al 

who showed that PbS quantum dots by surface modification with short conjugated ligands 

like p-methylbenzenethiolate linker can be exploited to enhance solar-light absorption of 

colloidal QDs across the entire UV−vis−NIR spectral range, without affecting the molar 

absorption coefficient and preserving good long-term colloidal stability [231]. This design 

concept is based on the evidence that organic ligands and inorganic cores constituting the 

colloidal semiconductor nanocrystals are inherently electronically coupled by the chemical 

nature and coordination geometry of the anchoring group and its π conjugation with the 

pendant moiety of the organic ligand. Short conjugated molecules are advantageous 

because of their easier synthesis, broad spectral response, high molar absorption 

coefficient and ultrafast photoexcited electron transfer. Hence photocatalytic systems 
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consisting of visible light absorbing short conjugated organic molecules end functionalized 

with carboxyl groups, which can bind to the surface hydroxyl groups on ZnO surface 

effecting better interfacial interactions, are ideal for this purpose.  

Based on these concepts, the following specific works were selected for the present thesis. 

1. Synthesis and characterization of ZnONPs.  

2. Synthesis and characterization of short conjugated organic ligands like 

azonaphthols, azoquinolines, perylenes and thiophenes functionalized with 

carboxylic anchoring group.  

3. Synthesis and characterization of ZnO-ligand composites (ZnO-azonaphthols, ZnO-

azoquinolines, ZnO-perylenes and ZnO-thiophenes).  

4. The study of the photocatalytic hydrogen evolution activity and electron transfer 

mechanisms in bare ZnO and surface grafted ZnO-ligand composites under various 

conditions. 

The position of carboxylate functionality (anchoring group) in the phenyl group is 

changed from meta-analogue to para- to achieve the variation in extended 

conjugation in the organic moiety. Energy levels near the ZnO conduction band to 

facilitate electron transfer as well as bond conjugation within the organic linker for 

enhancing electron conduction are also considered. This work also briefly explains 

the computational study carried out in collaboration with Dr. Prasenjit Ghosh, IISER 

Pune and his group for correlating catalytic activity and electronic structure of the 

composites. 
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2.1. Introduction 

To effectively utilise the concept of surface modulation of semiconductor nanoparticles 

with short conjugated organic linkers, it is imperative to understand the electron transfer 

mechanisms between them. The structure and electronic properties of the organic moiety 

become pivotal in deciding the efficiency of such phenomena. Here, the broad absorption 

properties extending from UV to visible spectral range and ease of synthesis of 

azonaphthols make them highly attractive. Hence in this chapter, we have selected two 

simple azo compounds with  different π delocalization properties for grafting on ZnO 

nanoparticles of size ~ 3-5 nm in an attempt to throw light on the effect of conjugation on 

the electron transfer process. Such conducive absorption features of the organic ligands 

create appropriate donor bands to ZnO, which is otherwise inactive for visible light 

photocatalytic water splitting [1-7]. The azo compound is designed such that one end 

contains a carboxylic acid group  which can bind to the surface hydroxyl groups on ZnO 

surface effecting better interfacial interactions and the other end with beta substituted 

naphthol moiety ensuring dispersion in aqueous solvents [8-13]. The position of 

carboxylate functionality in the phenyl group is changed from meta- to para- to achieve the 

variation in extended conjugation in the organic moiety. Azonaphthols can be synthesised 

by simple reactions like diazotisation followed by coupling with a suitable coupling agent.  

The azobenzene chromophore has been studied for over 70 years, yet it continues to 

present new and unique optical effects. Azobenzenes can be classified into three 

spectroscopic classes based on the absorption spectrum : azobenzene-type molecules, 

aminoazobenzene-type molecules and pseudo-stilbenes. Azobenzene is one of the 

functional groups that exhibit a range of thermal, chemical, photochemical and biological 

properties and each of these properties form the basis for a distinct class of functional 

molecules in the vast world of chemistry.  The azobenzene class of chromophores is 

characterized by the azo linkage (–N=N–) that bridges two phenyl rings which may be 

further functionalised. The presence of a double bond generally has profound 

consequences on the stereochemistry; it gives the molecule more rigidity and restricts the 

number of possible forms. The strong electronic absorption band of the azobenzene 

molecules can be tailored by ring substitution to fall anywhere from the ultraviolet to 



  ZnO-azonaphthol Composites Chapter 2 
 

 Ph.D. Thesis: AcSIR                                                                                                                       39  

 

visible regions, allowing chemical fine-tuning of color. Among the azobenzene class of 

chromophores, carboxyl substituted azobenzene plays a very important role in 

complexation with various metal oxides, particularly ZnO. The conjugation in these 

structures can be extended by various coupling agents like naphthols (α-naphthol or β-

naphthol). This extended aromatic structure gives rise to azobenzenes’ tunable optical 

absorption and emission properties. Due to their clean photochemistry, and efficient 

photochemical isomerization that can occur in the azo linkage when the chromophore 

absorbs a photon, they have been investigated as an active component for a variety of 

applications like non-linear optical devices, optical switches and so on. The two 

photoisomerization states in azobenzene are trans and meta-stable cis configurations. The 

cis form is termed as Z isomer and the trans as E isomer. Azobenzene can be converted 

from the trans to the cis state photochemically, and will revert back to the stable trans state 

thermally. The spectra of trans and cis azobenzene are distinct but overlapping. Trans 

azobenzene shows a weak n-π* band and a strong π-π* transition. Cis azobenzene also has 

a stronger n-π* band and shorter π-π* bands. The trans conformation is near planar and 

has a dipole moment near zero. The lifetime of these photoisomerized states depends on 

the azo group’s substitution pattern. For azobenzene molecules, change of electron 

transport properties could take place due to their specific response to the change of 

molecular conformation or orientation, chemical reactions and tautomerization [14,15]. 

The work described in this chapter focuses on understanding the electron transfer 

mechanisms and the photocatalytic water splitting activities of the grafted ZnO 

nanoparticles by conjugated (para substituted) and non-conjugated (meta substituted) azo-

naphthols. In the present study, the coupling agent used is β-naphthol. Distinct differences 

in photostability and photophysical properties are observed for the organic molecules 

when they form composites with ZnO. This variation is understood based on electron 

transfer mechanisms using absorption, emission and time resolved photoluminescence 

studies. Electrochemical studies are attempted to see the effective electron transfer 

between ZnO and the organic moiety under illumination. The experimental observations 

are also corroborated with the computational studies. 
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2.2. Experimental Section 

2.2.1. Synthesis  

2.2.1.1. ZnO nanoparticles (ZnO NPs)  

In a typical procedure, KOH (56 mM, 75 mL) in methanol was refluxed at 60 °C for 30 min. 

In another reaction mixture, Zn(OAc)2.2H2O (56 mM, 25 mL)  in methanol was prepared  by 

stirring at room temperature. The dissolved solution of zinc acetate was then added drop 

wise through an addition funnel into the refluxing KOH solution maintained at 60 °C with 

vigorous stirring. The formation of ZnO NPs started immediately and the solution becomes 

clear (particle size range 8-10 nm from TEM studies explained later). The same procedure 

is used for the ZnO NPs synthesis presented in all the chapters. 

2.2.1.2.    3-(2-Hydroxy-naphthalen-1-ylazo) benzoic acid (3ABBN) and 4-((2-

hydroxynaphthalen-1-yl)diazenyl) benzoic acid (4ABBN) 

The azo compounds are synthesised by diazotization and coupling reactions (Scheme 2.1). 

Scheme 2.1.  Synthesis of azonaphthols by diazotization and coupling reactions 
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 In a typical synthesis, to a solution of amino benzoic acids (3-aminobenzoic acid or 4-

aminobenzoic acid;1.35g, 9.843 mmoles), distilled water (8.44 mL) and concentrated H2SO4 

(2.1 mL) was added drop wise. The mixture was cooled to 0 °C. A solution of sodium nitrite 

(1.006 g, 14.58 mmoles) in 3 mL of distilled water maintained at 0 °C, was added to the 

above cold mixture drop wise with good stirring. After 20 min, the diazotization was 

complete, which was verified by adding a solution of 4-(N,N-dimethylamine) benzaldehyde 

which would generate colour if undiazotized aromatic amine is still present. To the 

diazotized product obtained, β-naphthol (2.012 g, 13.95 mmoles) was added very slowly 

with vigorous stirring over 15 min. The reaction mixture was further stirred for 1 h and left 

to stand overnight. A reddish orange coloured precipitate of (2-Hydroxy-naphthalen-1-

ylazo)-benzoic acid (4ABBN and 3ABBN) was observed which was purified by column 

chromatography (5% pet ether and ethyl acetate). 

2.2.1.3. ZnO-azonaphthol composites 

Concentration of the dye was selected based on full surface coverage of a 8 nm spherical 

particle assuming a bridge type of chelation so that each dye molecule is bonded to two Zn 

atoms on the surface of the NP. Hence a concentration ratio of surface Zn:dye as 1:0.5 is 

arrived at corresponding to total concentration ratio of 1.69  x 10-3 ZnO: 9.04x 10-4 dye 

(details of the calculation is given in Appendix 2). The same calculation is used for the 

composites synthesis presented in all the chapters.  In a typical synthesis, 4ABBN or 3ABBN 

(23 μmol) was added in-situ during the synthesis of ZnO to the alkaline zinc acetate 

solution (0.142 mmol). The solution was stirred in methanol at 25 °C for 1 h. The products 

(ZnO-3ABBN and ZnO-4ABBN composites) were washed with methanol, centrifuged and 

collected.  

2.2.2. Instruments for Characterization 

The principles and instrumentation of all the techniques used throughout the work 

for structural and photophysical characterizations are briefly discussed in Appendix 1. 

Specification of the instruments used for these characterizations is described below. 

Powder X-ray diffraction (PXRD) of all the samples was carried out in a PANalytical X'pert 

Pro dual goniometer diffractometer working under 40 kV and 30 mA at room temperature. 
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The radiation used was Cu Kα (1.5418 Å) with a Ni filter and the data collection was carried 

out using a flat holder in Bragg–Brentano geometry with a 1° slit at the source and 

receiving sides. A X'celerator solid-state detector with a scan speed of 0.012° min−1 was 

employed.  

FEI Tecnai T-20 electron microscope, operating at 200 kV, with an information 

resolution limit of 0.15 nm respectively were used for transmission electron microscopy 

(TEM) sample observations.  Samples were dispersed in methanol under sonication before 

drop casting on the grid. Samples for TEM were prepared by evaporating a droplet of 

solution onto a carbon-coated copper mesh 200 grid.  

Zeta potential measurement was performed on a 90 Plus particle size analyzer 

(Brookhaven Instruments, USA). Infra red spectra were recorded using a Bruker FTIR (ATR 

mode) in the 4000–400 cm−1 range. Raman spectra were recorded on a HORIBA Jobin Yvon 

LabRAM HR 800 spectrometer excited with 633 nm lasers. 

The photophysical characterizations were mainly done using absorption and 

photoluminescence spectroscopies. UV-vis absorption spectra were recorded using an 

Agilent Cary 5000 series UV-vis-NIR spectrophotometer and the measurements were 

carried out using a quartz cell of 10 mm path length (volume 3.5 mL) and methanol is used 

as solvent. Steady-state fluorescence measurements were performed using a Photon 

Technology International fluorescence spectrophotometer (PTI) with a quartz cell of 10 

mm path length (volume 3.5 mL). The emission as well as excitation band width was 

maintained at 2 nm throughout the experiments.  

Bruker 200- 400- and 500 MHz NMR spectrophotometers were used for recording 

1H and 13C NMR spectra of organic linkers in DMSO containing small amounts of 

tetramethylsilane (TMS) as an internal standard. Samples for 1H NMR measurements have 

been prepared by dissolving 10-15 mg of sample in a 5mm diameter NMR tube using a 

suitable deuterated solvent. 50 to 100 mg of sample was used for 13C NMR experiments. 

The chemical shifts for the solvent peak is found at 2.5 ppm (1H, DMSO-d6) and 39.9 ppm 

(13C, DMSO-d6).  The purity of the compounds was determined by elemental analysis done 

on Thermofinnigan Flash EA 1112 series CHNS analyzer.  
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Time resolved fluorescence lifetime measurements were performed using a HORIBA 

Jobin Yvon Fluorolog 3 fluorescence spectrophotometer. For lifetime measurements, decay 

curves were obtained by the time-correlated single-photon counting (TCSPC) technique 

using a HORIBA Jobin Yvon Nano-LED source with wavelengths 260 and 320 nm. Decay 

measurements were carried out at excitonic emission of 325 nm and defect emission of 520 

nm. All experiments were performed under identical conditions. Fluorescence lifetime 

values were determined by deconvoluting the data with exponential decay using DAS6 

decay analysis software. The quality of fit (monoexponential, biexponential or 

triexponential) was judged by fitting parameters such as χ2, as well as the visual inspection 

of the residuals.   

Biologic electrochemical workstation (SP-300) was used for all the electrochemical 

measurements ( cyclic voltammetry and linear sweep voltammetry) with a three-electrode 

set-up (working, reference and counter electrodes). ZnO-dye composite coated on glassy 

carbon of area 0.0706 cm2 was used as the working electrode. The catalyst ink was 

prepared by ultrasonically dispersing 5 mg of the catalyst in 1 ml of methanol. 10 μl of the 

catalyst slurry was drop casted on the glassy carbon working electrode and dried under an 

IR lamp for electrochemical analysis. Pt reference electrode and graphite rod as a counter 

electrode were used for the electrochemical measurements using a scan rate of 50 mV/s. 

The supporting electrolyte was LiClO4 dissolved in acetonitrile. A three-electrode 

photoelectrochemical cell inserted inside a black box consisting of 200W tungsten lamp by 

front-side illumination was designed for performing the CV experiments. During the actual 

CV measurement, the potential of the electrode is ramped linearly versus time. A schematic 

representation of photoelectrochemical set up for photocurrent measurement is given 

below (Figure 2.1). The linear sweep voltammetry (LSV) were carried out at a scan rate of 

10 mV/s in an acetonitrile solution containing LiClO4 as supporting electrolyte. Bio-Logic 

VMP-3 instrument was used for the electrochemical impedance analysis (EIS) of the 

samples. A frequency range of 200 KHz to 100 mHz was applied against the open circuit 

potential with sinus amplitude of 10 mV.  

 



  ZnO-azonaphthol Composites Chapter 2 
 

 Ph.D. Thesis: AcSIR                                                                                                                       44  

 

Box

Counter electrode 
Working electrode

Reference electrode
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Figure 2.1.  Photoelectrochemical set up for the comparison of photocurrent with 

potential. 

The photocatalytic water splitting was performed under static conditions in a gas closed 

irradiation cell made of quartz of 70 mL capacity. A schematic representation of reactor set 

up for photocatalytic water splitting is given below (Figure 2.2). Typically, 0.025 g of the 

catalyst was dispersed in varying volumes of methanol in water by means of a magnetic 

stirrer. The UV and visible light sources were 400 W low and high pressure mercury lamps 

covered with water circulating pyrex jackets. The direct sunlight experiments were also 

performed using the same gas closed irradiation cell placed on the terrace with full 

exposure throughout the day and the optimized conditions were followed. Here, the quartz 

reactor was placed inside a beaker containing crushed ice mixed with water as a coolant, 

which was periodically changed.  NaNO2 chemical filter was used in control experiments to 

rule out presence of UV light while using high pressure Hg lamp. The amount of H2 evolved 

was determined using gas chromatography (Agilent 7890 GC with Carbosphere column and 

N2 as carrier gas) with thermal conductivity detector (TCD). The program used in GC for all 

the analysis involved the detector temperature of 200 C and oven temperature of 80 C at 

the time of injection. The makeup flow of N2 is 5 mL/min. The reaction was carried out for 

4 h for optimization of reaction conditions. Time study was carried out by irradiating the 

photocatalytic quartz reactor in 1 h intervals for 8 h.  The evolved gas mixture from the 

headspace was taken in a syringe and injected into the GC. The reactor set up for 

photocatalytic water splitting is given in Figure 2.3. 
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Figure 2.2. Scheme of the photocatalytic water splitting reactor set up. 

 

Figure 2.3. Reactor set up for photocatalytic water splitting which consists of a quartz cell 

having 70 ml capacity and it is gas closed by means of rubber septum. The light sources are 

inside the quartz jackets where cold water circulates continuously. 

2.2.3. Computational Studies 

Theoretical calculations with DFT for the ZnO NPs and the dye molecule (4ABBN) are 

briefly discussed in Appendix 3. 
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2.3. Results and Discussion 

2.3.1. Characterization of ZnO NPs 

The powder X-ray diffraction pattern of the synthesized ZnO NPs shows 2θ values and 

relative intensities of the peaks that coincide with the JCPDS No. 36:1451. XRD studies 

ascertained the formation of ZnO in wurtzite phase in the ZnO NPs prepared by controlled 

precipitation of methanolic KOH at 0 °C (Figure 2.4).  

ZnO NPs formed by controlled precipitation are observed to be of spherical morphology 

with fairly uniform size of 10±2 nm. On the basis of TEM images the size distribution of  

the nanoparticles are calculated and showed as an inset (Figure 2.4). The zeta potential 

measurement of ZnO nanoparticles show that the isoelectric point was + 4.83 mV. 

 

 

Figure 2.4. XRD pattern of ZnO NPs (left) and TEM images of bare ZnO NPs by precipitation 

method with histogram (right). 

In the IR spectrum of the pure ZnO NPs, a broad peak at 3370 cm-1 indicates the presence of 

–OH which could be surface adsorption of moisture. The analysis of the ZnO nanoparticles 

show characteristic bands at 1572, 1118 and 977 cm-1, which are attributed to the 

vibrations of ZnO (Figure 2.5). The Raman spectrum was measured at 630 nm excitation 
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laser pulse and shows peaks at 434,496,608,708, and 837 cm-1.  The peak  at  434 cm-1 

corresponds to the E2 phonon mode (Figure 2.5). 

 

Figure 2.5. IR spectra of  ZnO NPs (left) and  Raman spectra of ZnO NPs (right).  

UV-visible spectra of pristine ZnO NPs by precipitation method display slight variations as 

expected with decrease in particle size. The absorption onset shifted to 346 nm as 

calculated from the band gap obtained from the absorption spectra as the particle size is 

decreased (Figure 2.6). The surface to volume ratio in the ZnO nanoparticles is very high, so 

a substantial increase in surface defects can be expected in such materials, even though 

bulk recombination sites are minimised. These surface defects greatly influence the 

luminescence properties of ZnO nanoparticles and these characteristics of ZnO have been 

reported as a function of the excitation wavelength and particle size. The ZnO nanoparticles 

have various luminescence transitions dependent on varying structures and surface 

properties. Generally, the luminescence spectrum of ZnO nanoparticles exhibits a narrow 

exciton emission band in the UV region and a broad defect emission band extending from 

500 to 650 nm. The size quantization of ZnO NPs can change the spectral positions of the 

defect and exciton emissions. For the ZnO NPs in this study, a weak emission at 360 nm and 

a strong wide band emission from 540-550 nm were observed at 325 nm excitation 

wavelength. The corresponding weak UV band-edge emission at 360 nm is due to the 

recombination of free excitons and the broad green emission band at ~550 nm is due to 

trap levels on the surface of pristine ZnO (Figure 2.6).  
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Figure 2.6. UV-Vis spectra of ZnO NPs (black) and Photoluminescence spectrum at  

λexc= 325 nm of pristine ZnO NPs (blue).  

 

2.3.2.  Characterization of Azonaphthols: 3-((2-hydroxynaphthalen-1-yl)diazenyl) 

benzoic acid (3ABBN) and 4-((2-hydroxynaphthalen-1-yl)diazenyl) benzoic acid 

(4ABBN) 

Elemental analysis was carried out for purity confirmation of 3ABBN and 4ABBN and the 

experimental CHN values were almost matching with the calculated values. 

3ABBN calcd(%):  C 69.86, H 4.14, N  9.18;  found (%): C 72.21, H 5.48, N 7.96. 

4ABBN calcd(%): C 69.86, H 4.14, N  9.18;  found (%): C 72.24, H 5.46, N 7.99. 

 

The structure of azonaphthols was confirmed by 1H NMR, 13C and DEPT. 1H NMR spectrum 

for  3ABBN is as follows: 6.98 ppm (multiplet, -CH aromatic proton near to the hydroxyl 

group attached carbon of the naphthalene ring), 7.03-7.53 ppm (multiplet, -CH aromatic 

protons attached to the unsubstituted naphthalene ring), 7.68 ppm (multiplet, -CH 

aromatic proton meta to the the –N=N linkage connected to the benzene ring), 7.79-7.86  

ppm (multiplet, -CH aromatic protons of the substituted naphthalene ring), 7.97-8.02  ppm 
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(doublet, -CH aromatic protons near to the quarternary carbon in the naphthalene ring), 

8.27 ppm (singlet, aromatic proton in the benzene ring (between –C-N=N  and –C-COOH 

linkages)), 8.58-8.62 ppm (doublet, -CH aromatic protons connected near to the –N=N and 

carboxyl  group of the benzene ring) and 15.96 ppm (singlet, carboxyl hydroxyl proton in 

the azobenzene ring). The spectra are given in appendix 4 (Figure 1). 

1H NMR (400 MHz, DMSO-d6) δ ppm:  

6.98 (1H, m), 7.03-7.53 (2H, m), 7.68 (1H, m), 7.79-7.86 (1H, m),7.97-8.02 (2H, d, J=9.47 

Hz), 8.27(1H, s), 8.58-8.62(2H, d, J=7.96Hz), 15.91 (1H, s)  

13C (100 MHz, DMSO-d6) δ ppm:  

170.25,166.93,145.26,140.70,132.85,130.26,129.40,129.14,128.30,128.10,126.25,126.10,1

24.28,122.95,121.42,119.16. 

 

NMR spectrum analysis for 4ABBN is as follows: 6.78-6.83 ppm (multiplet, -CH aromatic 

proton attached ortho to the hydroxyl group of the naphthalene ring), 7.48-7.63 ppm 

(multiplet, -CH aromatic protons attached to the unsubstituted  naphthalene ring), 

7.72ppm (multiplet, -CH aromatic  proton of the  substituted naphthalene ring), 7.83-7.87 

(doublet) and 7.92-7.97 ppm (doublet, -CH  aromatic protons near to the quaternary 

carbon in the naphthalene ring), 8.03-8.07 ppm (doublet, aromatic protons attached ortho 

to the N=N linkage connected to the benzene ring), 8.46-8.50 ppm (doublet, -CH aromatic 

protons attached ortho to the  carboxyl group connected carbon substituted in the 

azobenzene ring) and 15.91 ppm (singlet, carboxyl hydroxyl proton in the azobenzene 

ring). The spectra are given in appendix 4 (Figure 2). 

1H NMR (400 MHz, DMSO-d6) δ ppm:  

6.78-6.83  (1H, m), 7.48-7.63 (2H, m), 7.72 (1H, m),7.83-7.87(2H, d, J=8.59 Hz), 7.92-

7.97(1H, d, J=9.85 Hz), 8.03-8.07(2H, d, J=8.72Hz), 8.46-8.50 (1H,d, J=7.32Hz), 15.91 (1H, 

s). 

13C (100MHz, DMSO-d6) δ ppm :  

170.07,167.14,145.61,140.53,133.19,132.98,130.07,129.24,129.04,128.53,128.28,126.1 

7,124.15, 122.76, 121.59,119.56. 

 



  ZnO-azonaphthol Composites Chapter 2 
 

 Ph.D. Thesis: AcSIR                                                                                                                       50  

 

2.3.2.1. Spectroscopic studies 

The experimentally observed FTIR band for 3ABBN at 3420 cm-1 (strong and sharp) 

corresponds to the alcohol hydroxyl bond. The FTIR peaks of O-H bond in acids are 

observed at 3052 and 2921 cm-1, which are medium stretching vibrations. The frequencies 

of C=O stretching vibration present in carboxylic acids normally appear at 1693 cm-1. The 

vibrational bands appearing at 1386 and 1328 cm-1 of medium intensities correspond to 

the N=N and C-O stretching vibrations of meta substituted carboxylic acids in azo based 

compounds. Alcohol C-O stretching vibrational frequencies is observed at 1207and 1111 

cm-1.  A strong vibrational band at 986 cm-1 is attributed to the C-H bending of phenyl ring 

which shows the presence of an aromatic framework in the molecule (Figure 2.7).  

For 4ABBN, the IR spectral bands appeared at 3353, 2973, 2894, 1696, 1389, 1319, 1207, 

1044 and 879 cm-1. The infra-red peaks at 2973 and 2894 cm-1 are the stretching vibrations 

of O-H bond in acids. The absorption peak at 1696 cm-1 is the C=O stretching vibration 

present in carboxylic acids. The experimentally observed vibrational bands appearing at 

1389 and 1319 cm-1 of medium intensities in the FTIR spectra correspond to the N=N and 

C-O stretching vibrations. 1207 and 1044 cm-1 bands are observed with alcohol C-O 

stretching vibrational frequencies. The vibrational band   at 879 cm-1 is attributed to the 

 C-H bending of phenyl ring which indicates the presence of an aromatic skeleton in 4ABBN 

(Figure 2.7) [16,17].  

 

Figure 2.7. IR spectrum of 3ABBN (left) and  4ABBN (right).  
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From the figures, it is clear that the most intense Raman fundamentals of 3ABBN appear at 

432, 711, 1658, 1699, 1768 cm-1 and 4ABBN at 432, 710, 1658, 1700, 1769 cm-1 followed 

by a few weak modes at 496, 607, 1266, 1387 cm-1 (3ABBN) and 498, 604, 1255, 1382 cm-1 

(4ABBN)  (Figure 2.8). 

 

Figure 2.8. Raman spectrum of  3ABBN (left) and (b) 4ABBN (right).  

UV-vis spectrum of 3ABBN (9.04x10-4 M) shows absorption bands at   310 and 480 nm and 

small shoulder bands around 415 nm and 510 nm. 4ABBN also shows similar absorption 

features (305, 410, 480 and 505 nm), typical of coloured azo dyes comprising of several π-

π* and n-π* absorption bands (Figure 2.9). 

 

 

Figure 2.9.  UV-Vis spectrum of 3ABBN (left) and 4ABBN (right).  
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Emission characteristics of azobenzenes are extensively studied and absorption spectra of 

simple azobenzenes consist of S2       S0 (ππ*) and S1       S0 (nπ*) transitions in UV and 

visible regions respectively. For these systems,  nπ* transitions are forbidden in the ground 

trans state while it becomes allowed due to photoisomerisation. It is also widely accepted 

that simple azobenzenes are not fluorescent due to this photoisomerisation. 

Photoisomerisation can happen in azobenzenes only in excited state efficiently. This causes 

a change in the direction of the lone pair of one nitrogen atom. However, in more complex 

azo compounds like azonaphthols, additional phenomena like hydrogen bond, tautomerism 

and other structural features restricting rotation along N=N or N=N-C bonds come into play 

and may have different implications on the optical and electronic properties. It is suggested 

that phenyl azo naphthols exist as azo and hydrazone forms and the equilibrium 

concentration of each is determined by structure stabilising electronic factors. Only 

hydrazone tautomer is fluorescent and any factors stabilising hydrazone tautomer brings 

about fluorescence in this otherwise non-emissive system. The position and the nature of 

the substituent in the ring is a key factor here and electron withdrawing groups are 

understood to stabilise the hydrazone form. Extended conjugation and consequent 

molecular planarity also stabilises the hydrazone form. In 3ABBN, azo tautomeric form is 

major, hence the system is non-fluorescent as expected. Referring to Figure 2.10, displaying 

the resonance structures of the two dyes, the stability of an azo molecule is ascertained by 

the extent of charge  on C* adjacent to the –N=N- group. It is clear that hydrazone form in 

3ABBN is not stabilised, whereas for 4ABBN, extended conjugation facilitates charge in C* 

stabilising the hydrazone form. Hence an intense emission peak at ~360 nm can be 

observed for this compound at 310 nm excitation wavelength unlike in the case of 3ABBN 

(Figure 2.11). The excited azo form undergoes an excited state intramolecular proton 

transfer to the excited state hydrazone form manifesting in abnormal Stokes shift 

(describes the difference in wavelength between the maximum of the excitation spectrum 

(shorter wavelength, higher energy) and the maximum of the emission spectrum (longer 

wavelength, lower energy). However, we do not observe such abnormal Stokes shift 

(observed value is ~50 nm) indicating that probably, most of the 4ABBN exist in hydrazone 

form (Figure 2.12) [18-26]. 
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Figure 2.10. Resonance structures of 3ABBN (left) and 4ABBN (right). 

 

 

Figure 2.11. Photoluminescence spectrum of (left) 3ABBN at  λexc= 310 (black) and 480 

nm (red) and (right) 4ABBN at λexc= 310 (black), 325 (red) and 480 nm (blue). 

 

 

Figure 2.12.  Emission spectrum of 4ABBN (9.04 x 10-4 M) at λexc=260 nm (black) and 

excitation spectrum at λem=350 nm (blue). 
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 2.3.3. Structural Characterization of ZnO-azonaphthol composites 

Powder X-ray diffraction patterns show that the parent wurtzite phase of ZnO NPs is not 

altered in the case of ZnO-3ABBN and ZnO-4ABBN composites during the surface 

modification (Figure 2.13). Surface charges of the grafted ZnO were found from zeta 

potential measurements to be -27 and -28 mV for 3ABBN and 4ABBN respectively when 

compared to 4 mV for naked ZnO. From these observations, it is clear that the grafting has 

stabilised the ZnO NPs against agglomeration. TEM images of naked and grafted NPs also 

corroborate surface grafting, wherein the particles were found to be well separated from 

each other with particle size of 3.5±1.5 nm. This may be due to the arrest of solution 

ripening possible for naked ZnO as a consequence of in-situ addition of the organic ligands. 

The corresponding histogram is also shown as an inset along with the TEM images (Figure 

2.13).  

 

Figure 2.13. XRD patterns of  (left) ZnO-3ABBN (black) and ZnO-4ABBN (red) composites 

and TEM images of  ZnO-3ABBN (middle) and ZnO-4ABBN (right) composites with the 

corresponding histograms as inset. 

Surface grafting of the organic moieties on ZnO was ascertained by IR spectroscopy by 

following the C=O and N=N stretching frequencies. The broad absorption peak observed at 

1750-1650 cm-1 is the characteristic C=O stretching vibration present in carboxylic acids 

(Figure 2.7). The vibrations appearing at 1416 and 1401 cm-1 correspond to the N=N 

stretching for the meta and para substituted carboxylic acid aromatic systems. IR spectra of 

the composites show substantial shifts in the –CO and N=N stretching vibrational 
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frequencies when compared to the pristine dyes (3ABBN and 4ABBN) indicating successful 

grafting. The –CO stretch varies from 1696 cm-1  (4ABBN) to 1614 cm-1 for ZnO-4ABBN and 

1693 cm-1 (3ABBN) to 1626 cm-1 for ZnO-3ABBN; more pronounced for 4ABBN. N=N 

stretch in the composites were found to shift to 1382 cm-1 for 4ABBN and 1394 cm-1 for 

3ABBN  from 1401 and 1416 cm-1 respectively (Figure 2.14). 

 

Figure 2.14. IR spectra of (a) ZnO (black), 4ABBN (red) and ZnO-4ABBN composite (blue), 

(b) indicating changes in C-O and N=N stretching frequencies of 4ABBN (black) and ZnO-

4ABBN composite (red), (c)  ZnO (black), 3ABBN (red) and ZnO-3ABBN composite (blue) 

and (d) indicating changes in C-O and N=N stretching frequencies of 3ABBN (black) and 

ZnO-3ABBN composite (red). 
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2.3.4.  Photophysical Characterization of ZnO-azonaphthol Composites 

2.3.4.1. ZnO-3ABBN Composite 

A systematic study was set up to understand the mechanism as well as the effect of linker 

concentration on the absorption as well as emission spectra. First, the case of a simple 

aliphatic acid, oxalic acid was selected. The emission spectrum of pristine ZnO NPs and 

oxalic acid functionalised ZnO NPs are given in Figure 2.15.  

 

Figure 2.15. Emission spectrum of pristine (black) and oxalic acid grafted ZnO (red) at 

λexc= 325 nm.  

However, ZnO-oxalic acid composite also shows the intense green emission and marginal 

enhancement of UV excitonic emission showing that the trap level is unaffected in the 

composite. Lesser suppression of the intense green emission with the aliphatic oxalic acid 

may be due to the unfavourable band structure for electron transfer. This indicates that 

trap level formation and its suppression may involve more complicated processes than a 

simple surface phenomenon.  

Further spectroscopic studies were done on ZnO-azonaphthol composites. UV-vis spectrum 

of ZnO-3ABBN (1.69 x 10-3 M -9.04 x10-4 M) shows absorption bands at 320, 380 and 495 

nm. From the UV-vis spectroscopy studies, it is evident that the ZnO-3ABBN composite 
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shows combined features of both ZnO nanoparticles and 3ABBN. A slight red shift of the 

absorption bands is observed in the case of composites compared to pure 3ABBN, whereas 

ZnO absorption edge is not substantially altered. This can be attributed to a reduction in 

size observed after grafting (Figure 2.16).  

PL studies show that the molecule is not highly fluorescent in 310-510 nm excitations, but 

the emission spectrum of the ZnO-3ABBN composites clearly shows that the green 

fluorescence of ZnONP is suppressed on grafting with the 3ABBN organic linker. The 

absence of intense fluorescence in 3ABBN clearly indicates a lack of efficient electron 

transfer interaction between the azo linkage and carboxyl group due to the absence of 

conjugation, even in the presence of conventional fluorophores like azo group in the 

organic linker. Another possibility is the ring rotations around the double bonds 

(photoisomerisation) of the azo molecules. The suppression of green defect emission in the 

ZnO-3ABBN composites indicates that the interaction between 3ABBN and ZnO is 

sufficiently energetically favoured to alter the trap sites. Also, the aromatic moiety may 

assist in electron transfer albeit to a smaller extent even in the absence of conjugation 

when compared to aliphatic oxalic acid (Figure 2.16).  

 

Figure 2.16.  Absorption spectra of  (left) 3ABBN: 9.04 x 10-4 M (black) and ZnO-3ABBN 

composite: 1.69 x10-3 M ZnO + 9.04 x 10-4 M 3ABBN (red) and emission spectra of  (right) 

3ABBN: (λexc=310 nm, black) and ZnO-3ABBN composite: (λexc=320 nm, red). 
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However, a complete degradation is visually observed on continuous irradiation of the 

composite even under visible light for 1- 8 h (T0-T8). After 1 h, the characteristic peaks of 

3ABBN completely disappeared and only the distinct trace of ZnO could be observed. This 

behaviour can be attributed to the absence of conjugation which prevents fast transfer of 

charges leading to charge accumulation and photodegradation of the dye (Figure 2.17). 

 

 

Figure 2.17.  Degradation of (left) 3ABBN with visible light irradiation (T0-T8 h) and 

(right) UV-vis spectrum of the degradation of 3ABBN with visible light irradiation (T0-T8 

h). 

2.3.4.2. ZnO-4ABBN Composite 

However, in the composite with 4ABBN, such a photodegradation was not observed and it 

was found to be stable under visible light irradiation and displayed high activity for 

hydrogen evolution reaction in photocatalytic water splitting (explained in 2.2.2. section).  

The absorption peaks at 295, 301 and 495 nm of the composite display characteristics of 

both ZnO and 4ABBN (Figure 18). A slight blue shift was observed in the absorption edge of 

the ZnO-4ABBN composite from 346 to 335 nm which is probably due to reduction in 

particle size. In addition, the composite showed visible light absorption contributed by the 

organic linker.  
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Figure 2.18. Absorption spectra of 4ABBN: 9.04 x 10-4 M (black) and ZnO-4ABBN 

composite: 1.69 x10-3 M ZnO + 9.04 x 10-4 M 4ABBN (red). 

Emission spectra display the characteristic intense and sharp emission at 360 nm as in the 

case of pure 4ABBN (Figure 2.19). However, a drastic reduction in intensity in UV emission 

is seen in the composite when compared to the pure 4ABBN (of same concentration). 

Interestingly, green emission corresponding to defect sites in ZnO is also present albeit 

with a reduction in intensity compared to pristine ZnO. These characterizations indicate 

that even though trap sites, which may act as electron sinks, are minimized in the 

composites, some new energy levels in appropriate positions are created. These allow 

visible light absorption and an electron transfer probably from the organic linker to ZnO as 

evident from the reduction in intensity of the UV emission peak of 4ABBN upon surface 

grafting on ZnO. 

The effect of concentration of the dye on the photophysical properties of the composite in 

terms of surface coverage of the smaller ZnO particles is also studied. Three more 

concentrations with higher (13.56 x 10-4 M) and lower (7.23 x 10-4 M, 5.42x 10-4 M) ratios 

of the 4ABBN (corresponding to 1:1.5, 1:0.3 and 1:0.15 surface coverage) other than the 

1:0.5 composite are considered. The PL spectra show some interesting features. The UV 

emission peak intensities of the composites decrease with decrease in dye concentration 

(Figure 2.19). In case of pristine 4ABBN also, intensity of UV emission peak decreases with 

decrease in concentration (Figure 2.19). Hence, this can be considered as a characteristic of 
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the dye and not have any contribution from the exciton emission of ZnO. On the contrary, 

as 4ABBN concentration decreases, green emission increases. In other words, as more ZnO 

surface is exposed free from grafting with 4ABBN, green emission intensity increases. We 

also observe an isosbestic point indicating an increase in UV emission and concomitant 

decrease in defect emission as 4ABBN concentration increases (Figure 2.19). 

 

Figure 2.19. Emission spectra (left) of ZnO-4ABBN composite with different 

concentrations of 4ABBN indicating varying surface coverage of ZnO:  (a)  1.69 x 10-3 

+13.56 x 10-4 M; ZnO:dye = 1:1.5-black, (b) 1.69 x 10-3+9.04 x 10-4 M; ZnO:dye = 1:0.5- red, 

(c) 1.69 x 10-3+7.23 x10-4  M; ZnO:dye = 1:0.3- blue  and (d) 1.69 x 10-3+5.42 x 10-4 M; 

ZnO:dye = 1:0.15 - cyan; λexc=310 nm) and (right) 4ABBN (13.56 x 10-4 M-cyan), (9.04 x 10-4 

M-blue),  (7.23 x10-4M-red) and (5.42 x 10-4 M-black), λexc=310 nm. 

Because of the choice of donor-acceptor combination in this study (ZnO-NP and 4ABBN), 

where both have overlapping emissions around 360 nm, the exciton emission of ZnO NPs is 

rendered useless as a tool to monitor electron/charge transfer between the partners. 

However, monitoring variations in the predominant defect emission (560 nm) seen in 

pristine ZnO NPs upon grafting can assist in understanding the trap sites. With this intent, 

fluorescence lifetime study for the system was undertaken by TCSPC (Time-correlated 

single photon counting). These experiments were carried out for ZnO NPs, 4ABBN and ZnO-

4ABBN composite (1.69 x10-3 M, 9.04 x 10-4 M and 1.69 x10-3 + 9.04 x 10-4 M respectively) 

at room temperature. The emission decay profiles are shown in Figure 2.20 and the 

observations are tabulated in Table 2.1.   
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Table 2.1. Lifetime parameters of ZnO, 4ABBN and ZnO-4ABBN composite. 

 

System Experimental 

Setup 

Lifetime (ns) 

 

1(a1) 

 

2(a2) 

 

3(a3) 

 

<> 

 

ZnO+4ABBN 

 

ex=260nm 

em=360 nm 

 

0.452  

(0.54) 

 

2.68 

(0.26) 

 

8.61 

(0.2) 

 

2.633 

4ABBN ex=260nm 

em=360 nm 

 

0.945 

(0.58) 

 

 3.97 

(0.27) 

 

9.44 

(0.15) 

 

3.06 

ZnO  

Defect Band 

ex=320nm 

em=500nm 

 

1.08 

(0.92) 

 

9.42 

(0.07) 

 

47.7 

(0.01) 

 

1.51 

ZnO+4ABBN 

Defect Band 

ex=320nm 

em=500nm 

 

1.68 

(0.71) 

 

10.7 

(0.25) 

 

64.13 

(0.04) 

 

5.57 

The decay curves are deconvoluted by numerical convolution technique with the 

assumption that the delta pulse response is tri-exponential for ZnO NPs, 4ABBN and ZnO-

4ABBN composites. It is observed in literature that ZnO decay profiles usually exhibit a 

biexponential fit but it is suggested that as particle size decreases, there is a possibility of 

emergence of other species (multiple defect sites). The defect emission lifetime is reported 

to have slower components compared to exciton emission and we also observe ~50 ns 

components. 4ABBN shows triexponential fit with three components at 0.452 (55 %), 2.68 

(26 %) and 8.61 (20 %) ns. In the case of the composite, the 360 nm emission seems to be 

originating from three species with lifetimes of 0.945 (58 %), 3.97 (27 %) and 9.44 (15 %) 

ns, in which major contribution is from dye molecule and not from ZnO.  It is observed that 

the average lifetime of the UV emission in the ZnO-4ABBN composite (at 2.633 ns) is 

slightly less when compared to that of the 4ABBN dye molecule (at 3.08 ns).  On the other 
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hand, a fourfold increase in the defect emission lifetime for the composite is clearly seen in 

comparison to pristine ZnO [27-37]. 

 

Figure 2.20. The emission decay profiles on excitation at 260 nm of  (a) 4ABBN (9.04x10-

4M) and (b) ZnO-4ABBN (1.69X10-3+9.04X10-4M) and on 320 nm  excitation of (c) ZnO NPs 

(1.69X10-3 M) and (d) ZnO-4ABBN (1.69X10-3+9.04X10-4M). Instrument response function 

in black, decay profile in red and experimental fit in blue. 

The redox and the electron transfer properties of the samples were also investigated by 

cyclic voltammetry (Figure 2.21). The potential and current are found to be considerably 

enhanced on grafting when compared to ZnO and 4ABBN [ZnO (1V, 0.0075mA), 4ABBN 

(1.3V, 0.0094mA) and ZO-4ABBN (1.4V, 0.0156mA)]. To demonstrate the difference in the 

light induced electrical properties of ZnO NPs on grafting, voltammograms are observed 

under repeated on/off cycles in presence of visible light (200 W Tungsten lamp) (Figure 

2.22). No increment in current is seen in pristine ZnO NPs and 4ABBN on illumination 
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(Figure 2.23). However, substantial enhancement in the photo current is observed in case 

of the composite under illumination authenticating a light induced electron transfer. To 

further corroborate this fact, we have performed same study on SiO2 surface decorated 

with 4ABBN (Figure 2.21). CV under the same conditions of this control material does not 

display any change in current-voltage profile indicating absence of electron transfer, as 

expected due to the absence of any electron accepting orbitals in SiO2. The significant 

photocurrent rise evidences an electron transfer pathway in the case of ZnO-4ABBN 

composite. The photocurrent was observed to be stable even after three consecutive cycles 

indicating the photostability of the composite. To further substantiate the electron/charge 

transfer in the ZnO-4ABBN composite, linear sweep voltammetry (LSV) and 

electrochemical impedance spectroscopy (EIS) were carried out under illumination and  

dark (Figure 2.24). The LSVs of the composite were investigated by scanning in a potential 

window of -0.5 to 1.7 V. The Nyquist plots suggest that the ZnO-4ABBN composite has the 

fastest electron transfer process under light, which could be associated with the conducting 

nature of the composite. In ZnO-4ABBN composite, the resistance from EIS was also found 

to be less under illumination (1105 Ω) compared to the dark condition (1135 Ω) in the  

ZnO-4ABBN composite [38-40] . 

 

Figure 2.21. (Left) Current−voltage profile for photoelectrochemical cells employing  (a) 

ZnO (black), (b) 4ABBN (red) and (c) ZnO-4ABBN composite (blue) by cyclic voltammetry 

at a scan rate of 50 mv/s. Supporting electrolyte was LiClO4 in acetonitrile. Current−voltage 

data for photoelectrochemical cells employing 4ABBN (black) and 4ABBN-SiO2 (red) by 

cyclic voltammetry (right). 
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Figure 2.22. Comparison of photocurrent with potential of ZnO-4ABBN composite on 

repeated on/off cycles under irradiation from 200W tungsten lamp;  (a) CV under ambient 

light (black), (b) under dark (red) and (c) under irradiation (blue) (left) and (right) 

comparison  of photocurrent with potential of ZnO-4ABBN composite upon turning on and 

off 200W tungsten lamp in by cyclic voltammetry.  

 

Figure 2.23. Comparison of photocurrent with potential of (left) ZnO and (right) 4ABBN  

under normal condition (black)  and upon turning on (red) and off  (blue) 200W tungsten 

lamp by cyclic voltammetry. 
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Figure 2.24. LSV profile for photoelectrochemical cells  employing  (left) ZnO-4ABBN  

Composites(10 mv/s) upon  turning  on (red) and off (blue) 200W tungsten lamp by cyclic 

voltammetry  and  Electrochemical Impedance employing (right) ZnO- -4ABBN  Composites 

upon turning on (red) and off (blue) 200W tungsten lamp . 

2.3.5.   Computational studies 

The clean ZnO ( 0110 ) surface contains ordered rows of buckled Zn-O dimers along the polar 

[0001] direction with a net electron accumulation on the O atoms. The calculations show 

that 4ABBN binds vertically to the ZnO surface with a binding energy of 1.83 eV and 

creating two Zn-O bonds through the –COOH group. During the relaxation process, it 

spontaneously gets deprotonated, releasing an H+ ion from the –COOH group, which gets 

attached to the neighbouring electron rich O of the ZnO surface. The newly formed Zn-O 

bond lengths are about 1.96 and 1.97 Å. The density of states (DOS) of the ZnO-4ABBN is 

shown in Figure 2.25(a). The electronic states are aligned with respect to the energy at 

vacuum. Upon modifying the surface of the ZnO nanoparticles with 4ABBN, the effective 

band gap of the interface is reduced to 1.47 eV compared to that of 3.77 eV for the clean 

slab. This is qualitatively consistent with the experimental absorption spectra where the 

lowest energy peak of the absorption spectra of the ZnO nanoparticles shift from about 346 

nm to 495 nm  as the surface of the nanoparticles were modified with 4ABBN.  The 

contributions to the total DOS from the ZnO slab and the dye are shown with red circles 

and blue stars respectively in Figure 2.25(a). The theoretical calculations show that the 
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valence band maximum (VBM) of the interface is localized on the dye molecule (Figure 

2.25(b)) and the conduction band minimum (CBM) is localized on the slab (Figure 2.25(c)). 

Additionally, there is a weight of the wavefunction on the O atoms of the dye through which it 

binds to the ZnO slab indicating that there is a possibility of fast electron transfer from the dye to 

the ZnO. The interface is thus converted to a staggered type II interface, which facilitates 

absorption in the visible region as observed in the absorption spectra of ZnO-4ABBN. 

 

Figure 2.25. (a) DOS of the ZnO-4ABBN. Dot-dashed violet and magenta vertical lines mark 

the VBM and CBM respectively. The dashed brown and green lines mark the OP and RP. (b) 

The wavefunction corresponding to the VBM. (c) The wavefunction corresponding to CBM.  

 

The oxidation potential (OP) of oxidizing H2O to O2 and the reduction potential (RP) of 

reducing H+ to H2 with respect to the positions of VBM and CBM of the ZnO-4ABBN 

composite are also looked at. The absolute values of the OP/RP are given by EabsOP/RP=-4.5-

ENHEOP/RP, where EabsOP/RP is the absolute value of the OP/RP and ENHEOP/RP is the OP/RP 

potential in V vs. the NHE at pH 0. ENHEOP is 1.23 eV and ENHERP is 0 eV. For the composite to 

be a good photocatalyst for water splitting, these two potentials should lie in the band gap, 

i.e., the OP should lie above the VBM and the RP should lie below the CBM. From the 

calculations, the absolute values of OP and RP are -5.73 eV and -4.5 eV respectively. Thus 

the OP is about 0.06 eV above the VBM (Figure 2.25(a)) and the RP is 0.18 eV below the 
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CBM (Figure 2.25(a)). These results suggest that thermodynamically water splitting 

reaction will be catalysed by the ZnO-4ABBN composite [41-47]. 

  2.3.6. Photocatalytic testing 

Due to photodegradation of ZnO-3ABBN, water splitting studies of only ZnO-4ABBN was 

carried out and methanol was used as the sacrificial agent. Since ZnO-4ABBN was 

synthesized as a methanolic colloidal solution, it was used as such, which amounted to 

0.025 g of catalyst in 35 v/v% methanol in water mixture, and this was taken as optimum. 

For experiments with lesser volumes of methanol, the initial colloidal solution was dried 

and redispersed in varying amounts of methanol and added to 20 mL of water. The 

photocatalytic tests were carried out under steady state conditions by head space analysis 

for UV, visible and solar irradiations (Figure 2.26). Total H2 evolution was observed to be 

155 mmol/g, 152 mmol/g and 155 mmol/g under UV, visible and solar irradiations at 8 h. 

Further photocatalytic water splitting studies for the composite were focused only for 

visible light irradiation. The photocatalytic reaction was stopped after the 8th h, and the 

reactor set up was purged with N2 and irradiated again. This experiment was repeated 3 

times (Figure 2.27) with the same catalyst.  The ZnO-4ABBN catalysts were found to be 

highly stable during this cycling exposure. The initial H2 evolution rate was also regained 

after each purging. Preliminary tests with varying volumes of methanol suggested that 

after 4 h visible light irradiation, a maximum yield of H2 at 102 mmol/g was obtained at 35 

vol% of methanol in water for ZnO-4ABBN. At low concentrations of methanol, a 

corresponding decrease in H2 evolution was observed as expected. However, interestingly, 

almost saturation was reached at 35 v/v% and further increase in methanol concentration 

did not affect the yield substantially (Figure 2.28). Moreover, a slight decrease in H2 yield 

also was observed indicating that after an optimum level, hydrogen evolution becomes 

independent of methanol concentration. To rule out the effect of UV light which may be 

present in the radiation source, control experiment with ZnO-4ABBN under the same 

conditions but with a NaNO2 (2 M) chemical filter was carried out which showed same H2 

evolution (102 mmol/g).  
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From computational and emission studies it is clear that the photoexcitation occurs in the 

azo compound and electron transfer occurs from it to ZnO. Hence it is logical to assume 

that this electron is responsible for the H+/H2 reduction. This was unambiguously 

evidenced by studying the methanol assisted water splitting activity of 4ABBN/SiO2 control 

material mentioned earlier. Since no electron transfer is observed from 4ABBN to SiO2 in 

this composite, we do not expect any catalytic activity under visible light and indeed this 

was the case and H2 evolution in this system was found to be negligible at 0.004 mmol/g. 

This corroborates the observation from computational studies that excited electrons from 

the LUMO of 4ABBN which are transferred to the conduction band of ZnO reduce H2O 

proving the ZnO surface as the catalytic site. Our observation that electrons are excited 

from HOMO to LUMO of the linker and transferred efficiently to ZnO surface, also brings up 

the possibility of holes generated in the HOMO of 4ABBN interacting with the sacrificial 

agent, CH3OH.  

To further test the role of methanol, photocatalytic testing was done in water without 

adding methanol in case of ZnO-4ABBN. H2 evolution from pure water splitting was 

observed albeit to a small extent (1.23 mmol/g) for 4 h irradiation. This shows that 

methanol plays the role of enhancing the H2 evolution.  Methanol is known to assist in 

water splitting on semiconductor oxides by acting not only as a hole scavenger but also as 

electron enricher which enhances the hydrogen evolution. The radical formed after proton 

abstraction from CH3OH by the valence band hole injects one electron to the conduction 

band leading to the formation of formic acid and formaldehyde and eventually CO or CO2. 

Interestingly, we do not observe the presence of CO or CO2 in detectable levels by gas 

chromatography. Presence of formic acid or formaldehyde, potential products in hole 

scavenging reactions of methanol, also was ruled out by liquid chromatography analysis of 

the reaction mixture. This indicates that the utilization of methanol probably proceeds 

through a photochemical pathway involving HOMO of the azo compound rather than a 

simple current doubling mechanism involving valence band of ZnO.  It is clear that 

methanol also contributes to the amount of H2 produced which was further corroborated 

by employing other inorganic hole scavengers like IO3-/I- and carbonate systems for 

ZnOPP-4ABBN composites resulting in 7.5 and 9 mmol/g of H2 respectively. Here inorganic 
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ions like I- (electron donors) and IO3- (electron acceptors) work as a pair of redox 

mediators; I- ions scavenge holes resulting in oxidation product IO3- which is an electron 

acceptor and its reduction to I- competes with H+/H2 reduction. Hence in the current 

system, these redox mediators are found to be not as effective a sacrificial agent as 

methanol [48-52].   An evaluation of the stoichiometric relation between H2 and O2 

generated also was performed by purging the reaction mixture with N2 for half hour in 

order to dispel dissolved and atmospheric O2 before irradiation. The evolved gas mixture 

analysis indicated a composition of 104 mmol/g of H2 and 1.17 mmol/g of O2   with 

methanol. The negligible amount of O2 evolution is expected in presence of methanol as 

sacrificial agent.  Moreover, the enhanced quantity of H2 produced proves that methanol 

also contributes to the H2 evolution.  

The use of simple organic hole scavengers is widely accepted as a method of enhancing the 

H2 production as well as photostability of catalyst systems. The practicality of this method 

is enhanced when the organic hole scavengers are from renewable sources like ethanol or 

glycerol. Interestingly, we observed good H2 evolution in ethanol but poor dispersion of the 

catalyst consequent to high viscosity of the reaction mixture with glycerol led to lower 

evolution rates from the latter (Figure 2.28).   

 

Figure 2.26. Evaluation of photocatalytic activity for H
2
 generation under UV (black), visible 

(red) and solar (blue) at various irradiation time (0,1,2,3,4,5,6,7 and  8 h) . 
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Figure 2.27. H2 evolution of ZnO-4ABBN composite under visible light irradiation on 

repeated purging of the headspace. 

 

 

 Figure 2.28. Evaluation of photocatalytic activity for H
2
 generation in methanol-water 

mixture at different volumes of methanol (2ml, 5 ml, 8 ml, 11 ml and 20 ml) keeping the 

amount of water constant (20 ml) in ZnO-4ABBN composites for 4 h under visible light 

irradiation (left) and (right) comparison of the photocatalytic activity for 4 h visible light 

irradiation of ZnO-4ABBN composite in methanol, ethanol and glycerol for the hydrogen 

production. 
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2.4.  Conclusions 

In summary, ZnO nanoparticles of size ~3-5 nm are surface modified with azonaphthols of 

varying conjugation, in a quest to identify potential photocatalysts and understand their 

efficacy. The azonaphthols are designed to have a carboxylic functionality in the phenyl 

group and the conjugation property is varied by changing the position of this group from 

para to meta. The non-conjugated azonaphthol is not fluorescent as expected in case of azo 

based switches. However, conjugated molecule is fluorescent with an emission in UV 

region, possibly due to the stabilisation of the hydrazone form consequent to extended 

conjugation. On grafting to ZnO nanoparticles, a drastic decrease in this UV emission is 

observed, indicating an electron transfer from the organic molecule to ZnO. Additionally, 

fluorescence properties of ZnO nanoparticles also are utilised to throw more light upon the 

mechanism of electron transfer. ZnO nanoparticles are known to exhibit band gap emission 

in the UV region along with visible emission understood to be due to the presence of 

various types of defect sites in the bulk as well as on the surface like Zn vacancy, oxide 

vacancy, surface hydroxyl groups etc. In our case, a broad emission, peaking at 560 nm is 

observed with a conspicuous absence of UV emission indicating high concentrations of 

defect sites of multiple types. This defect emission is completely suppressed on grafting 

with the non-conjugated molecule; however, this is not the case with conjugated molecule. 

Defect emission lifetime studies in pristine ZnONP and its composites with 4ABBN help in 

ascertaining the electron transfer mechanism in the composites. A distinct fourfold 

increase in average lifetime of defect emission  along with significant redistribution to 

longer lifetime species in the composites clearly alludes to the formation of  stable and long 

lived defect sites. In ZnONP, 92% contribution is from a very short lived defect type with 

overall average lifetime of only 1.51 ns. In the composite, the contribution from this 

component decreased to 70%, concomitantly increasing the contribution to the component 

at ~10 ns effectively increasing the average lifetime. This indicates the presence of multiple 

defect sites contributing to the broad green emission which is widely accepted in literature. 

On grafting, certain defect sites, possibly surface species, are suppressed and electron 

transfer to specific defect sites with appropriate energy levels occur. This may lead to an 

enhancement of population of long living species increasing the average lifetime. Moreover, 



  ZnO-azonaphthol Composites Chapter 2 
 

 Ph.D. Thesis: AcSIR                                                                                                                       72  

 

lifetime studies indicated a fourfold increase in lifetime of the defect species due to electron 

transfer from the organic moiety. In addition, the photocurrent enhancement of the 

composite under illumination corroborates an electron transfer mechanism. The composite 

with non-conjugated molecule is prone to photodegradation. Hence, it is clear that efficient 

electron transfer from the organic moiety to the ZnO stabilises the composite and 

additionally electron transfer to specific defect sites may be occuring during this process.  

DFT studies, in agreement with the experimental observations, show that the HOMO 

of 4ABBN is located in the ZnO band gap, which reduces the effective band gap of the 

composite facilitating absorption in the visible region of the solar spectrum. The excited 

electron created due to the absorption of photon energy by the organic moiety is 

transferred to ZnO. Additionally from the position of the redox potentials with respect to 

the valence band maxima and conduction band minima of the composite, we predict that 

this system will act as a good photocatalyst for hydrogen evolution reaction. This claim is 

further supported by experiments where we show that there is indeed H2 evolution from 

pure water splitting. In presence of methanol, which replenishes the electron, there is a 

much larger yield of hydrogen compared to those in absence of any such hole scavengers.  
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3.1. Introduction 

Influence of the dye structure vis-à-vis conjugation on the photophysical characteristics 

and water splitting activity of their composites with ZnO was demonstrated in chapter 2.  A 

photo degradation effect was observed in the composite with the non-conjugated 

azonaphthol, instead of efficient hydrogen generation as displayed by ZnO modified with 

the conjugated analogue. This has been proved as due to inefficient electron transfer within 

the composite in the case of the non-conjugated system. These conclusions brought us to 

examine the possibilities of engineering the electron transfer characteristics of the azo dye. 

This was achieved by designing it to have multiple chelation sites anticipating 

incorporation of resonance features. Thus, our aim here is to understand the effect of 

multiple grafting sites on the activity of the otherwise non-conjugated system. Among 

various aromatic molecules, hydroxy quinoline is well known as a ligand forming chelation 

complexes. The 8-hydroxyquinoline (oxine) behaves as a bidentate (N,O-) univalent ligand 

to form chelates with several metal ions. However, 8HQ chelated systems are poorly 

soluble in all the common solvents, and to overcome this limitation, substituted 8-HQs have 

been used.  8HQ is the only one, among seven isomeric monohydroxyquinolines, capable of 

forming complexes with divalent metal ions through chelation. In the early 1950’s, it was 

observed that 8HQ forms large number of complexes with metals like Zn, Cu, Ni, Pb and Fe 

to form metalloquinolates. Quinoline moiety is also known to be a chelating agent for 

catalytic sites like Pt.  We selected this moiety to be coupled with 3-aminobenzoic acid to 

form an azoquinoline. Azoquinolines are also azobenzene class of chromophores with 

carboxylate ending on one side and the other side functionalized with a coupler, 8-hydroxy 

quinoline (8HQ). Here, carboxylic group as well as quinoline group would be potentially 

interacting with ZnO surface on grafting. Indeed, the ability of hydroxyquinoline group to 

behave like a bidentate ligand along with azo carboxylic moiety makes the conjugate 

photocatalytically active and stable when compared to its azonaphthol counterpart. For 

comparison, an analogue with para substitution was also synthesised and anchored onto 

ZnO, since resonance features and consequent electron transfer characteristics are 

expected to be enhanced in this molecule [1-8]. 
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3.2. Experimental Section 

3.2.1. Synthesis  

3.2.1.1. ((E)-3 -((8-hydroxyquinolin-5-yl)diazenyl) benzoic acid) [3ABBNHQ] and 

((E)-4 -((8-hydroxyquinolin-5-yl)diazenyl) benzoic acid) [4ABBNHQ] 

The azoquinoline compounds are synthesised by diazotization and coupling reactions 

(Scheme 3.1). In a typical synthesis, to a solution of amino benzoic acids (3-aminobenzoic 

acid or 4-aminobenzoic acid; 1.35g, 9.843 mmoles), distilled water (8.44 mL) and 

concentrated H2SO4 (2.1 mL) was added drop wise. The mixture was cooled to 0 °C. A 

solution of sodium nitrite (1.006 g, 14.58 mmoles) in 3 mL of distilled water maintained at 

0 °C, was added to the above cold mixture drop wise with good stirring. After 20 min, the 

diazotization was complete, which was verified by adding a solution of 4-(N,N-

dimethylamine) benzaldehyde which would generate colour if undiazotized aromatic 

amine is still present. To the diazotized product obtained, 8-hydroxyquinoline (2.012 g, 

13.95 mmoles) was added very slowly with vigorous stirring over 15 min. The reaction 

mixture was further stirred for 1 h and left to stand overnight. A reddish orange coloured 

precipitate of (2-Hydroxy-naphthalen-1-ylazo)-benzoic acid (3ABBNHQ or 4ABBNHQ) was 

observed which was purified by column chromatography (Scheme 3.1). 

Scheme 3.1. Synthesis of azoquinolines by diazotisation and coupling reactions  
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3.2.1.2. ZnO-azoquinoline composites  

Typical synthesis procedure for ZnO NPs is described in chapter 2 in section 2.2.1.1. 

3ABBNHQ or 4ABBNHQ (23 μmol) was added in-situ during the synthesis of ZnO to the 

alkaline zinc acetate solution (0.142 mmoles) just after the solution becomes clear 

indicating formation of ZnO NPs. The solution was stirred in methanol at RT for 1 h. The 

product (ZnO-3ABBNHQ or ZnO-4ABBNHQ composites) was washed with methanol, 

centrifuged and collected. 

3.2.2. Instruments for Characterization 

The principles and instrumentation of all the techniques used throughout the work for 

structural and photophysical characterizations are briefly discussed in the Appendix 1. The 

details of the procedures used for PXRD, TEM, IR, Raman, UV-vis, Photoluminescence, 

Lifetime, NMR, Electrochemical measurements, Elemental analysis and Zeta potential 

measurement are same as those described in chapter 2 in section 2.2.2.   

3.2.2.1. Photocatalytic activity measurements  

The set up for photocatalytic activity measurement used was the same as that described in 

chapter 2 in the section 2.2.2.1.  

3.2.2.2. Computational Studies 

DFT theoretical calculations for the ZnO NPs and the dye molecules are briefly 

discussed in Appendix 3. 

3.3. Results and Discussion 

3.3.2. Structural Characterization of Azoquinolines 

Elemental analysis of 3ABBNHQ and 4ABBNHQ was carried out to confirm the purity and 

the observed CHN values match calculated values. 

calcd(%): C 65.30, H 4.08, N 14.28;  found (%): C 63.30, H 4.03, N 14.25 

calcd(%): C 65.30, H 4.08, N 14.28;  found (%): C 63.32, H 4.06, N 14.21 
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Structure of the dyes was confirmed by 1H NMR, 13C and DEPT (spectra given in Appendix 

4-Figures 3 and 4). 3ABBNHQ: 6.86 ppm (multiplet, -CH aromatic proton near to the 

hydroxyl group attached carbon of the quinoline ring), 7.11-7.29 ppm (multiplet, -CH 

aromatic protons attached to the imine substituted quinoline ring), 7.40-7.50 ppm 

(doublet, -CH aromatic proton attached to the hydroxyl substituted quinoline ring), 7.60-

7.90  ppm (multiplet, -CH aromatic protons connected to the azobenzene ring), 8.07-8.27  

ppm (doublet, -CH aromatic protons connected near to the –N=N and carboxyl  group 

substituted carbon of the benzene ring), 8.48 ppm  (singlet, aromatic proton in the benzene 

ring (between –C-N=N  and –C-COOH linkages)), 8.80-8.92 ppm (multiplet, -CH aromatic 

protons near to the quarternary carbon and imine group of the quinoline ring) and 9.28 

ppm (singlet, hydroxyl proton of carboxylic acid azobenzene ring).  

3ABBNHQ: 1H NMR (500MHz, CDCl3) δ ppm:  

6.86 (1H, m), 7.11-7.29 (1H, m), 7.32-7.34 (1H, m), 7.40-7.50 (1H, d, J =4.2 Hz), 7.60-7.90 

(1H, m), 8.07-8.27 (2H, d, J = 7.8 Hz), 8.48 (1H, s), 8.80-8.92 (1H, m), 9.28 (1H, s)   

13C (125MHz, CDCl3) δ ppm :  

168.28, 152.68, 148.92, 147.65, 145.75, 137.68, 13742, 131.84, 129.13, 128.02, 123.17, 

121.89, 119.10, 118.05, 116.26, 111.75 

 A similar spectrum is obtained for 4ABBNHQ and the peaks are assigned as follows: 6.70 

ppm (-CH aromatic proton near to the hydroxyl group in the quinoline ring), 7.35-  7.49  

ppm (imine substituted quinoline ring), 7.64-7.69 ppm ( hydroxyl substituted quinoline 

ring), 7.85-7.98  ppm (protons attached near to the –C-N=N linkage of azobenzene ring)  

8.00- 8.10 ppm (-CH attached to  –C-COOH linkage of azobenzene ring), 8.93 ppm (near to 

the quaternary carbon of  the quinoline ring), 9.00 ppm (near to the imine group in the 

quinoline ring)  and 9.46 ppm (carboxylic hydroxyl proton).  

4ABBNHQ: 1H NMR (500MHz, DMSO-d6) δ ppm:  

6.70 (1H, m), 7.35-7.49 (1H, m), 7.64-7.69 (1H, m), 7.85-7.98 (2H, m), 8.00-8.10 (2H, m), 

8.93 (1H, m), 9.00 (1H, m), 9.46 (1H, s)   

13C (125MHz, DMSO-d6) δ ppm:  

166.14, 147.52, 145.66, 143.88, 142.42, 129.68, 129.09, 128.83, 120.41, 119.11, 116.88, 

114.39, 113.58 
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In IR spectrum of 3ABBNHQ, the aromatic C-H stretching appears at 3079 cm-1 and the 

band for C=C stretching vibration is assigned at 1597 cm-1. A broad band was observed in 

the region between 3436 and 3430 cm-1 due to asymmetric and symmetric O-H stretching 

modes. The C=N stretching vibrations appear at the region of 1640 cm-1. The weak broad 

peak at 3743 cm-1 is designated to O-H stretching. The band at 1718 cm-1 is assigned to the 

C=O stretching vibration present in carboxylic acids. The peak at 1476 cm-1 is attributed to 

O-H plane bending. The vibrations appearing at 1469, 1322 and 1314 cm-1 correspond to 

the N=N, C-N and C-O stretching vibrations. The sharp bands at 1220 and 1014 cm-1 are 

observed with alcohol C-O stretching. The aromatic C-H plane bending appears at 1126 cm-

1. A strong absorption peak at 885 cm-1 is ascribed to the C-H bending of phenyl ring and C-

H out of plane bending to 766 cm-1. 

For 4ABBNHQ also a similar pattern is observed with bands assigned at 1640 cm-1 and 

1714 cm-1 attributed to the C=N and  carboxylic C=O stretching vibrations respectively. The 

absorption band at 1495 cm-1 is assigned to O-H plane bending. The vibrational bands at 

1410, 1320 and 1300 cm-1 correspond to the N=N, C-N and C-O stretching vibrations. 

Alcoholic C-O stretching is observed as sharp bands at 1223 and 1005 cm-1. The aromatic C-

H plane and C-H plane of phenyl ring bending vibrations appear at 1119 cm-1 and 881 cm-1. 

The C-H out of plane bending vibrational band occurs at 765 cm-1 (Figure 3.1). 

 

Figure 3.1. IR spectrum of 3ABBNHQ (left) and 4ABBNHQ (right). 
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The most intense Raman fundamentals of 3ABBNHQ appear at 430, 705, 1652, 1695, 1763 

cm-1 followed by a few weak modes at 489,603, 1256, 1382 cm-1. In 4ABBNHQ, 427, 595, 

710, 1257, 1384, 1653, 1702 and 1774 cm-1 are intense Raman bands and 489 and 1114 

cm-1 are weak Raman modes (Figure 3.2). 

 

Figure 3.2. Raman spectrum of 3ABBNHQ (left) and 4ABBN8HQ (right). 

3.3.3. Photophysical Characterization of Azoquinolines 

The absorption spectra of 3ABBNHQ and 4ABBNHQ show typical features of azoquinolines 

with two prominent peaks, one in UV region and the other in the visible region. The 

characteristic absorption bands of 3ABBNHQ are observed at 320 and 405 nm with a broad 

peak at ~475 nm and for 4ABBNHQ, the spectral bands are at 320, 420 and 500 nm (Figure 

3.3).  

It is to be noted that the absorption peak in the visible region is less intense in para- 

analogue compared to meta analogue which may be due to difference in tautomer 

concentrations as explained in Scheme 3,2. Both  azo and hydrazone tautomeric forms are 

possible in azoquinoline benzoic acid (Figure 3.4). Consequence of this is the existence of 

facile electron transfer pathways between the chromophoric N=N group and the chelating 

hydroxyimino group in the azoquinoline dye. Normally in substituted azo compounds, the 

azo form is more predominant than the hydrazone form as we move from polar to non-

polar solvents. These two tautomers are manifested in the absorption spectra as the UV 
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and visible bands respectively. In 3ABBNHQ, it is noticed that the absorption band intensity 

of the hydrazone form (~ 400 nm) is visible only in polar solvents. This suggests that the 

dye exists in azo and hydrazone forms in polar solvents. However, in 4ABBNHQ the 

spectral profile is constant with the change in solvent polarity and the intensity of visible 

region peak is less, indicating its existence as azo form rather than the hydrazone form 

(Figure 3.4) [9-11].  

 

Figure 3.3. UV-vis spectrum of 3ABBNHQ (left) and 4ABBNHQ (right). 

Scheme 3.2. Resonance structures of azoquinolines (3ABBNHQ and 4ABBNHQ) 
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Figure 3.4. UV-vis spectrum of 3ABBNHQ (left) and 4ABBNHQ (right) in ethanol(black) 

and acetonitrile (red) : polar and DCM (blue) and toluene (cyan) :non-polar solvents.  

Both compounds are found to have highly intense emission peaks in the far UV or blue 

region. The excitation spectra also indicate that the characteristic absorption peak is the 

one at UV region (S0       S1 at 350-400 nm) (Figure 3.5). The emission peak of meta- 

substituted dye is broader than that of 4ABBNHQ along with a substantial enhancement in 

Stoke’s shift (100 nm for 3ABBNHQ and 50 nm for 4ABBNHQ). Abnormal Stokes shift 

normally occurs when the molecule upon excitation loses some amount of absorbed energy 

as molecular collisions, excited state proton transfer, intramolecular charge transfer 

between the azo and hydrazone tautomeric forms (part of the molecule acts as a donor 

which absorbs light and the other part of the molecule acts as an acceptor which emits 

light), change in dipole moment in polar environments and thermal energy. An 

intramolecular charge transfer to the excited state hydrazone form is possible in case of 

3ABBNHQ since hydrazone tautomer also is observed. The excited azo state right after the 

excitation can undergo relaxation in the presence of the solvent cage around it and this 

leads to a red shift in the emission. Usually this will show up as a Stokes shift that increases 

with the solvent polarity which is highly reflected in the absorption spectra of 3ABBNHQ 

compared to 4ABBNHQ.  Hence, it can be envisaged that more efficient electron transfer 

occurs in para-substituted dye without much loss due to alternative pathways. 
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Figure 3.5. Emission (black) and excitation (blue) spectra of (left) 3ABBNHQ (λexc=320 

nm and λems=420 nm) and (right) 4ABBNHQ (λexc=320 nm and λems=370 nm). 

3.3.4. Structural Characterization of ZnO-azoquinoline composites  

Powder X-ray diffraction patterns show that the parent wurtzite phase of ZnO NPs is not 

distorted in the case of ZnO-3ABBNHQ and ZnO-4ABBNHQ composites during the surface 

grafting (Figure 3.6).  

 

Figure 3.6. XRD patterns of ZnO-3ABBNHQ (black) and ZnO-4ABBNHQ (red) composites.  

From zeta potential measurements, surface charges of the composites were found to be -26 

and -30 mV for 3ABBNHQ and 4ABBNHQ respectively when compared to 4 mV for naked 
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ZnO. TEM images of the surface modified ZnO NPs were found to be well separated from 

each other with particle size of 3.5±1.5 nm and the corresponding histogram is also shown 

as an inset along with the TEM images (Figure 3.7).  From these observations, it is clear that 

the grafting has stabilised the ZnO NPs against agglomeration and solution ripening. 

 

Figure 3.7. TEM images of  ZnO-3ABBNHQ (left) and ZnO-4ABBNHQ (right) composites 

with the corresponding histograms as inset. 

FTIR spectroscopic studies unambiguously support anchoring of the dyes (3ABBNHQ  and 

4ABBNHQ) to ZnO through both carboxylic group as well as imine and hydroxyl group 

(Figure 3.8). IR spectra of the grafted ZnONP with the 3ABBNHQ ligand shift the intense –

C=O stretching vibrational frequency of the carboxylic moiety from 1718 to 1605 cm- 1. The 

band near 1640 cm-1 for C=N group in the case of dye is shifted to lower frequency 1550 

cm-1 in the spectra of composites. Also, the same behavior is observed for νC-N band; 1322 

cm-1 for dye is red shifted to 1305 cm-1 in the composite. Both N=N(azo) stretch (1469 to 

1399 cm-1) and C-O(carboxylic) stretch (1314 to 1304 cm-1)) also undergo change in 

frequencies. The analysis also shows characteristic bands at 1572, 1118 and 977 cm-1 

which are attributed to the vibrations of ZnO with slight shift in values as 1547, 1167, and 

904 cm-1 for the composite. The absence of a broad characteristic peak in the region 

between 3436 and 3430 cm-1 corresponding to the O-H stretching vibration confirmed the 

ZnO-O bond was formed. Similar variations were observed with 4ABBNHQ also, when it 
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gets grafted with ZnO. The intense –C=O stretching vibrational frequency of the carboxylic 

moiety shifts from 1714 cm-1 in 4ABBNHQ to 1611cm-1 on grafting. The bands near 1640 

cm-1 and 1320 cm-1  corresponding to C=N and C-N group attached to the quinoline ring in 

the dye molecule are also shifted to lower frequency 1533 cm-1 and 1309 cm-1  in the 

spectra of ZnO-dye composites. Equally, N=N (azo) stretch (1495 to 1363 cm-1) and C-O 

(carboxylic) stretch (1300 to 1230 cm-1) also undergo a change in frequencies on grafting. 

The broad characteristic peak of hydroxyl group between 2956 and 2033 cm-1 vanishes 

due to the formation of ZnO-O bond in the case of composites. So, we can conclude from the 

IR spectrum that the ZnO has been coordinated to both the carboxylic as well as the 

quinoline entities in both the ligands (Figure 3.8). 

 

Figure 3.8. FT-IR spectrum of (a) 3ABBNHQ (black) and ZnO-3ABBNHQ composite (red), 

(b) full-scale spectra of ZnO (black), 3ABBNHQ (red) and ZnO-3ABBNHQ composite 

(blue),(c) 4ABBNHQ (black) and ZnO-4ABBNHQ composite (red)  and (d) full-scale spectra 

of ZnO (black), 4ABBNHQ (red) and ZnO-4ABBNHQ composite (blue).  
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3.3.5. Photophysical characterizations of ZnO-3ABBNHQ and ZnO-4ABBNHQ 

composites 

On anchoring the dyes (3ABBNHQ or 4ABBNHQ) to ZnONP, substantial changes are 

observed in the absorption spectra and emission spectra in terms of peak intensities, even 

though basic characteristics of the composite spectra resemble the dyes rather than ZnO 

and no absorption feature (absorption edge at ~ 350 nm) of ZnO is seen in the composite 

(Figure 3.9). The photophysical experiments were carried out for molecules and 

composites (9.04 x 10-4 M and 1.69 x10-3 + 9.04 x 10-4 M respectively) at room 

temperature. 

 

Figure 3.9. UV-vis spectrum of (a) ZnO3ABBNHQ, (b) emission  (black) and excitation 

(blue) spectra of ZnO3ABBNHQ (λexc=330 nm and λems=410 nm), UV-vis spectrum of (c) 

ZnO4ABBNHQ and (d) emission (black) and excitation (blue) spectra of  ZnO4ABBNHQ 

(λexc=340 nm and λems=380 nm). 
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The 320 and 405 nm absorption bands of the 3ABBNHQ have been shifted to 330 and 420 

nm whereas in 4ABBNHQ, 320 and 420 nm spectral bands shifted to 340 and 442 nm. 

Substantial enhancement of the visible absorption is observed for both the composites 

when compared to the corresponding pristine dyes.  It is already observed that 4ABBNHQ 

has less intense visible absorption peak (UV peak intensity:visible peak intensity =1:0.1) 

when compared to 3ABBNHQ (UV peak intensity:visible peak intensity =1:0.4). However, 

on anchoring to ZnO, absorption in visible region increases 5 fold in case of 4ABBNHQ 

while that of 3ABBNHQ only doubled.  It can also be observed that anchoring of 4ABBNHQ 

on ZnO has rendered a composite with very broad absorptions ranging from UV (300 nm) 

to visible region (700 nm). The composites are anticipated to have electron transfer 

characteristics which can be discerned from the emission spectra. Interestingly, defect 

green emission of ZnO is completely suppressed unlike in case of azonaphthols. The 

intensity of the characteristic dye emission peak seen in the composite increases drastically 

which indicates an electron transfer from ZnO to dye under UV light in both the cases. The 

absence of any observable enhancement in band gap emission of ZnO, which is expected at 

~ 360 nm, also corroborates this observation. The excitation spectra of the composites are 

shown in Figure 3.9. No change in Stokes shift was observed in the composites when 

compared to pristine dyes, indicating that the dye characteristics remain the same in the 

composites.  

 For lifetime measurements, decay curves were obtained by the time-correlated single-

photon counting (TCSPC) technique using a HORIBA Jobin Yvon Nano-LED source with 

wavelength 320 nm. Decay measurements were carried out at emission wavelengths of 420 

(3ABBNHQ), 410 (ZnO-3ABBNHQ), 370 (4ABBNHQ) and 380 nm (ZnO-4ABBNHQ). These 

experiments were carried out for ZnO NPs (1.69 x10-3 M), 3ABBNHQ (9.04 x 10-4 M), ZnO-

3ABBNHQ composite (1.69 x10-3 + 9.04 x 10-4 M), 4ABBNHQ (9.04 x 10-4 M) and ZnO-

4ABBNHQ composite (1.69 x10-3 M, 9.04 x 10-4 M and 1.69 x10-3 + 9.04 x 10-4 M) at room 

temperature. In both the systems, analysis of the lifetimes of the dye and the composite 

reveals a marginal increase in lifetime of the dye emission on anchoring (Tables 3.1). ZnO 

exciton and defect emission decay profiles exhibit a triexponential fit suggesting that as 

particle size decreases, there is a possibility of emergence of multiple donor and acceptor 
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sites.  However, the decay profiles of characteristic emission peak of ~ 400 nm seen in both 

dye molecules and the composites could be deconvoluted on a bi-exponential fit, which 

evidences that the composite has more of dye features than that of the ZnO. This behaviour 

is very different from the azonaphthol-ZnO composite in which electron transfer is 

observed from the dye to the ZnO defect sites inducing a stabilising effect also observed in 

defect emission lifetime. On the contrary, in the present dye systems, defect sites are 

completely suppressed and it can be assumed that electron transfer occurs between the 

dye and the conduction band of ZnO. Since the defect emission is fully suppressed, we did 

not proceed further with analysis in the visible region. From the steady state studies, it was 

observed that the emission intensity increased in case of the composites when compared to 

that of the dyes which is clearly reflected in the increment in average lifetime of the 

composite (Figure 3.10).  

Table 3.1. Lifetime parameters of 3ABBNHQ dye, ZnO-3ABBNHQ Composite, 

4ABBNHQ  dye and ZnO-4ABBNHQ composite. 

 

System Experimental 

Setup 

Lifetime (ns) 

 

1(a1) 

 

2(a2) 

 

<> 

 

 

3ABBNHQ 

 

ex=320 nm 

em=420 nm 

0.21 

(0.55) 

11.1 

(0.45) 

5.08  

ZnO-

3ABBNHQ 

ex=320nm 

em=410 nm 

1.98 

(0.38) 

11.7 

(0.62) 

8  

4ABBNHQ ex=320nm 

em=370nm 

0.17 

(0.94) 

0.75 

(0.06) 

0.21  

ZnO-

4ABBNHQ 

 

ex=320nm 

em=380nm 

0.32 

(0.99) 

4.9 

(0.01) 

0.36  
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Figure 3.10 . The emission decay profiles on excitation at 320 nm of  (a) 3ABBNHQ and (b) 

ZnO-3ABBNHQ Composites, (c) 4ABBNHQ and (d) ZnO-4ABBNHQ Composite.  Instrument 

response function in black, decay profile in red and experimental fit in blue. 

The oxidation–reduction and the electron transfer properties of the samples were also 

investigated by cyclic voltammetry (Figure 3.11). An electron transfer mechanism at play is 

very well observed by electrochemical studies of the composite in comparison with 

pristine dye and ZnO.  The onset potential and current are found to be considerably 

enhanced on grafting when compared to ZnO and dyes [ZnO (0.0075 mA at the onset 

potential of 1 V), 3ABBNHQ ( 0.0069 mA at onset potential of 0.75 V) and ZnO-3ABBNHQ  

Composite ( 0.014 mA at onset potential of 1.31 V)], 4ABBNHQ (0.0079 mA at onset 

potential of 0.94 V) and ZnO-4ABBNHQ Composite (0.0103 mA at onset potential of 1.34 V). 

LSV measurements were conducted at a scan rate of 10 mV/s and . The photocurrent 

response was found to be enhanced in the case of composite under illumination compared 
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to dark. This clearly shows that electron transfer is happening in the composite due to the 

presence of acceptor levels necessary for the crucial electron transport. This enhancement 

in the photocurrent under illumination (200W tungsten lamp) shows a light induced 

electron transfer. The effect of the electron transport at the interfaces on the ZnO-dye 

composites under 200W tungsten lamp can be investigated by electrochemical impedance 

spectroscopy (EIS). The Nyquist plots suggest that the composite under light has the fastest 

electron transfer because of low resistance. The resistance was also found to be less under 

illumination (1470 Ω for ZnO-3ABBN and 1440 Ω for ZnO-4ABBN) compared to the dark 

condition (1495 Ω for ZnO-3ABBN and 1460 Ω for ZnO-4ABBN). This clearly explains that 

the composite is highly conducting and faster electron transporter under illumination. 

Photocurrent response of the composite measured by linear sweep voltammetry (LSV) (by 

scanning in a potential window of -0.5 to 1.7 V) and Impedance analysis under irradiation 

and in dark is given in Figures 3.12 and 3.13). From both the techniques, we observe a 

marked enhancement in conductivity under irradiation indicating charge transfer 

phenomenon between ZnO and dyes. Current increment is not observed in pristine ZnO 

NPs and dye on illumination [12-14].  

 

Figure 3.11. Current−voltage profile for photoelectrochemical cells employing (left) ZnO 

(black), 3ABBNHQ (blue) and ZnO-3ABBNHQ composite (red) and (right) ZnO (black), 

4ABBNHQ (blue) and ZnO-4ABBNHQ composite (red) by cyclic voltammetry at a scan rate 

of 50 mv/s.  Supporting electrolyte was LiClO4 in acetonitrile. 
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Figures 3.12. LSV profile for photoelectrochemical cells  employing  (left) ZnO-3ABBNHQ 

composites(10 mv/s) upon  turning  on (red) and off (blue) 200W tungsten lamp by cyclic 

voltammetry and Electrochemical Impedance employing (right) ZnO-3ABBNHQ composites 

upon turning on (red) and off (blue) 200W tungsten lamp . 

(c) (d)
 

Figures 3.13. LSV profile for photoelectrochemical cells  employing  (left) ZnO-4ABBNHQ 

composites(10 mv/s) upon  turning  on (red) and off (blue) 200W tungsten lamp by cyclic 

voltammetry and Electrochemical Impedance employing (right) ZnO-4ABBNHQ composites 

upon turning on (red) and off (blue) 200W tungsten lamp . 

3.3.6. Computational Studies 

The electron transfer possibilities in the composite was studied by the interactions of the 

dye molecules with ZnO(101
-

0).  In case of 3ABBNHQ, two configurations were considered 

where the dye binds to the ZnO surface through the –COOH group and through the 



ZnO-azoquinoline Composites Chapter 3 
 

 Ph.D. Thesis: AcSIR                                                                                                                       95  

 

hydroxyl-imine group separately, since structurally connecting a single molecule to two 

ZnO surfaces was not feasible, However, for 4ABBNHQ this could be achieved and the 

computational details are more or less same for both composites (Appendix  4) .  

 Figures 3.14 and 3.16 show the density of states (DOS) and the wavefunctions of the 

frontier orbitals of the model composite with 3ABBNHQ and 4ABBNHQ. The electronic 

states plotted in the DOS are aligned with respect to the energy of vacuum that has been set 

to zero. Upon modifying the surface of the ZnO nanoparticles with dyes, the effective band 

gap of the interface is reduced to 1.30 eV from 3.25 eV for the clean slab making the 

composite visible light absorbing.  

The contributions to the total DOS from the ZnO slab and the 3ABBNHQ dye are shown 

with red circles and blue squares respectively. The calculations show that the valence band 

maximum (VBM) of the interface is localized on the 3ABBNHQ dye molecule (Figures 

3.14(b) and (c)) and the conduction band minimum (CBM) is localized on the slab (Figure 

3.14(d)). Additionally, the wavefunction of the CBM has a weight on the O atoms of the 

3ABBNHQ dye through which it binds to the ZnO slab indicating that there is a possibility of 

fast electron transfer from the 3ABBNHQ to the ZnO. Alignment of ZnO and 3ABBNHQ 

bands with each other is an important factor for facile charge transfer. From the DOS of –

COOH anchoring mode of the composite, it is clear that the wavefunction corresponding to 

the CBM+5 (marked by (e) in Figure 3.14(a)) of the composite has considerable weight on 

ZnO as well as on the 3ABBNHQ dye denoting that there is strong coupling between the 

electronic states of the 3ABBNHQ and ZnO. Moreover this state is about 1.29 eV above the 

CBM of ZnO suggesting a strong driving force for electron injection. Hence we envisage that 

this novel electronic state might enable direct electron transfer from the 3ABBNHQ to ZnO 

upon visible light absorption. We rule out an indirect electron transfer mechanism 

(excitation within the 3ABBNHQ dye molecule followed by electron injection to ZnO) 

because for this an electron from VBM or VBM-1 (corresponding to the occupied frontier 

orbitals of the 3ABBNHQ dye) of the composite is first excited to CBM+1 (corresponding to 

the frontier unoccupied dye orbitals). This excited electron will then be injected to ZnO. 

However, the latter step depends on the driving force of electron injection and the coupling 

between the ZnO and the dye states. In this composite, though there is a driving force of 
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about 0.41 eV, the electron transfer density will be negligible due to absence of coupling 

between the dye and ZnO.  

On quinoline anchoring, both LUMO and LUMO+1 have ZnO contributions and the 

possible scenario of transitions could be an excitation from LUMO of dye (C) to HOMO of 

dye (F) and transfer to ZnO surface (CBM+1) whose band position is aligned well (Figure 

3.15).  Here also, this band position is aligned to the H2O reduction and H2 generation. 

However, band position of CB of ZnO at energy lower than the water reduction potential 

may preclude H2 generation under UV light in this mode of anchoring. It is interesting to 

note that in both modes of anchoring, the ZnO bands acting as acceptor of the excited 

electron from the dye lie on the surface indicating the existence of catalytic sites on the 

ZnO-dye interface [15-30]. 

 

 

 

 

 

 

 

 

 

Figure 3.14. (A) DOS of the (-COOH anchoring) ZnO-3ABBNHQ dye. Dot-dashed violet and 

magenta vertical dashed lines mark the VBM and CBM respectively. The dashed  brown and 

green lines mark the OP and RP.  The wave functions corresponding to (B) VBM-1 (C) VBM, 

(D) CBM and (E) CBM+1 respectively. 
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Figure 3.15. DOS of the (quinol anchoring) ZnO-3ABBNHQ dye. Dot-dashed violet and 

magenta vertical dashed lines mark the VBM and CBM respectively. The dashed  brown and 

green lines mark the OP and RP.The wave functions corresponding to (B) VBM-1 (C) VBM, 

(D) CBM and (E) CBM+1 respectively. 

Similar computational pattern is observed in the case of ZnO-4ABBNHQ composite except a 

dual anchoring configuration (Figure 3.16). The  calculations shows that -COOH of dye 

binds on two Zn atoms and quinolinic N and -OH moieties with opposite side of Zn atoms as 

shown in (Figure 3.16). The newly formed Zn-O bond lengths are about 1.92 Å and 1.96 Å 

for -COOH chelating group and the newly formed Zn-O and Zn-N bond lengths are 1.92 and 

2.23 Å with hydroxylamine functional group. The calculations show that the valence band 

maximum (VBM) of the interface is localized on the 4ABBNHQ molecule (HOMO) and the 

conduction band minimum (CBM) is localized on the slab (LUMO). Additionally, there is a 

weight of the wavefunction on the O and N atoms of 4ABBNHQ through which it binds to 

the ZnO slab, indicating that there is a possibility of fast electron transfer from the dye to 

the ZnO due to the dual anchoring model. Our hypothesis, though based on ground state 

band alignment, is supported by the photophysical experimental results where we have 
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observed well-defined peaks with enhanced intensities in the visible region of the 

spectrum of both the composites. The two different electron injection mechanisms are 

shown in Figure 3.17. 

For the composite to be a good photocatalyst for water splitting, the reduction and 

oxidation potentials of water should align appropriately with the bands of the composite. 

The absolute values of the oxidation and reduction potentials are -5.73 eV and -4.5 eV, 

respectively. Thus, band position of ZnO surface is conducive for H2 generation. Therefore, 

in addition to excitation of the dye in the visible region, ZnO excitation in UV light with 

electron pumping to CB can also favour H2 generation.  

  

 

Figure 3.16.   (a) Total and projected DOS for the dual anchoring configuration of the 

4ABBNHQ dye on ZnO. Dot-dashed violet and magenta vertical dashed lines denote the 

valence band maxima (VBM) and the conduction band minima (CBM) respectively of the 

composite. The isosurfaces corresponding to (b) VBM-1, (c) VBM, (d) CBM, and (e) 

CBM+2.The green arrow highlights the coupling of the 4ABBNHQ dye empty state with 

ZnO. 
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Figure 3.17. Alignment of the electronic states of ZnO and the dye molecule in the 

composite and schematic representation of the different possible electron transfer 

mechanisms due to absorption in the visible region (indirect, 1+2 and direct, 3). The 

energies (in eV) corresponding to the driving forces for electron injection are given in 

violet. 

3.3.7. Photocatalytic testing of ZnO-3ABBNHQ and ZnO-4ABBNHQ Composites 

A simple stability test by irradiating with visible light for long durations (8 h) indicated that 

ZnO-3ABBNHQ composite is stable and does not degrade as observed in case of ZnO-

azonaphthol composites (Figure 3.18). This may be attributed to the multimodal anchoring 

and multiple electron flow pathways consequent to desirable resonance structures. 

The photocatalytic water splitting activity for both the composites are tested under 

different irradiation sources (UV,visible and direct sunlight) for 8 h (Figure 3.19) in steady 

state conditions by head space analysis [31]. H2 evolution increases steadily initially and 

reaches saturation at 6-8 h, which is expected in a gas closed vessel as employed here. The 

activity of ZnO-4ABBNHQ is ~60% more than that of ZnO-3ABBNHQ. As observed earlier, 
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alternative electron/energy transfer pathways like excited state charge transfer or collision 

etc. evidenced by broad emission peaks exists in 3ABBNHQ when compared to 4ABBNHQ. 

This may lead to a decrease in available electrons for reduction on ZnO/dye interface 

thereby reducing the activity. After 8 h, the light source was shut down, reactor purged 

with N2 and irradiated again. This experiment was repeated 3 times (Figure 3.19) and the 

catalysts were found to be highly stable during this cycling exposure as well as regained the 

initial H2 evolution rate after each purging. The higher photocatalytic water splitting 

activity under UV irradiation source may be due to the electron transfer from ZnO to the 

dye, a possibility which is also supported by the increase in intensity of the emission peak 

in the composites when compared to dyes. The catalytic sites could be ZnO-dye interface 

since pristine ZnO does not show comparative water splitting activity. But a counter 

increase in the visible light water splitting activity can be explained only by the enhanced 

visible light absorption in the composite and consequent electron transfer from the dye to 

the ZnO, which is very well clear from the computational studies. Solar radiation (direct 

sunlight), which is a combination of UV, visible and IR imparts an elevation in the water 

splitting activity to the composite. So these ZnO-dye composites seem to incorporate 

desirable features spanning UV to visible region.  

 

Figure 3.18.  UV-vis absorption spectra of  ZnO-3ABBNHQ after irradiating with visible 

light.  
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Figure 3.19. Evaluation of photocatalytic activity for H2 generation under UV (black),    

 visible (red) and solar (blue) at various irradiation time (0 - 8 h) (a) ZnO-3ABBNHQ 

Composite and (c) ZnO-4ABBNHQ Composite and H2 evolution under  visible light 

irradiation on repeated purging of the headspace (b) ZnO-3ABBNHQ Composite and (d) 

ZnO-4ABBNHQ Composite. 

 

To see the effect of sacrificial reagent, water splitting experiments were carried out in 

different concentrations of methanol for both the composites and a corresponding increase 

in the H2 evolution was observed as expected. However, a saturation yield for H2 evolution 

was reached after 35 v/v% and further increase in methanol concentration did not affect 

the yield substantially (Figure 3.19). 
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Figure 3.20. Evaluation of photocatalytic activity for H2 generation under visible 

irradiation for 4 h from water-methanol mixtures with varying amounts of methanol in 

(left) ZnO-3ABBNHQ Composite and (right) ZnO-4ABBNHQ Composite (2,5,8, 11, 15 and 20 

ml). 

3.4. CONCLUSIONS  

Semiconductor catalysed photocatalytic water splitting can reach its potential with 

appropriate design of visible light sensitisers. In this study, we have used two dye 

molecules capable of multimodal anchoring.  Meta substituted azonaphthol benzoic acid 

which is a nonconjugate system grafted on to ZnO through carboxylate group, is found to 

degrade under visible light irradiation due to charge accumulation. However on replacing 

naphthol with hydroxyquinoline presents a dye structure which can anchor to ZnO through 

dual site grafting via carboxylate and hydroxyl imine groups. This also alters the resonance 

structure of the dye making electron transfer between ZnO and dye possible. The 

photophysical characteristics of the dyes manifest in the composite with ZnO absorption 

and emission features conspicuously absent. An enhancement in visible light absorption in 

the composite, affected by the dye grafting is translated as visible light photocatalytic 

activity due to charge transfer from dye to ZnO. It is also found that on excitation in UV 

light, the emission of the composite increases which indicates an electron transfer from 

ZnO to dyes. Comparable water splitting activity in UV light may point to catalytically active 

sites in ZnO-dye interface. Computational studies on the electronic structure of the dye and 

the composite also support such a charge transfer. Visible light excitation of the dye and 
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subsequent electron transfer to ZnO surface, as depicted by the calculations, makes the 

composite visible light active for H2 generation in carboxylic acid anchoring. An UV light 

excitation of ZnO, however, is energetically feasible for H2 generation only in case of 

quinoline anchoring in the case oof ZnO-3ABBNHQ Composite. Presence of desired catalytic 

sites on the ZnO-dye interface can thus be envisaged which makes such composites 

potential candidates as water splitting catalysts amenable for designing and further 

improvement. 

We propose a model in which two types of electron transfer occurs depending on the 

excitation energy. 

1. Under UV irradiation, electrons of both ZnO (VB to CB) and dye (pi-pi*) are excited, 

but the catalytically active sites exist on the ZnO surface. Pristine ZnO is not 

catalytically active even under UV irradiation. This is because of faster 

recombination compared to surface reaction (water reduction). We also observe 

green defect emission in pristine ZnO which is completely suppressed in ZnO-dye 

composite thereby blocking the recombination pathway. Hence even though an 

electron transfer occurs from ZnO to dye, as proven from the increase in intensity of 

the UV emission in the composite, there is enough electrons on ZnO surface to 

catalyse water reduction. 

2. Under visible light irradiation, it is more straightforward; only dye is excited (n/pi-

pi*) and electron transfer occurs from the dye to ZnO. ZnO surface catalyses water 

reduction.     

3. The highly efficient photocatalytic activity of ZnO-dye composite is due to the 

following reasons: (i) efficient photon absorption, (ii) resourceful generation of 

excited charge carriers instead of heat, (iii) effective separation of charge carriers 

and fast reduction of protons to H2 by ZnO-dye composite system and (iv) efficient 

adsorption of reactants involved for charge carrier utilization and desorption of 

products.      
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Chapter 4 

Synthesis, Characterization and Photocatalytic 

Water Splitting Activity of   ZnO- Perylene bisimide 

Composites 
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4.1. Introduction 

Realistic design of semiconducting π -electronic molecules for functionalisation of ZnO 

nanoparticles capable of charge and electron transport is vital for the accomplishment of 

outstanding photocatalytic water splitting activity. Perylene compounds are among the 

most important class of organic n-type semiconducting materials because of their terrific 

photochemical and opto-electronic properties. As metal-free dyes, perylene derivatives 

have been widely applied in various optical devices owing to their excellent chemical, 

thermal and photochemical stability. In addition, they are widely used as dyes, pigments, 

fluorescent solar collectors, luminescent materials, and molecular switches due to their low 

band gap, high photoluminescence quantum yield and excellent electron transportation 

property.  

Perylenes are polycyclic aromatic hydrocarbons with a formula C20H12. The perylene core 

has twelve functionalizable positions–the 3,4,9,10 positions, which are known as the peri-; 

the 1,6,7,12, known as the bay-; and the 2,5,8,11 known as the ortho-positions. Perylene 

based systems with different chemical and physical properties have been obtained by 

incorporating substituents, most often in the bay positions. Such substituted systems can 

tune the HOMO and LUMO energies and thereby the absorption properties of the molecule. 

Perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) is used as the mother 

compound for various perylene substituted systems, particularly perylene-3,4,9,10-

tetracarboxylic acid diimides (PDIs). PDI modified with carboxylic acids are versatile and 

very reactive compounds that can accept a wide number of functionalities. Another 

important substituted class is perylene bisimide (PBI) dyes with excellent optical and 

electronic properties. The PBI chromophores can create supramolecular assemblies by 

metal ion–ligand coordination, hydrogen bonding and ionic interactions and can be 

successfully incorporated in conventional covalent polymers and block copolymers. 

Perylene and its derivatives are known for their self-aggregation properties due to π-π 

stacking, but aggregation and solubility can be in general controlled by suitable 

modifications/functionalisation outside the core.  Solubility can be specifically tuned by 

synthesizing PDIs with different substituents in the imide position. By introducing polar 

groups in the imide position, water-soluble perylene derivatives can be obtained. 
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Aggregation can also be minimised by grafting it with semiconductor metal oxide 

nanostructures, disturbing the π-π stacking and enhancing electron injection and transfer. 

The nature of the anchoring groups (acid anhydride and carboxylic acid) and the electronic 

coupling between the perylene core and the semiconductor surface would affect the 

electron transfer properties greatly [1-30]. 

 

Figure 4.1.  Twelve functionalizable positions of perylene 

This chapter describes the synthesis of perylene derivative with carboxylate functionality 

which is suitable for the surface grafting of ZnO nanoparticles that will successfully 

increase the visible light activity of ZnO based photocatalysts. The bay functionalized 

perylene core, that is perylene-3,4,9,10-tetracarboxylic acid dianhydride (PTCDA) was 

coupled to 4-amino benzoic acid, which serves as an anchor group for the covalent 

anchoring to ZnO nanoparticles, thereby  enhancing the photostability and H2 generation of 

the composite. The resulting perylene-ZnO system was stable against aggregation and 

sedimentation and showed electronic communication between the chromophore and the 

semiconductor.  
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4.2. Experimental Section 

4.2.1. Synthesis  

4.2.1.1. (N,N’-Bis(p-carboxyl-phenylene)perylene-3,4:9,10perylenebisimide) 

[PTCDACOOH2] 

A mixture of 302 mg (0.77 mmol) 3,4 : 9, 10-perylene tetracarboxylic dianhydride, 30 g 

imidazole and 2 mL chloroform were stirred at 90C. Then 257 mg (1.87 mmol) p-

aminobenzoic acid was added. The mixture was refluxed at 130C with stirring for 24 h, 

followed by acidizing and filtering using G4 funnel filter. The precipitate was washed by 

excess water and extracted in anhydrous ethanol. The product was purifiied by column 

chromatography and desiccated in vacuo to yield pure N,N’- bis(p-carboxyl-phenylene) 

perylene-3,4 : 9,10-perylene bisimide (PTCDACOOH2) (Scheme 4.1). 

Scheme 4.1. Synthesis of PTCDACOOH2 

 

4.2.1.2. ZnO-Perylene composites  

Typically, KOH (56 mM, 75 mL) in methanol was refluxed at 60 °C for 30 min. In another 

reaction mixture, Zn(OAc)2.2H2O (56 mM, 25 mL)  in methanol was prepared  by stirring at 

room temperature. The dissolved solution of zinc acetate was then added drop wise 

through an addition funnel into the refluxing KOH solution maintained at 60 °C with 

vigorous stirring. The formation of ZnONPs started immediately and the solution becomes 

clear. N,N’- bis(p-carboxyl-phenylene) perylene-3,4 : 9,10-perylene bisimide (23 μmol) was 

added in-situ during the synthesis of ZnO to the alkaline zinc acetate solution (0.142 

mmoles. The solution was stirred in methanol at 25C  for 1 h. The product (ZnO-

PTCDACOOH2) was washed with methanol, centrifuged and collected. 

 



ZnO-Perylene Composites Chapter 4 
 

 Ph.D. Thesis: AcSIR                                                                                                                       111  

 

4.2.2. Instruments for Characterization 

The principles and instrumentation of all the techniques used throughout the work for 

structural and photophysical characterizations are briefly discussed in the Appendix 1. The 

details of the procedures used for PXRD, TEM, IR, Raman, UV-vis, Photoluminescence, 

Lifetime, NMR, Electrochemical measurements, Elemental analysis and Zeta potential are 

same as those described in chapter 3 in section 3.2.2.  The set up for photocatalytic activity 

measurement used was the same as that described in chapter 3 in the section 3.2.2.1.  

4.3. Results and Discussion 

4.3.1. Characterisation of N,N’- bis(p-carboxyl-phenylene) perylene-3,4 : 9,10-

perylene bisimide [PTCDACOOH2] 

Elemental analysis of PTCDACOOH2 was carried out to confirm the purity and the observed 

CHN values match the calculated values. 

calcd(%): C 72.38, H 2.88, N 4.44;  found (%): C 72.21, H 2.62, N 4.32. 

The structure of PTCDACOOH2 was confirmed by 1H NMR, 13C and DEPT (the spectra given 

in appendix 4-Figure-5). The broad singlet appearing at 9.93 ppm is the hydroxyl proton 

attached to the carboxylic moiety of the perylene ring.  The doublet at 8.03 and 7.92 ppm 

corresponds to the –CH aromatic protons of the perylene ring. The multiplets  at 7.74-7.57 

ppm and 7.49-7.29 ppm correspond to the –CH aromatic protons attached to the 

azobenezene ring.  

1H NMR (500MHz, DMSO-d6) δ ppm:  

9.93 (s., 1 H), 8.03-7.92 (m, 8H, perylene core), 7.74-7.57 (m, 4 H, aromatic ring), 7.49-7.29 

(m, 4 H, aromatic ring)  

13C (125MHz, DMSO-d6) δ ppm :  

172.15, 169.68, 161.33, 135.90, 133.95, 131.38, 130.48, 119.42, 117.31, 113.07 

 

A broad sharp band was observed in the region at 3411 cm-1 due to the symmetric O-H 

stretching modes. In the IR spectrum, the C-H bonds in the aromatic ring with maxima at 
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3236, 3040 and 2931 cm-1 respectively are registered. The band of valence vibrations of 

the C=O bond in the carboxyl group is observed at 1740 and 1675 cm-1.  The absorption  

bands with maxima at  1594 and 1498 cm-1 belong to the valence vibrations of the C=C 

bonds in the aromatic ring framework (Figure 4.2 ) [7].   

 

Figure 4.2. FT-IR spectrum of pure PTCDACOOH2 

The absorption spectra of the PTCDACOOH2 dye (9.04x10-4 M) show typical features of 

perylenes with two prominent peaks in the visible region. The bay substituents at 1,6,7 and 

12 positions in the perylene core (explained briefly in the chapter 4 introduction) tune the 

HOMO and LUMO energies and thereby the absorption and emission properties of the 

molecule. The UV-vis absorption spectra of PTCDA(COOH)2 have bands at 410,440, 470 

and a small shoulder around 520 nm (Figure 4.3). This shoulder peak is characteristic of 

perylene bisimide core fragments. Typical emissions at 490 and 525 nm was observed for 

PTCDA(COOH)2 at 410 and 440  nm excitation wavelengths (Figure 4.4). The excitation 

spectrum of the PTCDACOOH2 molecule is also given (Figure 4.4).  
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Figure 4.3. UV-vis spectrum of PTCDACOOH2 

 

 

Figure 4.4. Emission spectra of PTCDACOOH2 ,λexc=410(black) and 440 nm(red) and 

excitation spectra of PTCDACOOH2 ,λems=490(blue) and 525 nm (green). 

4.3.2. ZnO-PTCDACOOH2 Composites 

Powder X-ray diffraction patterns show that the parent wurtzite phase of ZnO NPs is not 

altered in the case of ZnO-3ABBN and ZnO-4ABBN composites during the surface 

modification (Figure 4.5). For the surface functionalized ZnO NPs with PTCDACOOH2, a 
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zeta potential of -26.1 mV was measured. Zeta potential values near to or above 30 mV are 

regarded as an indication for a stable dispersion. TEM images of grafted NPs also 

corroborate surface grafting, wherein the ZnO nanoparticles were found to be separated 

from each other with particle size of 4±2 nm. The corresponding histogram is also shown 

as an inset along with the TEM images (Figure 4.5).  

 

Figure 4.5. XRD patterns of  (left) ZnO-PTCDACOOH2 composite and TEM images ZnO-

PTCDACOOH2  (right) composite with the corresponding histograms as inset. 

Surface grafting of the organic moiety on ZnO was ascertained by IR spectroscopy by 

following the C=O, C=Cand aromatic -CH stretching frequencies (Figure 4.6). IR spectra of 

the ZnO-PTCDACOOH2 composites show substantial shifts in the aromatic –CH, C=C and –

CO stretching vibrational frequencies when compared to the pristine dye indicating 

successful grafting. The intense –CO stretching vibrational frequency of the carboxylic 

moiety is shifted from 1740 to 1550 cm- 1 in the composite. The band near 3042 cm-1 for 

aromatic -CH group is also shifted to lower frequency of 2905 cm-1 in the spectra of 

composites.  
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Figure 4.6. FT-IR spectrum of PTCDACOOH2 (black) and ZnO-PTCDACOOH2 composite 

(red)   

ZnO- PTCDACOOH2 (1.69 x10-3 M ZnO + 9.04 x 10-4 M PTCDACOOH2) have absorptions at 

360, 440 , 470 and 510 nm indicating visible light absorption capability (Figure 4.7). From 

the absorption studies, it is clear that the ZnO-PTCDACOOH2 composite shows combined 

features of both ZnO nanoparticles and PTCDACOOH2 reminiscent of the behaviour of 

azonaphthol composites (chapter 2). A slight red shift of the absorption bands is observed 

in the case of composite compared to pure dye (Δ=30 nm), probably due to grafting. 

Usually, in substituted perylenes, perylene core can act as the donor and the peri-

substituent group as acceptor; bathochromic shifts are observed on variations to this 

structure. Hence, it is possible that such a functionalisation along with anchoring on ZnO 

affect the red shift observed in the present case. Most interestingly, the absorption edge of 

ZnO observed in the composite shows a substantial shift from 3.2 eV to 3.02 eV (Figure 

4.7), implicating major surface structure reorganisation creating new band levels 

associated with ZnO. Emission characteristics of the composite show interesting deviations 

from pure dye and pure ZnO, mainly in terms of appearance of a new peak at 400 nm which 

is not observed in either dye or ZnO. This peak may correspond to the red shift in 

absorption edge seen in the composite. Figure 4.8 shows the emission spectra at different 

excitation wavelengths. On excitation at higher energy (for ZnO excitation), the newly 

appearing 400 nm emission is predominant whereas at lower energy (dye excitation), 

visible emission is more predominant.  However, a drastic reduction in emission intensity 
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is seen in the composite when compared to the pure dye which indicates a charge transfer 

from dye to ZnO, again similar to azonaphthol composites. This reduction in visible 

emission of the composite is observed at all excitation wavelengths (325, 410, 440 and 470 

nm based on the absorption bands of the composite) when compared to pure dye. This 

indicates that there is a charge/energy transfer from dye to ZnO in a broad irradiation 

range. We cannot unambiguously comment on the defect emission since dye emission 

peaks overlap with the defect emission peak region. An attempt at deconvoluting the peaks 

of dye molecule and composite was done on the emission spectrum collected at excitation 

wavelength of 410 nm, where the new emission at 400 nm is not expected (Figure 4.9). The 

deconvoluted fit of the dye molecule shows three peaks at 490, 518 and 566 nm. A perfect 

fit was obtained by deconvoluting the composite spectrum to four peaks at 485, 515, 546 

and 586 nm, indicating that there are traces of green emission in the composite which is 

substantially suppressed. The appearance of 400 nm emission may be the formation of a 

new complex. Along with this, reduction in the π- π stacking of the dye molecule may 

facilitate the electron transfer between the dye and the composite [2, 7].  

 
Figure 4.7. UV-vis spectrum (left) of ZnO-PTCDACOOH2(black) and PTCDACOOH2(red)  

and emission spectra (right) of ZnO-PTCDACOOH2(red) and PTCDACOOH2(black)  

PTCDACOOH2 , λexc=470 nm (right). 
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Figure 4.8. Emission spectra of ZnO-PTCDACOOH2 at all excitation wavelengths (left) and 

PTCDACOOH2 (black) and ZnO-PTCDACOOH2 (red) , λexc=325 nm (right). 

 

Figure 4.9. Deconvoluted emission spectra of PTCDACOOH2 (left) and ZnO-PTCDACOOH2 

(right) , λexc=410 nm. 

The fluorescence lifetime study for the system was undertaken by TCSPC (Time-correlated 

single photon counting) using a HORIBA Jobin Yvon Nano-LED source with wavelength 320 

and 390 nm. Decay measurements were carried out at emission wavelengths of 490, 515 

and 560 nm (PTCDACOOH2), 400, 490, 515, 560 and 580 nm (ZnO-PTCDACOOH2) and 500 

nm (ZnO NPs). These experiments were carried out for ZnO NPs (1.69 x10-3 M), 

PTCDACOOH2 (9.04 x 10-4 M) and ZnO-PTCDACOOH2 composite (1.69 x10-3 + 9.04 x 10-4 

M) at room temperature. The emission decay profiles are shown in Figures 4.10, 4.11, 4.12 

and the observations are tabulated in Table 4.1.  
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The decay curves are deconvoluted by numerical convolution technique and the delta pulse 

response is fitted to mono-exponential for PTCDACOOH2 dye and tri-exponential for ZnO. 

Decay curves of the composite attained better fit in bi-exponential indicating a dominance 

of dye features in the composite. Average lifetime of the composite is decreased when 

compared to that of the dye. From the steady state studies also, it was observed that the 

emission intensity is decreased in case of the composite when compared to that of the dye 

which is clearly reflected in the lifetime of the composite, proving a successful electron and 

charge transfer.  

Lifetime studies of pure ZnO NPs as presented in chapter 2 shows three components 1.08 

(92 %), 9.42 (7 %) and 47.7 (1 %) ns (as explained in chapter 2, this suggests that as 

particle size of ZnO decreases, there is a possibility of emergence of multiple donor and 

acceptor sites). Dye shows monoexponential fit with a single component at 4.7 ns. In case 

of composite, the 400 nm emission seems to be originating from a new species with 

lifetime of ~0.2 ns (98%) which is absent in ZnO as well as dye. 490 nm emission, however, 

originates from dye (~4.7 ns/48%) as well as the new species (~0.2 ns/52%). Rest of the 

emissions (515, 560 and 580 nm) of the composite shows a shorter lived new species at 

0.01-0.04 ns along with dye contribution. This unambiguously shows that the fluorescence 

phenomenon in the ZnO-perylene composites originates from a new species with 

substantial contribution in the visible region.  

       Tentatively, the mechanism of charge transfer can be hypothesised as follows: On dye 

grafting, a new acceptor level is formed within the band gap as shown by the red shifted 

emission at 400 nm. Its lower lifetime when compared to dye also corroborates this 

observation. This composite also shows broad UV-visible region absorption from 400 nm 

to 600 nm. We expect π-π* transitions occurring in the dye in visible light which maybe 

transferring charge to newly formed species, probably defect acceptor levels. 
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Table 4.1 Lifetime parameters of ZnO NPs, PTCDACOOH2 and ZnO-PTCDACOOH2 

composites. 

System Experimental 

Setup 

Lifetime (ns) 

 

1(a1) 

 

2(a2) 

 

<> 

 

PTCDACOOH2 

ex= 390 nm 

 

em=490 nm 

 

em=515 nm 

 

em=560 nm 

 

4.69 

(1.00) 

4.77 

(1.00) 

4.97 

(1.00) 

 4.69 

 

4.77 

 

4.97 

 

ZnO-

PTCDACOOH2 

ex=390 nm 

 

em=490 nm 

 

em=515 nm 

 

em=560nm 

 

em=580 nm 

 

0.22 

(0.52) 

0.01 

(0.52) 

0.04 

(0.51) 

0.04 

(0.59) 

 4.78 

(0.48) 

4.6 

(0.48) 

5.36 

(0.49) 

4.80 

(0.41) 

2.41 

 

2.22 

 

2.81 

 

2.52 

 

ZnO-

PTCDACOOH2 

ex=320 nm 

 

em=400 nm 

 

 

 

0.27 

(0.98) 

 

1.77 

(0.02) 

 

 

0.30 

 

 

 
ZnO  

Defect Band 

ex=320nm 
 

 
em=500nm 

 
1.08 

 
(0.92) 

 
9.42 

 
(0.07) 

 
47.7 

 
(0.01) 
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(a) (b)

(c)

 

Figure 4.10 . The emission decay profiles on excitation at 390 nm of  PTCDACOOH2 (a) 490 

(b) 515 and (c) 560 nm. Instrument response function in black, decay profile in red and 

experimental fit in blue. 

(a) (b)

(c) (d)

 

Figure 4.11 . The emission decay profiles on excitation at 390 nm of  ZnOPTCDACOOH2 

Composite (a) 490 (b) 515 (c) 560 and 580 nm emission wavelengths. Instrument response 

function in black, decay profile in red and experimental fit in blue. 
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Figure 4.12. The emission decay profiles on excitation at 320 nm of ZnOPTCDACOOH2 

composite at 400 nm emission wavelength. Instrument response function in black, decay 

profile in red and experimental fit in blue. 

The redox and the electron transfer properties of the dye and the composite were also 

investigated by cyclic voltammetry (Figure 4.13).  

 

Figure 4.13. Current−voltage profile for photoelectrochemical cells employing ZnO (black), 

dye (blue) and ZnO-dye composite (red) by cyclic voltammetry at a scan rate of 50 mv/s.  

Supporting electrolyte was LiClO4 in acetonitrile. 
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The potential and current are found to be enhanced on grafting when compared to ZnO and 

PTCDACOOH2[ZnO (1V, 0.0075mA), PTCDACOOH2 (1.136V, 0.0143mA) and ZO-

PTCDACOOH2 (1.214V, 0.0178mA)]. To reveal the difference in the light induced electron 

transfer properties of ZnO NPs on grafting, cyclic voltammograms are observed in the 

presence and absence of visible light (200 W Tungsten lamp). A significant photocurrent 

rise is seen which introduces an electron transfer pathway in the case of ZnO-

PTCDACOOH2 composite under irradiation. Substantial enhancement in the photo current 

is also observed by linear sweep voltammetry (scanning in a potential window of -0.5 to 1.7 

V) suggesting a light induced electron transfer (Figure 4.14). The resistance was also found 

to be less under illumination (615 Ω) compared to the dark condition (670 Ω) for ZnO-

PTCDACOOH2 composite (Figure 4.14). 

  

Figure 4.13. LSV profile for photoelectrochemical cells employing (left) ZnO-PTCDACOOH2 

composites (10 mv/s) upon  turning  on (black) and off (red) 200W tungsten lamp by cyclic 

voltammetry and  Electrochemical Impedance employing (right) ZnO-PTCDACOOH2 

Composites upon turning on (black) and off (red) 200W tungsten lamp . 

4.3.3. Photocatalytic testing ZnO-PTCDACOOH2 

The photocatalytic water splitting activity for the composite is tested under different 

irradiation sources (UV,visible and direct sunlight) for 8 h (Figure 4.14). The catalyst was 

found to be highly stable during this exposure. The catalyst is found to be highly active with 

stable hydrogen production rate of 88, 83 and 92 mmol/g of catalyst under UV, visible and 

solar irradiation for 8 h This experiment was repeated 3 times after the 8th h with N2 
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purging under visible light to check the stability of the catalysts (Figure 4.14). The catalysts 

were found to be highly stable and the initial H2 evolution rate was regained after each 

purging. The higher photocatalytic water spitting activity under different irradiation 

sources may be due to the electron and energy transfer between ZnO and dye. This 

possibility is also supported by the decrease in intensity of the emission peak in the 

composite when compared to dye. The ZnO is getting excited under higher energy 

radiation. From the emission studies, the formation of a new complex is evident by the 

appearance of a new peak at 400 nm, may facilitate the possibility of electron transfer 

between ZnO and dye molecule. 

  

Figure 4.14.  Evaluation of photocatalytic activity for H2 generation under UV (black), 

visible (red) and solar (blue) at various irradiation time (0,1,2,3,4,5,6,7and 8 h) (left) and 

H2 evolution under  visible light irradiation on repeated purging of the headspace (right) of  

ZnO-PTCDACOOH2 composite. 

To see the effect of methanol sacrificial reagent, water splitting experiments were carried 

out in different concentrations of methanol from water-methanol mixture for the ZnO-

PTCDACOOH2 composites at 4 h irradiation and the H2 evolution was found to be slightly 

increased, but a saturation yield for H2 evolution was reached after 35 v/v% and further 

increase in methanol concentration did not affect the yield substantially (Figure 4.15). 

 

 



ZnO-Perylene Composites Chapter 4 
 

 Ph.D. Thesis: AcSIR                                                                                                                       124  

 

 

Figure 3.20. Evaluation of photocatalytic activity for H2 generation under visible 

irradiation for 4 h from water-methanol mixtures with varying amounts of methanol in  

ZnO-PTCDACOOH2 composite. 

4.4. CONCLUSIONS  

The perylene molecules are designed to have a carboxylic functionality in the phenyl group. 

In ZnO-PTCDA(COOH)2 composite, the conjugated π system of the perylene after 

functionalization with ZnO, links the surface atoms of the particle to the perylene core in a 

conjugative manner. In our case, a broad emission and absorption peak is observed in the 

case of composite indicating a high visible absorption capability. The absorption of the 

composite also shows combined features of ZnO and dye with a slight shift in  ZnO 

absorption edge properties. On grafting PTCDACOOH2  to ZnO nanoparticles, a drastic 

decrease in the visible emission is observed, indicating an electron transfer from the 

organic molecule to ZnO. Surface modification of ZnO induces suppression of certain defect 

sites. Fluorescence lifetime studies also show an efficient electron transfer between ZnO 

and dye. The electron transfer properties is further corroborated by the photocurrent 

increment observed from the electrochemical studies. A novel photocatalytic system, ZnO-

PTCDACOOH2 Composite, active for visible light water splitting is developed.  
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5.1. Introduction 

The present chapter describes the synthesis and photophysical and chemical properties of 

ZnO nanocomposites with conjugated conducting oligomers separated by a heterocyclic π 

conjugated system. From the work presented in previous chapters, it is clear that efficient 

electron transfer can occur only through an extended conjugated moiety. Thiophene is an 

aromatic heterocyclic compound with 6π-e- cyclic system and  two lone pairs of electrons 

on sulphur. One of the lone pair electrons on sulphur in the thiophene moiety is involved in 

the aromatic sextet and the other is located in an sp2 hybrid orbital in the plane of the ring. 

Polythiophenes are well known for their application as semiconductors in organic devices 

due to their low cost and excellent charge transfer properties. Thiophene oligomers with 

the same repeat unit but with shorter chain lengths are also emerging as important 

molecules because of the same properties with added advantage of defect free structure 

(which is a bottleneck in polymer devices) and short hopping distances. Short conjugated 

oligomers like terthiophene exhibit conducting as well as semiconducting behaviour. The 

electrical conductivity in these oligomers is suggested to arise from delocalized electrons 

and functionalisation in the thiophene backbone can modify these properties uniquely. 

Oligothiophenes with pi-conjugation is recently being reported as sensitisers for DSSC. 

Simple thiophene is not visible light absorbing, but as pi-conjugation increases (number of 

thiophene rings) or through appropriate fucntionalisation, visible light absorption can be 

enhanced. So, we carried out a parametric investigation to study the effect of short 

conjugated functionalized terthiophene moieties as organic linkers on ZnONPs for 

photocatalytic hydrogen production from water under visible light irradiation. As 

explained in the previous chapters, for an effective covalent anchoring of the thiophene 

backbone on ZnO, group like carboxylic acid is essential; hence fucntionalisation with –

COOH group is attempted. In addition, to understand the effect of electron density and 

electron availability in the backbone, a terthiophene carboxylic acid functionalized with Br 

in one end also is used for forming the composite. We expect this system to behave 

differently since this can be considered as a composite of two semiconductors and the 

conducting property of the thiophenes should be exploited rather than absorption property 

[1-13].  
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5.2. Experimental Section 

5.2.1. Synthesis  

5.2.1.1.  2,2’:5’,2”-Terthiophene (TTT) 

Mg (0.56 g, 23.3 mmol) was placed in 10 mL of dry THF and then cooled to 0 C. 2-

bromothiophene (2.9 ml, 30.3 mmol) was added drop wise over half an hour and the 

reaction mixture was stirred for another 0.5 h. This solution was then transferred slowly 

via a cannula to a mixture of 2, 5-dibromothiophene (1.3 mL, 11.6 mmol) and Ni(dppp)Cl2 

(305 mg, 0.466 mmol) in dry THF (50 mL) while cooling on ice. The reaction mixture was 

stirred for 16 h at room temperature and subsequently poured into ice/water (150 mL) 

containing concentrated HCl (10 mL). The product was extracted with ether and the 

combined organic layers were washed with plenty of water and brine, successively. The 

organic extracts were dried over anhydrous MgSO4, evaporated and purified with column 

chromatography on silica gel with petroleum ether as the eluent to give slight yellowish 

solid 2.1g  (8.3 mmol, yield 71%).  

 

5.2.1.2. 5-carboxy-2,2’5’, 2”- terthiophene (TTTCOOH) 

 

5"-formyl-2,2':5',2"-terthiophene (0.27 g) was dissolved in 50 mL of acetone and the 

temperature thereof was maintained at 15 C. CrO3/H2O/H2SO4 solution 

(0.7g/9.3ml/0.15mL) was dropped in slowly and stirred for 4 h at 40 C. Then 50 mL of 

water was slowly added in a dropwise manner, and the solution was filtered and washed 

with chloroform to yield 152 mg of the product.  (Yield 53.86%). 
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5.2.1.3. 5-Bromo--( -2,2':5',2"-terthiophene) -5-carboxylic acid (BrTTTCOOH) 

 

To a stirred solution of 5"-formyl-2,2':5',2"-terthiophene (2.5 g, 9.1 mmol) in 250 mL of 

CH2Cl2/glacial AcOH (1:1),  was added N-bromosuccinimide (1.60 g, 9.1 mmol) at 25 C. 

After 24 h the resultant yellow precipitate was filtered, washed with water (pH=7), and 

dried, yielding 5-bromo-5"-formyl-2,2':5',2"-terthiophene  (2.49 g, yield 77%) in the form 

of an yellow powder. The filtrate was washed with water and the organic layer, after drying 

over anhydrous Na2SO4, and evaporation, gave another fraction of 5-bromo-5"-formyl-

2,2':5',2"-terthiophene (0.63 g, 20%), in the form of tan-brown powder. The two fractions 

were combined and recrystallized from hexane:CH2Cl2 mixture affording analytically pure 

5-bromo-5"-formyl-2,2':5',2"-terthiophene in the form of brown yellow needles. To the 

purified brown compound, CrO3 and H2SO4 was added in the presence of acetone at room 

temperature to obtain 5-bromo-( -2,2':5',2"-terthiophene) -5-carboxylic acid, purified by 

column chromatography. 

 

 

5.2.1.4. ZnO-terthiophene composites  

TTTCOOH or BrTTTCOOH (23 μmol) was added in-situ during the synthesis of ZnO to the 

alkaline zinc acetate solution (0.142 mmoles). The solution was stirred in methanol at 25C 

for 1 h. The product (ZnO-TTTCOOH or ZnO-BrTTTCOOH composites) was washed with 

methanol, centrifuged and collected.  
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5.2.2. Instruments for Characterization 

The principles and instrumentation of all the techniques used throughout the work 

for structural and photophysical characterizations are briefly discussed in the Appendix 1. 

Other experimental, photocatalytic testing and instrument details are same as in chapter 2.  

5.3. Results and Discussion 

5.3.1. Structural Characterization of Terthiophenes 

Elemental analysis of TTTCOOH and BrTTTCOOH was carried out to confirm the purity and 

the observed CHN values match with the calculated values. 

TTTCOOH; calcd(%): C 53.6, H 2.76,;  found (%): C 52.2, H 2.55. 

BrTTTCOOH; calcd(%): C 42.05, H 1.89;  found (%): C 41.8, H 1.72.  

 

The structures of both the compounds were confirmed by 1H NMR, 13C and DEPT. The 

spectra of both the compounds are given in Appendix 4 (Figures 6 and 7). TTTCOOH has 

the simplest proton NMR spectra with a set of multiplets corresponding to the protons of 

the aromatic –CH protons of the thiophene ring. The broad singlet appearing at 9.86 ppm is 

the hydroxyl proton attached to the carboxylic moiety of the terthiophene ring.  

1H NMR (500MHz, DMSO-d6) δ ppm:  

9.86 (1H,COOH),  7.63-7.97 (m,6H) 

13C (125MHz, DMSO-d6) δ ppm :  

184.76, 162.98, 144.52, 143.02, 139.60, 136.00, 134.76, 127.80, 127.38. 

 

In BrTTTCOOH, the single proton attached to the carboxyl group, was the most downfield 

with a broad singlet at 9.83 ppm. Also, the two –CH aromatic protons next to the bromine 

group, were also downfield with the doublet at 7.93 and 7.66 ppm respectively.The 

multiplet appearing at 7.51-7.18 ppm is the CH aromatic protons attached to the thiophene 

ring.  

1H NMR (500MHz, DMSO-d6) δ ppm:  

9.83 (s,1H), 7.93-7.66 (d, 2H), 7.51-7.18 (m, 4H). 

13C (125MHz, DMSO-d6) δ ppm :  

184.36, 145.21, 141.86, 139.70, 134.70, 132.29, 128.45, 111.82, 126.06. 
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In TTTCOOH, the strong broad IR absorption peak at 3743 cm-1 is designated to O-H 

stretching. The band assigned at 1632 cm-1 is attributed to the C=O stretching vibration 

present in carboxylic acids. The peak at 1377 cm-1 is assigned to C-O stretching vibrations.  

For BrTTTCOOH, the IR absorption bands assigned at 1634 cm-1 and 1518 cm-1 is attributed 

to the carboxylic C=O and C-O stretching vibrations. The absorption band at 3515 cm-1 is 

assigned to O-H stretching vibrational band (Figure 5.1). 

  

Figure 5.1. IR spectrum of TTTCOOH (left) and BrTTTCOOH (right). 

 

5.3.2. Photophysical Characterization of Terthiophenes 

The UV-vis absorption spectrum of TTTCOOH (9.04 x 10-4 M) has absorption at 360 nm and 

a broad shoulder peak at 420 nm and that of BrTTTCOOH shows a broad absorption range 

extending from 320-480 nm with λmax at 390 nm (Figure 5.2). The absorption features of 

terthiophenes originate from the conjugated structure with alternating single and double 

bonds in the thiophene backbone. Typical single emission peak at 450 nm was observed for 

TTTCOOH at 360 nm excitation wavelength. PL spectrum of BrTTTCOOH shows emissions 

at 450 nm (shoulder peak) and 540 nm on excitation at 390 nm (Figure 5.3). The excitation 

spectra of both the compounds are also given (Figure 5.3).  
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Figure 5.2. UV-vis spectrum of TTTCOOH (left) and BrTTTCOOH (right). 

 

Figure 5.3. Emission and excitation spectra of TTTCOOH (λexc=360 nm, λems=450 nm 

(left)) and BrTTTCOOH, (λexc=390 nm, λems=540 nm (right)). 

The excitation spectra of both the compounds differ from the absorption spectra, more so 

in TTTCOOH with a very distinct double horn shape. Such a feature is possible in multiple 

scenarios like (i) presence of fluorescing impurities (ii) same molecule present in different 

states like aggregates, dimers, trimers etc (iii) excited state reactions like proton 

dissociation, (iv) conformational change etc. In the present case, thorough structural 

characterization rules out presence of discernible concentrations of any impurity. Hence, 

we attribute the multiple peaks in excitation spectra to the presence of other equilibrated 

states of terthiophene. Another interesting observation is that the Br analogue exhibits 

abnormal Stoke’s shift of ~ 150 nm indicating some form of excited state reactions which 

could involve solvent relaxation, intramolecular charge transfers or exciplex formation 

(excited state complexes). This can be considered as a drawback in thiophene systems 
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since such alternative pathways may lead to reduction in interfacial electron transfer 

efficiency on grafting to ZnO.  

5.3.3. ZnO-terthiophene composites  

Powder X-ray diffraction patterns show that the parent wurtzite phase of ZnO NPs is not 

distorted in the case of ZnO-TTTCOOH and ZnO-BrTTTCOOH composites during the surface 

grafting (Figure 5.4).  

Surface charges of the grafted ZnO were found from zeta potential measurements to be -25 

and -26 mV for TTTCOOH and BrTTTCOOH respectively when compared to 4 mV for naked 

ZnO. TEM images of grafted ZnO NPs also corroborate surface grafting, wherein the 

particles were found to be well separated from each other with particle size of 4±2 nm 

(Figure 5.5). From these observations, it is clear that the grafting has stabilised the ZnO NPs 

against agglomeration. This may be because of the arrest of solution ripening (a kinetically 

favoured factor)  possible for naked ZnO as a consequence of in-situ addition of the organic 

molecules (TTTCOOH and BrTTTCOOH). The corresponding histograms of both the 

composites are also shown as an inset along with the TEM images. 

FTIR spectroscopic studies clearly support anchoring of the dyes (TTTCOOH and 

BrTTTCOOH) to ZnO through carboxylic group. IR spectra of the grafted ZnONP with the 

thiophene ligands show substantial shifts indicating covalent anchoring (Figure 5.6). The 

intense –CO stretching vibrational frequency of the carboxylic moiety shifts from 1632 to 

1553 cm- 1, and 1634 cm-1 to 1589 cm-1 for TTTCOOH and Br analogue respectively. Also, 

the same behavior is observed for νC-O band (1377cm-1 to 1297 cm-1).  Similar shifts were 

observed with BrTTTCOOH also; the bands near 3515 cm-1 and 1518 cm-1  corresponding 

to -OH and C-O group attached to the thiophene ring in the molecule is also shifted to lower 

frequency 3395 cm-1 and 1494 cm-1  in the spectra of ZnO-thiophene composites (Figure 

5.6). 
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Figure 5.4. XRD patterns of ZnO-TTTCOOH (black) and ZnO-BrTTTCOOH (red) 

 

Figure 5.5. TEM images of  ZnO-TTTCOOH (left) and ZnO-BrTTTCOOH (right) composites 

with the corresponding histograms as inset. 

 

Figure 5.6. FT-IR spectrum of (a) TTTCOOH (black) and ZnO-TTTCOOH composite (red) 

and BrTTTCOOH (black) and ZnO-BrTTTCOOH composite (red).  
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5.3.4. Photophysical characterizations of ZnO-TTTCOOH composites 

5.3.4.1. ZnO-TTTCOOH composites 

On grafting the molecule TTTCOOH to ZnONP, substantial changes are observed in the 

absorption spectra and emission spectra in terms of peak intensities. It is clear from the 

UV-vis spectrum that the optical density of the composite has increased from the 

molecule’s optical density after grafting. Visible light absorption is also enhanced in the 

composite in comparison to pristine molecule indicating potential as visible light 

sensitizers. UV-vis absorption spectrum of the ZnO-TTTCOOH composite displays 

predominantly thiophene absorption features (360 nm) along with a new peak at 315 nm 

and a slight red shifted peak at 430 nm in the visible region (Figure 5.7). In ZnO-TTTCOOH, 

no absorption feature (absorption edge at ~ 360 nm) of ZnO is seen. Similarly, emission 

features of the ZnO-TTTCOOH composite resemble that of the organic component than 

ZnO. Typical emission at 450 nm was observed for ZnO-TTTCOOH at 360 nm excitation 

wavelength which is also the characteristic emission for the molecule (Figure 5.7). The 

increase in the emission intensity observed in the case of composite can be correlated to 

the increase in absorbance. In case of azoquinolines, such an increase in emission intensity 

in the composite was observed and this was understood to be due to electron transfer from 

ZnO to dye on UV irradiation. However, in the present case, we cannot conclude any 

electron transfer or electron conduction from ZnO to the molecule, since ZnO bandgap 

excitation is not possible in this energy (on excitation at 360 nm).  But such an increase 

may indicate radiative emissive pathways dominating over non-radiative paths on grafting. 

The excitation spectrum of the composite also shows substantial minimization of the 

double horn shape, which also indicates that some alternate charge/energy transfer 

mechanisms at play in the pristine thiophene is reduced after grafting (Figure 5.8). In 

addition, defect green emission of ZnO is completely suppressed in the case of ZnO-

TTTCOOH composite.  
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Figure 5.7. UV-vis spectrum (left) of  TTTCOOH (black) and ZnO-TTTCOOH (red) and 

emission spectrum  (right) of  TTTCOOH (black) and ZnO-TTTCOOH (red), λexc=360 nm.  

 

Figure 5.8. Excitation spectrum of ZnO-TTTCOOH composite (λems=450 nm). 

For lifetime measurements, decay curves were obtained by the time-correlated single-

photon counting (TCSPC) technique using a HORIBA Jobin Yvon Nano-LED source with 

wavelength 360 nm. Decay measurements were carried out at emission wavelength of 450 

nm for TTTCOOH and ZnO-TTTCOOH composites. These experiments were carried out for 

ZnO NPs (1.69 x10-3 M), TTTCOOH (9.04 x 10-4 M), ZnO-TTTCOOH composite (1.69 x10-3 + 

9.04 x 10-4 M) at room temperature. Analysis of the lifetime measurements of the molecule 

and the composite shows interesting features. The observations are tabulated in Table 5.1 

and the emission decay profiles are shown in Figure 5.9. The decay curves are 

deconvoluted by numerical convolution technique and the delta pulse response is fitted to 

bi-exponential for dye and the composite. ZnO shows a tri-exponential fit (as explained in 
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chapter 2, this suggests that as particle size of ZnO decreases, there is a possibility of 

formation of multiple components). Dye shows biexponential fit with two components at 

0.75 (major) and 2.06 (minor) ns. On grafting, the lifetime of these individual components 

doubled leading to an enhancement in average lifetime. This observation is reflected in the 

fluorescence intensity increment compared to that of the TTTCOOH and also in the absence 

of defect emission. This clearly shows that the fluorescence phenomenon in the ZnO-

TTTCOOH composites originates more from the dye species compared to ZnO with 

substantial contribution in the visible region. 

Table 5.1. Lifetime parameters of TTTCOOH and  ZnO-TTTCOOH composites 

 

 

System 

Experimental 

Setup 

Lifetime (ns) 

 

1(a1) 

 

2(a2) 

 

<> 

 

 

TTTCOOH 

 

ex=360nm 

em=450 nm 

0.75  

(0.92) 

2.06 

(0.08) 

0.86 

 

 

ZnO-

TTTCOOH 

ex=360nm 

em=450nm 

1.36 

(0.98)  

 4.46 

(0.02) 

1.41  

 

 

Figure 5.9. The emission decay profiles on excitation at 360 nm of  (a) TTTCOOH and (b) 

ZnO-TTTCOOH Composites.  Instrument response function in black, decay profile in red 

and experimental fit in blue. 
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5.3.4.2. ZnO-BrTTTCOOH composites 

ZnONP grafted with BrTTTCOOH also shows substantial changes in the absorption spectra 

and emission spectra in terms of peak intensities. Visible light absorption range is highly 

enhanced from 400-500 nm in the composite in comparison to BrTTTCOOH molecule. This 

proves the composite as a potential candidate for visible light absorption and also as a 

sensitiser. The absorption spectrum of ZnO-BrTTTCOOH shows drastic blue shift of the 

main peak from BrTTTCOOH molecule, with bands at 320, 360 and 430 nm (Figure 5.10). It 

is ambiguous whether the peak at 360 nm of the composite can be attributed to any other 

new features in ZnO-BrTTTCOOH composites developed during grafting. To confirm this, 

an attempt at deconvoluting the absorption peaks of the composite was done. An ideal 

deconvoluted fit was obtained for the composite absorption spectrum showing four peaks 

at 320, 360, 400 and 440 nm (Figure 5.10).  It is clear that the peak at 320 nm is from ZnO 

and the one at 400 nm is the contribution from thiophene (390 nm absorption peak of 

BrTTTCOOH molecule is red shifted). It is possible that the peaks at 360 nm and 440 nm 

(which enhance the visible light absorption) are newly formed and originates from ZnO-

thiophene complex at the interface. From the UV-vis spectroscopy studies, it is clear that 

the ZnO-BrTTTCOOH composite shows combined features of both ZnO nanoparticles and 

BrTTTCOOH molecule as well as of the new species. In ZnO-BrTTTCOOH composite 

emission shows interesting features (Figure 5.11). As observed earlier, BrTTTCOOH shows 

an intense emission at 540 nm with a shoulder at 450 nm. The emission spectrum of ZnO-

BrTTTCOOH also shows similar peaks at all excitation wavelengths (320, 360, 400 and 440 

nm). The excitation spectrum is also given in Figure 5.12 and observed to be very broad 

indicating all possible transitions in the composite. In the composite, interestingly, 

intensity of the main emission peak (540 nm) decreases in contrast to the observation in 

ZnO-TTTCOOH.  This clearly indicates an electron transfer or electron conduction to ZnO 

from the bromothiophene molecule. Since the molecule and ZnONPs visible band emissions 

overlap, we cannot conclude any suppression of  defect emission in the case of composite. 
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Figure 5.10. UV-vis spectrum (left) of BrTTTCOOH (black) and ZnO-BrTTTCOOH (red) and 

deconvoluted UV-vis spectrum (right)of  ZnO- BrTTTCOOH .  

 

Figure 5.11. Emission spectrum  of BrTTTCOOH (black) and ZnO-BrTTTCOOH (red), 

(λexc=390 nm). 

 

Figure 5.12. Excitation spectrum of  ZnO-BrTTTCOOH, (λems=540 nm). 
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The fluorescence lifetime study for the system was studied by TCSPC (Time-correlated 

single photon counting). For lifetime measurements, decay curves were obtained using a 

HORIBA Jobin Yvon Nano-LED source with wavelengths 320, 360 and 390 nm. Decay 

measurements were carried out at emission wavelengths of 500 nm for ZnO NPs, 540 nm 

for BrTTTCOOH, 450 and 540 nm for ZnO-BrTTTCOOH composites. These experiments 

were carried out for ZnO NPs (1.69 x10-3 M), BrTTTCOOH (9.04 x 10-4 M), ZnO-BrTTTCOOH 

composite (1.69 x10-3 + 9.04 x 10-4 M) at room temperature. The emission decay profiles 

are shown in Figures 5.13 and 5.14 and the observations are tabulated in Table 5.2.   The 

decay curves are deconvoluted by numerical convolution technique and the delta pulse 

response is fitted to bi-exponential for the molecule and composite, tri-exponential for ZnO 

with three components (as explained in chapter 2, this suggests that as particle size of ZnO 

decreases, there is a possibility of emergence of other species). Molecule shows two 

components at 0.38 (59 %) and 4.8 (41 %) ns at 540 nm em.  Decay curves of the 

composite attained better fit and chi-square values in bi-exponential indicating a 

dominance of thiophene features in the composite. In the case of composite, the 450 nm 

emission shows two components at 0.89 (major-95 %) and 2.65 (minor-5 %) ns. At 540 nm 

em, the composite shows two species at 0.77 (92 %) and 2.29 (8 %) ns. The major species 

at 0.77 ns in the case of composite seems to be originating predominantly from the 

molecule (0.38 ns) along with a minor contribution from ZnO (1.08 ns).  Average lifetime of 

the composite is decreased when compared to that of the molecule as corroborated from 

the steady state studies. In steady state, it was observed that the emission intensity is 

decreased in case of the composite when compared to that of the molecule, which is clearly 

reflected in the lifetime of the composite, proving a successful electron and charge transfer. 

This evidently shows that the fluorescence phenomenon and the electron transfer or 

conduction both in the UV and visible region in the ZnO-BrTTTCOOH composites originates 

from the molecule with substantial contribution from ZnO. 
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Table 5.2 Lifetime parameters of  ZnO, BrTTTCOOH and  ZnO-BrTTTCOOH 

composites 

System Experimental 

Setup 

 Lifetime (ns) 

 

1(a1) 

 

2(a2) 

 

3(a3) 

 

<> 

 

 

ZnO  

Defect Band 

ex=320nm 

em=500nm 

1.08 

(0.92) 

9.42 

(0.07) 

47.7 

(0.01) 

 1.51  

BrTTTCOOH 

 

ex=390nm 

em=540 nm 

0.38 

(0.59) 

4.8 

(0.41) 

    2.2 

 

 

ZnO-BrTTTCOOH ex=360nm 

em=450 nm 

0.89 

(0.95)  

 2.65 

(0.05) 

 0.97  

ZnO-BrTTTCOOH ex=360nm 

em=540 nm 

0.77 

(0.92)  

 2.29 

(0.08) 

 0.89  

 

Figure 5.13. The emission decay profiles on excitation at 320 nm of (a) ZnONP and 

excitation at 390 nm (b) BrTTTCOOH Composites.  Instrument response function in black, 

decay profile in red and experimental fit in blue. 
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Figure 5.14. The emission decay profiles on excitation at 360 nm of ZnO-BrTTTCOOH 

Composites (a) 450 nm and (b) 540 nm emissions.  Instrument response function in black, 

decay profile in red and experimental fit in blue. 

The redox and the electron transfer properties of the samples were also studied by cyclic 

voltammetry (Figure 5.15 ). Both the composites show an electron transfer mechanism 

different from the pristine ZnO and dye molecules which is very well observed by the 

electrochemical studies. The onset potential and current are found to be considerably 

enhanced on grafting when compared to ZnO and dyes  [ZnO (0.0075mA at the onset 

potential of 1 V), TTTCOOH ( 0.0013 mA at onset potential of 1.181V), BrTTTCOOH ( 

0.0054 mA at onset potential of 0.808V) , ZnO-TTTCOOH Composite ( 0.018 mA at onset 

potential of 1.197 V)] and ZnO-BrTTTCOOH Composite ( 0.081 mA at onset potential of 

0.821 V)]. Photocurrent responses of the composites are also measured by linear sweep 

voltammetry ) (by scanning in a potential window of 1 to 1.7 V)  and Impedance analysis 

under irradiation and in dark (Figures 5.16 a-d). The resistance was also found to be less 

under illumination (1506 Ω for ZnO-TTTCOOH and 570 Ω for ZnO-BrTTTCOOH) compared 

to the dark condition (1546 Ω for ZnO-TTTCOOH and 630 Ω for ZnO-BrTTTCOOH). This 

clearly shows that both the composites are highly conducting and faster electron 

transporters under illumination. We observe a marked enhancement in conductivity under 

irradiation indicating an electron transfer phenomenon between ZnO and organic 

molecules. Current increment is not observed in pristine ZnONPs and dyes on illumination 

[14,15] . 
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Figure 5.15. Current−voltage profile for photoelectrochemical cells employing (a) ZnO 

(black), TTTCOOH (blue) and ZnO-TTTCOOH composite (red) and (b) ZnO (black), 

BrTTTCOOH (blue) and ZnO-BrTTTCOOH composite (red) by cyclic voltammetry at a scan 

rate of 50 mv/s.  Supporting electrolyte was LiClO4 in acetonitrile. 

 

Figures 5.16. LSV profile for photoelectrochemical cells  employing  (a) ZnO-TTTCOOH  

and (c) ZnO-BrTTTCOOH Composites(10 mv/s) upon  turning  on (red) and off (blue) 

200W tungsten lamp by cyclic voltammetry  and  Electrochemical Impedance employing 

(b) ZnO-TTTCOOH and  (d) ZnO-BrTTTCOOH Composites upon turning on (red) and off 

(blue) 200W tungsten lamp . 
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 5.3.5. Computational Studies 

The clean ZnO ( 0110 ) surface contains ordered rows of buckled Zn-O dimers along the polar 

[0001] direction with a net electron accumulation on the O atoms. The calculations show 

that TTTCOOH and BrTTTCOOH  molecules bind vertically to the ZnO surface (Figure 5.17) 

and creating two Zn-O bonds through the –COOH group [16-32].  

 

  

Figure 5.17. Optimized structure of TTTCOOH and BrTTTCOOH on ZnO( 0110 ). The grey, 

red, black, blue and yellow spheres represent Zn, O, C, H and S atoms respectively.  

From the computational studies, it is observed that the resonance energy stabilization is 

more in bromine analogue than TTTCOOH. During the relaxation process of the composite, 

it spontaneously gets deprotonated, releasing an H+ ion from the –COOH group of both the 

molecules , which gets attached to the neighbouring electron rich O of the ZnO surface. Any 

distortion of the surface is not observed except at the adsorption site where the buckling of 

the Zn-O dimers are reduced compared to the the clean surface of ZnO. The density of 

states (DOS) of the ZnO-TTTCOOH is shown in Figure 5.18. The electronic states are aligned 

with respect to the energy at vacuum. Upon modifying the surface of the ZnO nanoparticles 
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with TTTCOOH, the effective band gap of the interface is reduced to 1.3 eV compared to 

that of 3.77 eV for the clean slab.. The calculations show that the valence band maximum 

(VBM) of the interface is localized on the molecule and the conduction band minimum 

(CBM) is localized on the slab. On substitution of halogen the overlap (Figure 5.19) 

increases, which is the sign of proper electron transfer. LUMO+1 and LUMO+2 of the 

composites overlap to different extents in TTTCOOH and its Br analogue; the overlap is 

higher in case of the latter. We hypothesise that, due to this, a direct electron transfer from 

HOMO (molecule) to LUMO+1 (ZnO) is more facile in Br analogue. Similarly, an exceptional 

overlap of molecule and ZnO bands is also observed in LUMO+4 state. This is also reflected 

in highly altered absorption spectrum of the composite when compared to pristine 

molecule, in case of BrTTTCOOH. 

 

 

Figure 5.18. DOS of the ZnO-TTTCOOH composite. Dot-dashed violet and magenta vertical 

lines mark the VBM and CBM respectively. The dashed brown and green lines mark the OP 

and RP. 
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Figure 5.19 : (a) TCA and (b) TCA  - Br. Total and projected DOS for the -COOH anchoring 

configuration of the molecule on ZnO slab. Dot-dashed violet and magenta vertical dashed 

lines denote the valence band maxima (VBM) and the conduction band minima (CBM) 

respectively of the composite. The dashed brown and green lines mark the water oxidation 

and reduction potentials respectively. Dashed eclipse highlights the coupling of the 

molecules empty states with ZnO.  

To explore the possibility of using the composites as photocatalysts for water splitting, the 

positions of the oxidation potential (OP) of oxidizing H2O to O2 and the reduction potential 

(RP) of reducing H+ to H2 with respect to the positions of VBM and CBM of the ZnO-

TTTCOOH and ZnO-BrTTTCOOH composites are considered . As mentioned earlier, the 

electronic states, in the DOS shown in Figure. 5.18  are aligned with respect to the energy at 

vacuum. Hence ,the absolute values of the VBM and CBM are known. The absolute values of 

the OP/RP are given by EabsOP/RP=-4.5-ENHEOP/RP, where EabsOP/RP is the absolute value of the 

OP/RP and ENHEOP/RP is the OP/RP potential in V vs. the NHE at pH 0.42 ENHEOP is 1.23 eV and 

ENHERP is 0.00 eV (as discussed in chapter 2). For the composites to be a good photocatalyst 

for water splitting these two potentials should lie in the band gap, i.e., the OP should lie 

above the VBM and the RP should lie below the CBM. In ZnO-TTTCOOH composite, the CBM 

is at  -3.5 eV which is above the reduction potential of hydrogen. The CBM for ZnO-



ZnO-terthiophene Composites Chapter 5 
 

 Ph.D. Thesis: AcSIR                                                                                                                       149  

 

BrTTTCOOH composite is found to be at a lower energy (-3.8 eV). From the calculations, 

the CBM for the ZnO-BrTTTCOOH composite is more facile for electron transfer than ZnO-

TTTCOOH. In other words,  the CBM of ZnO-BrTTTCOOH is more closer to the RP  than 

ZnO-TTTCOOH (Figure 5.20).  

 

 

 

Figure 5.20. The magenta, blue, green and red  lines denote the conduction band minima 

(CBM) , water reduction potential,  valence band maxima (VBM) and water oxidation 

potential respectively of the composites. 

 

5.3.6. Photocatalytic testing of ZnO-TTTCOOH and ZnO-BrTTTCOOH Composites 

The photophysical studies of both the systems (ZnO-BrTTTCOOH and ZnO-TTTCOOH) 

indicate inherent differences imposed on the thiophene backbone by Br substitution. 

Bromine is considered as an electron withdrawing group, showing –I effect. But bromine 

can show mesomeric effect (+M effect) also due to its lone pair of electrons. From the 

computational studies, it is clear that  resonance stabilization is more in the case of bromo 

analogue than TTTCOOH molecule, which is possible only if the lone pair of electrons on 

bromine also contribute to the resonance structures. So, in the present case, the +M effect  
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of bromo analogue is dominating, thereby  increasing  the electron density on the 

thiophene backbone compared to TTTCOOH molecule. This increase in the electron 

enrichment on the ZnO-BrTTTCOOH composite facilitates better photocatalytic water 

splitting activity compared to ZnO-TTTCOOH composites as explained below. 

The photocatalytic water splitting activities for both the composites are tested under 

different irradiation sources (UV, visible and direct sunlight) for 8 h (Figure 5.21) by head 

space analysis.  As evident from the computational studies, there is an overlap with LUMO 

of the molecule and the conduction band of  ZnO in the lower band gap energy (Figure 

5.15), which is more  in the case of ZnO-BrTTTCOOH composite compared to ZnO-

TTTCOOH composites.  This may be the reason for the slight enhancement of H2 evolution 

in the composite with Br analogue, due to more prominent overlap in this molecule.   

To see the effect of sacrificial reagent, water splitting experiments were carried out in 

different concentrations of methanol for both the composites and a corresponding increase 

in the H2 evolution was observed as expected. However, a saturation yield for H2 evolution 

was reached after 35 v/v% and further increase in methanol concentration did not affect 

the yield substantially (Figure 5.22) 

  

Figure 5.21. Evaluation of photocatalytic activity for H2 generation under UV (black), 

visible (red) and solar (blue) at various irradiation time (0 - 8 h) (left) ZnO-TTTCOOH 

Composite and (right) ZnO-BrTTTCOOH  Composite. 
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Figure 5.22. Evaluation of photocatalytic activity for H2 generation under visible 

irradiation for 4 h from water-methanol mixtures with varying amounts of methanol in 

(left) ZnO-TTTCOOH Composite and (right) ZnO-BrTTTCOOH Composite (2,5,8, 11, 15 and 

20 ml). 

5.4. CONCLUSIONS  

This chapter describes the design strategy that was adopted to develop appropriately 

conducting visible light sensitizers. Here, the conjugation length is kept constant and the 

substituents were varied in the organic molecules. The photophysical characteristics of 

both the composites show interesting features with slight variations in the fluorescence 

intensities showing the possibilities of electron transfer between the ZnO-organic molecule 

interface. The computational studies also proved a better electron transfer in the case of 

bromo composite. Also, the conduction band minima is more feasible in the bromo 

analogue for the water reduction reaction. From the photophysical studies, the Br-

TTTCOOH molecule showed an enhancement in visible light absorption in the composite 

compared to the TTTCOOH molecule which is very well projected in the photocatalytic 

water splitting activity also. 
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6.1. Summary 

Chapter 1 presents a general introduction to environmental issues, hydrogen as 

greener fuel for the future and photocatalytic water splitting reactions over numerous 

semiconductor metal oxide photocatalysts. This chapter also explains the idea for the 

evolution of artificial photosynthetic systems from natural photosynthesis, which is very 

promising for the future carbon-free power fuels. The principle, processess and the 

mechanistic steps involved in photocatalytic water splitting reactions vis-à-vis single 

photon excitation and two-photon excitation (Z-scheme) are discussed in detail. Various 

strategies are to be adapted to utilize visible light by photocatalysts. Dye sensitized solar 

cells (DSSCs) have garnered special interest and the dye here plays the role of sensitizer in 

utilizing visible light and also facilitates efficient electron transfer process between the 

excited dye and conduction band (CB) of the semiconductor. Such a sensitizing principle 

can be adapted for photocatalytic water splitting also. The chapter further presents a 

comprehensive review of literature on various photosensitisers used as photocatalysts 

including metal complexes and metal-free organic dyes. Several semiconductor oxides 

systems due to the availability, ease of synthesis and limited photocorrosion can be utilized 

for photocatalytic water splitting reactions. Among these, zinc oxide has been attracting 

interest due to its high electron mobility, high thermal conductivity, wide and direct band 

gap, large exciton binding energy, different synthesizable morphologies, particle size 

tunability, high luminescence and desired surface properties.  The size quantization of 

ZnONPs can lead to various luminescence transitions, mainly an excitonic emission in the 

UV region and a defect emission in the visible region. In addition, this chapter describes the 

most commonly seen defect-related visible emissions, particularly green luminescence and 

the various types of defects responsible for this emission. The chapter briefly describes the 

role of short conjugated organic sensitizers in photocatalytic water splitting reaction. 

Finally the scope and objective of the thesis are stated. 

Chapter 2 describes the synthesis of ZnO-azonaphthol composites and their 

structural evaluation and photophysical studies by various characterization methods. ZnO 

nanoparticles of size ~3 nm are surface modified with azonaphthols which are designed to 

have a carboxylic functionality in the phenyl group and the conjugation property is varied 
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by changing the position of this group from para to meta. Generally azo based systems are 

non-fluorescent which is observed in the meta analogue (3ABBN) but the conjugated para 

molecule (4ABBN) is fluorescent with an emission in UV region, possibly due to the 

stabilisation of the hydrazone form consequent to extended conjugation which is absent in 

meta azonaphthols. ZnO nanoparticles are known to have an UV excitonic emission and 

also a defect visible band emission which is observed to be very high in the present study 

due to the possibility of multiple defect sites like Zn vacancy, oxide vacancy, surface 

hydroxyl groups etc and the UV emission is minimum. This defect emission is completely 

suppressed on grafting with the non-conjugated molecule, but the conjugated molecule 

shows some interesting features. A drastic reduction in intensity in the dye UV emission is 

seen in the ZnO-4ABBN composite and also the green emission corresponding to defect 

sites in ZnO is present albeit with a reduction in intensity compared to pristine ZnO, 

indicating an electron transfer from the dye molecule to ZnO. Moreover, the lifetime studies 

also show the stabilization of defect species in ZnO due to electron transfer from the 

organic moiety. In addition, the photocurrent enhancement of the composite under 

illumination also corroborates an electron transfer mechanism from the dye molecule to 

ZnO. The composite with non-conjugated molecule is prone to photodegradation whereas 

that with conjugated molecule is highly stable for photocatalytic water splitting reactions. 

The electron transfer mechanism in the ZnO-4ABBN composite for photocatalytic water 

splitting reactions is corroborated by computational studies.  DFT studies show that the 

HOMO of 4ABBN is located in the ZnO band gap, which reduces the effective band gap of 

the composite and facilitating absorption in the visible region of the solar spectrum. The 

position of the redox potentials of water reduction and oxidation is aligned with respect to 

the valence band maxima and conduction band minima of the composite. This claim is 

further supported by photocatalytic water splitting experiments and there is a much larger 

yield of hydrogen in presence of methanol, which replenishes the electron. Thus, the ZnO-

4ABBN composite photocatalysts, without the use of expensive dyes or cocatalysts pave the 

way to a more efficient and cost effective method of H2 generation.  
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Chapter 3 reported synthesis, characterization and photocatalytic water splitting 

activity of ZnO-azoquinoline composites (ZnO-3ABBNHQ and ZnO-4ABBNHQ). In this 

study, two dye molecules, meta and para substituted azoquinoline benzoic acid (3ABBNHQ 

and 4ABBNHQ) capable of multimodal anchoring are used.  On replacing the coupling 

moiety naphthol with hydroxyquinoline presents a dye structure which can anchor to ZnO 

through dual site grafting via carboxylate and hydroxyl imine groups, altering the 

resonance structure of the dye, making electron transfer between ZnO and dye possible. 

The photophysical characteristics of the dyes show both absorption and emission features. 

An enhancement in the visible light absorption (5 fold in ZnO-4ABBNHQ and double in 

ZnO-3ABBNHQ) is observed in both the composites after dye grafting which is responsible 

for the visible light photocatalytic activity, due to charge transfer from dyes to ZnO. Also, 

the emission of both the composites increases on excitation in UV light, which indicates an 

electron transfer from ZnO to dyes, pointing to catalytically active sites on ZnO-dye 

interface. Electrochemical studies also show an electron transfer in the composite under 

illumination. Computational studies on the electronic structure of both the dyes and the 

composites also support such a charge transfer. From the computational calculations, 

visible light excitation of the dyes and subsequent electron transfer to ZnO surface makes 

the composites visible light active for H2 generation when the dye is anchored through 

carboxylic group. In the case of ZnO-3ABBNHQ composite, an UV light excitation of ZnO is 

energetically feasible for H2 generation only in case of quinoline anchoring. Presence of 

desired catalytic sites on the ZnO-dye interface made the composites (ZnO-3ABBNHQ and 

ZnO-4ABBNHQ) potential candidates as water splitting catalysts. 

  

         Chapter 4 reports synthesis, characterization and photocatalytic water splitting 

activity of  ZnO-Perylene composites (ZnO-PTCDACOOH2). In the present case, perylene 

tetracarboxylic dianhydride is coupled with para aminobenzoic acid and a symmetrically 

substituted perylene derivative with carboxylate functionality is designed.  Perylene dyes 

are known for their self-aggregation properties due to π-π stacking, which can be 

minimized by anchoring it to ZnO nanoparticles.  The absorption and emission properties 

of the ZnO-Perylene composites show interesting features. From the UV-visible 



Summary & conclusions Chapter 6 

 

   Ph.D. Thesis: AcSIR                                                                                                                    159          

 

spectroscopic studies of the composite, it is clear that the absorption edge of the ZnO has 

been slightly red-shifted and also combined features of ZnO and dye molecule is observed. 

The appearance of a new emission peak at 400 nm is noticed in the case of composite at 

excitation wavelengths ranging from 315-385 nm. This emission shows the emergence of a 

new species which is responsible for the enhanced visible light absorption in the 

composite.  The contribution from the new species for the photocatalytic activity is further 

corroborated from the life time studies. Efficient electron transfer between the dye and 

ZnO is also proved by the linear sweep voltammetric electrochemical measurements under 

illumination. Thus, the covalent anchoring of the dye molecule to ZnO nanoparticles 

increased the electronic communication between the dye chromophore and the 

semiconductor, thereby enhancing the photostability and H2 generation of the composite 

both under UV and visible irradiation. Computational studies were not possible with the 

ZnO-perylene composites due to the complexity of the composite. 

 

Chapter 5 describes the synthesis, photophysical and photocatalytic water splitting activity 

of ZnO–terthiophene composites (ZnO-TTTCOOH and ZnO-BrTTTCOOH). Terthiophene 

molecules are known to be conducting oligomers separated by a heterocyclic π conjugated 

system. In this chapter, two semiconducting terthiophene molecules are used, one 

functionalized with –COOH group (TTTCOOH) and the other is terthiophene carboxylic acid 

functionalized with Br in one end (BrTTTCOOH), inorder to understand the effect of 

electron density and electron availability in the backbone. In ZnO-TTTCOOH composites, 

the absorption and emission studies show more of organic molecule features than ZnO with 

an enhancement in the visible light absorption. Fluorescence intensity has been increased 

in this case which is further corroborated by the lifetime studies. Electrochemical studies 

show an efficient electron transfer between ZnO and dye under visible light illumination. 

The broad absorption range of the composite made it possible as a potential candidate for 

H2 generation in photocataytic water splitting.  In ZnO-BrTTTCOOH composite, the 

absorption studies show combined features of both ZnO and the molecule. The 

fluorescence intensity also decreased in the composite which is reflected in the lifetime 

studies also. Linear sweep voltammetric and electrochemical impedance measurements 
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also show a facile electron transfer in the composite under illumination. Computational 

studies on the electronic structure of both the molecules and the composites also support 

an efficient charge transfer. From the computational calculations, the valence band maxima 

(VBM) are on the organic molecules and the conduction band minima (CBM) on the ZnO 

surface.  Also, a direct electron transfer from HOMO (molecule) to LUMO+1 (ZnO) is more 

facile in Br analogue than TTTCOOH. The overlap of the molecular orbitals of the molecules 

and ZnO is more prominent in ZnO-BrTTTCOOH than ZnO-TTTCOOH which is evident from 

the DFT studies. Presence of desired catalytic sites on the composites (ZnO-TTTCOOH and 

ZnO-BrTTTCOOH) is responsible for the photocatalytic water splitting reactions. 

 

6.2. Conclusions 

 Conjugation, resonance properties and effective electron transfer due to appropriate 

band alignment are the factors found important for photocatalytic water splitting by 

ZnO composites with organic dyes and semiconductors. 

 Photophysical properties of ZnO-azonaphthol composites (ZnO-3ABBN and ZnO-

4ABBN) indicate an effective electron transfer from the conjugated azonaphthol to 

ZnO but not in case of non-conjugated molecule.  

 From lifetime studies, it is observed that conjugated molecule stabilises the defect 

sites on ZnO nanoparticles and the excited electrons from the conjugated molecule 

(LUMO) are transferred to specific defect sites in ZnO in case of azonaphthols.  

 Electron transfer properties under illumination are further proved by the 

photocurrent enhancement shown by the electrochemical studies. 

 The experimental observations are corroborated with computational studies, which 

also point to a localisation of valence band maximum of the interface on the organic 

moiety and conduction band minimum on ZnO.  

 ZnO-3ABBN composites are prone to photodegradation due to the absence of 

extended conjugation. 

 Presence of multiple chelating sites facilitates dual mode of anchoring on ZnO 

nanoparticles in case of azoquinoline system, which leads to enhanced 

photostability and electron transfer properties. 
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 Electron transfer properties in these composites have been increased by the 

incorporation of resonance features in the dye molecules through multimodal 

anchoring.  

 Electron transfer from ZnO to dye molecules under UV light and reverse in visible 

light could be identified from the photophysical studies.  

 Computational studies on the electronic structure of the dye molecules and the 

composite also  support  such a charge transfer. 

 Perylene derivatives are known for their self-aggregation properties, can be 

minimised by grafting it with ZnO nanoparticles thereby making it efficient for 

better electron injection and transfer.  

 The ZnO-perylene composite shows a broad absorption range with a slight red shift 

in the ZnO absorption edge and also a new characteristic emission peak at 400 nm, 

indicating formation of a new species. 

 The contribution from new species for the photocatalytic activity is also evident 

from the lifetime studies. 

 The photophysical studies show combined features of both the ZnO and the 

perylene molecule which shows an efficient electron transfer between ZnO and the 

dye molecule. 

 In ZnO-terthiophene composite, photophysical studies show a major contribution 

from the molecule than the ZnO nanoparticle, facilitating electron transfer between 

ZnO-molecule interfaces.   

 In the composite with Br analogue, a broad absorption range is noticed extending 

from 320-440 nm with an enhanced visible light absorption. 

 The electron transfer properties are further corroborated by the computational 

studies. From the DFT studies, the ZnO-BrTTTCOOH composite conduction band 

minima (CBM) are more aligned with the water reduction potential than the ZnO-

TTTCOOH composite. 

 Br seems to enhance the electron density of the thiophene backbone through 

mesomeric effect which may have led to increased visible light absorption and 

photocatalytic activity. 



List of Publications and Patents 

 

1. Understanding the electron transfer process in ZnO–naphthol azobenzoic acid composites 

from photophysical characterization, L. George, A.K. Kunhikannan, R. Illathvalappil, 

D.Ottoor, S. Kurungot, R.N.Devi., PCCP, 2016, 18, 22179-22187. 

2.  Surface Site Modulations by Conjugated Organic Molecules to Enhance Visible Light Activity 

of ZnO Nanostructures in Photo catalytic Water Splitting, L.George, 

S.Sappati, P.Ghosh, R.N. Devi., JPCC, 2015, 119, 3060-3067. 

3.  Valorization of coffee bean waste: a coffee bean waste derived multifunctional catalyst or 

photocatalytic hydrogen production and electrocatalytic oxygen reduction reactions, S. M. 

Unni, L. George, S. N. Bhange, R. N. Devi and S. Kurungot, RSC Adv., 2016, 6, 82103-82111. 

4.  Characterization, non-isothermal decomposition kinetics and photocatalytic water splitting 

of green chemically synthesized polyoxoanions of molybdenum containing 

phosphorus as hetero atom, Bessy D’Cruz, J. Samuel and L. George, Thermochimica 

Acta., 2014, 596, 29–36. 

5. Green chemical incorporation of silicon into polyoxoanions of molybdenum: 

characterization, thermal kinetics study and their photocatalytic water splitting activity, 

Bessy D’Cruz, J. Samuel and L. George, RSC Adv., 2014, 4, 63328–63337. 

6. Photocatalytic H2 evolution from water–methanol mixtures on InGaO3(ZnO)m with an 

anisotropic layered structure modified with CuO and NiO cocatalysts, S. B. Narendranath, S. 

V. Thekkeparambil, L. George, Shibin Thundiyil, R. N. Devi., Journal of 

Molecular Catalysis A: Chemical, 2016, 415, 82–88. 

7.  Nitrogen-doped graphene interpenetrated 3D Ni-nanocages: efficient and stable water- to 

dioxygen electrocatalysts, Vishal M. Dhavale, Sachin S.Gaikwad, L.George, R.N.Devi and 

Sreekumar Kurungot, Nanoscale., 2014, 6, 13179–13187. 

8. Green synthesis of novel polyoxoanions of tungsten containing phosphorus as a 

heteroatom:characterization, non-isothermal decomposition kinetics and photocatalytic 

activity, Bessy D’Cruz, J. Samuel, M. K. Sreedhar and L. George., New J. Chem., 

2014, 38, 5436—5444. 

9. Low Band Gap Benzimidazole COF Supported Ni3N as Highly Active OER Catalyst, 

Shyamapada Nandi, S. K. Singh, Dinesh Mullangi, Rajith Illathvalappil, L. George, 



Chathakudath P. Vinod, Sreekumar Kurungot and Ramanathan Vaidhyanathan., Adv. Energy 

Mater. 2016, 1601189. 

10. Functionalized zinc oxide nanoparticles for photocatalytic water splitting, R Nandini Devi   

; L. George; Patent Application number: WO2015092816 A8, 2015. 

11. Multimodal anchoring of simple organic molecules on ZnO nanoparticles for enhanced  

electron transfer characteristics, L.George, S.Sappati, P.Ghosh, R.N Devi (communicated). 

12.  Design of azo based dyes for enhanced visible light absorption and photocatalytic water 

splitting in ZnO, L.George, S.Sappati, P.Ghosh, R.N. Devi (to be communicated). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contributions to Symposia/Conference 

1. International Conference on Materials for the New Millenium, held at Cochin  

University of Science and Technology (CUSAT), Kerala on January 2010. 

 

2. 20th National Symposium on Catalysis for Energy Conversion and Conservation of  

Environment (CATSYMP – 20), held at National Centre for Catalysis Research, Indian 

Institute of Technology Madras, Chennai on December 2010. 

 

3. National Science Day and IYC-2011 Conference, held at CSIR-National Chemical 

Laboratory, Pune on February 2011. 

 

4.  21st National Symposium on Catalysis for Sustainable Development (CATSYMP 

– 21), held at CSIR- Indian Institute of Chemical Technology, Hyderabad on February 2013. 

 

 5. 2nd TAPSUN Conference on Advances in Futuristic Solar Energy Materials and  

Technologies, held at CSIR-Central Leather Research Institute, Chennai on September 

2013. 

6.  National Science Day 2014 Conference, held at CSIR-National Chemical Laboratory, Pune 

on February 2014. 

7. Workshop on Particle Size Analysis and Colloidal Stability using Dynamic Light 

Scattering: Nano to Micro, held at CSIR-National Chemical Laboratory Venture Centre, 

Pune on February 2012. 

Papers/Posters Presented at Conferences 

  1.    “Surface modified nano ZnO” poster presented at the 20th National Symposium on Catalysis 

(CATSYMP – 20), held at National Centre for Catalysis Research, Indian Institute of 

Technology Madras, Chennai on December 2010. 



2. “Surface modified nano ZnO” poster presented at the National Science Day and IYC- 2011, 

held at CSIR-National Chemical Laboratory, Pune on February 2011. 

3. “Surface modified ZnO Nanostructures: Synthesis, Optical Studies and Applications in 

Photocatalysis” poster presented at the 21st National Symposium on Catalysis (CATSYMP – 

21), held at CSIR- Indian Institute of Technology, Hyderabad on February 2013. 

4. “Surface modified ZnO Nanoparticles for Water Splitting Activity”, poster presented at the 

2nd TAPSUN Conference on Advances in Futuristic Solar Energy Materials and 

Technologies, held at CSIR-Central Leather Research Institute, Chennai on September 2013. 

5. “Surface modified ZnO Nanoparticles for Water Splitting Activity”, poster presented at the 

National Science Day 2014, held at CSIR-National Chemical Laboratory, Pune on February 

2014. 

 6. “Surface modified ZnO Nanoparticles for Water Splitting Activity”, poster presented at the 

International Conference on Advanced Catalytic Science and Technology (TOCAT 7), Kyoto, 

Japan on June 2014. 

 7. “Surface modified ZnO Nanoparticles for Water Splitting Activity”, poster presented at the 

National Science Day 2014, held at CSIR-National Chemical Laboratory, Pune on February 

2015. 

 



1 Appendix 1 

 

  

 

Appendix 1 

Physicochemical Characterizations 

Various physicochemical techniques can be used for the characterization of the ZnO 

NPs, organic linkers (azonaphthols, azoquinolines, perylenes and terthiophenes) and 

composites (ZnO-azonaphthols, ZnO-azoquinolines, ZnO-perylenes and ZnO-

terthiophenes). The principles of techniques, used in the present study like powder 

diffraction using laboratory X-rays, TEM, NMR, IR Spectroscopy, Zeta-potential 

measurements, Raman Spectroscopy, UV-visible spectroscopy, Photoluminescence 

Spectroscopy, Life time measurements, electrochemical measurements and gas 

chromatography.  

1. Powder Diffraction 

Understanding and predicting the properties of scientific and technologically 

important materials require the exact knowledge of its structure. The structure of an 

idealized crystal lattice consists of periodic arrangement atoms and single crystal analysis 

is the most suitable technique to understand it. However, because of the unavailability of 

suitable single crystals in many cases and to extract information on the bulk material, 

alternative technique, powder diffraction is routinely used. Moreover it can be used for the 

determination of microstructural properties, disorder in materials, studies of macroscopic 

stresses in components, and texture of polycrystalline samples.  

X-rays are electromagnetic waves having wavelengths of the order of 1Å, which is 

comparable with the spacing between lattice planes in crystals. X-ray diffraction, based on 

wide-angle elastic scattering of X-rays, is the most important and common tool to 

determine the structure of the materials characterized by the long range ordering. X-ray 

diffraction involves the measurement of the intensity of X-rays scattered from electrons or 

neutrons bound to atoms. Waves scattered at atoms at different positions arrive at the 

detector with a relative phase shift. Therefore, the measured intensities yield information 

about the relative atomic positions. The diffraction patterns gives information about 

structure formation, phase purity, degree of crystallinity, and unit cell parameters of the 

materials. The formation of a structural phase can be confirmed by comparing the powder 
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diffraction patterns with that of pure reference phases distributed by International Center 

for Diffraction Data (ICDD).  

The use of Bragg’s equation is the easiest way to get to the structural information in 

powder diffraction, the derivation of which considers X-ray diffraction as a reflection of X-

rays by sets of lattice planes. As the X-rays penetrate deeply, additional reflections occur at 

thousands of consecutive parallel planes. The overlap of the scattered X-rays occurs since 

all are reflected in the same direction.  

The Braggs equation is nλ = 2dsin, where d is the interplanar spacing of parallel 

lattice planes and 2 is the diffraction angle, the angle between the incoming and outgoing 

X-ray beams. 

Sharp intensities emerge from the sample only at the special angles where Bragg’s 

equation holds. For crystalline materials, the destructive interference results in a 

completely destruction of intensity in all the other directions. In the modern flat-plate 

powder X-ray diffractometer, used most commonly in industrial and academic laboratories, 

the divergent incident beam is allowed to reflect from the sample and converges at a fixed 

radius from the sample position. This configuration is commonly referred to as “Bragg–

Brentano” geometry (shown in Figure 6). The spinning of sample about an axis normal to 

the flat plate results in a good powder average. 

 

Figure 1. Schematic representation of Bragg–Brentano geometry. 
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 Powder diffraction experiments, exploits X-rays from a laboratory generator 

or from a high energy storage ring (synchrotron radiation), or neutrons produced in a 

reactor or spallation source. A typical wavelength used lies in the range 0.1-5 Å , 

comparable with the spacings between lattice planes in crystals. Data can be collected in 

transmission or reflection modes, depending on the absorption of radiation by the sample. 

A brief description of the different sources used for the powder diffraction experiments are 

given here. 

1.1. Laboratory X-ray Sources 

In a standard laboratory instrument, the X-rays are produced in a sealed-tube 

source where electrons, accelerated by a potential difference of up to 60 kV, bombard a 

metal anode inside a vacuum tube. This results in the formation of a characteristic 

radiation spectrum composed of discrete peaks arising from the filling of vacant level in the 

inner shell (created from the ejection of electron by the incoming electron) by a higher 

atomic level electron. The emission of an X-ray photon is characterised by the difference in 

energy between the two levels. A higher resolution copper X-ray spectrum consists of 

components labeled as K1 (1.54056Å ) and K2(1.54439Å ). The most commonly used 

target element is Cu but Mo, Cr, Fe, Co, Ag and W are also used for specialist applications . 

Cu tube is the most common choice for routine analysis, which gives X-rays of shortest 

wavelength above 1A˚. Also relatively high power can be applied to the target because of 

the good thermal conductivity of copper.  

Table 1. Approximate principle emission lines for various anode targets. 

Anode Cu Mo Cr Fe Co Ag W 

λ(K) Å  1.54 0.71 2.29 1.94 1.79 0.56 0.21 

 

2.  Transmission Electron Microscopy (TEM)  

A TEM works much like a slide projector .A projector shines a beam of light through 

(transmits) the slide , as light passes through it is affected by structures and objects on the 

slide. These effects result in only certain parts of light beam being transmitted through 

certain parts of the slide. This transmitted beam is then projected onto the viewing screen 

forming an image of the slide. TEM works same way except that they shine beam of 
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electrons (like light) through the specimen (slide). Whatever part is transmitted is 

projected into a phosphor screen.  

 

A “light source” at the top of the microscope emits electrons that travel through 

vacuum in the column of the microscope. The TEM uses electromagnetic lenses to focus 

electrons into a very thin beam. The electron beam then travel through the specimen 

.Depending on the density of the material, some of the electrons are scattered and 

disappear from the beam. At the bottom of the microscope the unscattered electrons hit a 

fluorescent screen ,which gives rise to a shadow image of the specimen with its different 

parts displayed in varied darkness according to their density. The image can be studied 

directly by operator or photographed with a camera. The darker area of the image 

represent those area of the sample that fewer electrons were transmitted through (they are 

thicker or denser).The lighter of image represent those area of the sample that more 

electrons were transmitted through (they are thinner or less dense).  

 

Figure 2. Principle of TEM 

 

 

 

3. NMR Spectroscopy 
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All the NMR measurements were carried out on a Bruker AV400 MHz NMR spectrometer 

equipped with a 9.4 Tesla superconducting magnet. The resonance frequency for 1H at this 

magnetic field is 400 MHz and for 13C, it is 100 MHz. The proton NMR spectra were taken 

with a standard one pulse experiment using a 30 degree flip angle and 1 sec relaxation 

delay. 32 to 64 scans and 32K data points were used for data collection. The raw data 

obtained are Fourier Transformed to get the frequency domain spectrum without the 

application of any window function. 13C spectra were obtained with a standard pulse 

sequence with continuous proton decoupling. A flip angle of ~ 30 degree, relaxation delay 

of 2 sec and 32K data points were used for data collection. The proton decoupling was 

achieved by a standard ZGPG30 pulse technique. A standard DEPT pulse sequence with a 

sorting pulse of 135 degree (DEPT135) was employed for the 13C spectral editing so that 

the CH2 peaks appear as negative and CH and CH3 as positive. The number of scans for the 

13C spectral data collection varied from a few hundred to a couple of thousand depending 

on the concentration. Prior to Fourier Transformation, the raw 13C data (FID’s) were 

multiplied by an exponential window function with a line broadening (LB) of 2Hz for 

sensitivity enhancement. The chemical shifts for the solvent peak is found at 2.5ppm (1H, 

DMSO-d6) and 39.9 ppm (13C, DMSO-d6). 

 

4. IR SPECTROSCOPY (Infra-red Spectroscopy)    

In IR Spectroscopy, IR radiation is passed through a sample. Some of the infra radiation is 

absorbed by the sample and the other is transmitted. The resulting spectrum represents 

the molecular absorption and transmission, creating a molecular fingerprint of the sample. 

It represents the fingerprint of the absorption peaks which corresponds to frequencies of 

the vibrations between the bonds of 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) of every different kind of material. In addition the size of peaks in the 

spectrum is a direct indication of the amount of material present.  

FT-IR spectrometers are often called as FT-IRs. FT-IR is a method of obtaining infrared 

spectra by collecting an Interferogram of a sample signal using an interferometer and then 
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performing a Fourier transform on the Interferogram to obtain the spectrum. An FT-IR 

spectrometer collects and digitalizes the Interferogram, performs FT function and displays 

the spectrum.  

The technique works on the fact that bonds and groups of the bonds vibrate at 

characteristic frequencies. A molecule that is exposed to infrared rays absorbs infrared 

energy at frequencies which are characteristic to that molecule. During FT-IR analysis, a 

spot on the specimen is subjected to a modulated IR beam. The specimen’s transmittance 

and reflectance of infrared rays at different frequencies is translated into an IR absorption 

plot consisting of reverse peaks. The resulting FT-IR spectral pattern is then analyzed and 

matched with known signatures of identified materials in the FT-IR library. FT-IR 

spectroscopy bases its functionality on the principle that almost all molecules absorb 

infrared light. Molecules only absorb at those frequencies where its infrared light affects 

the dipolar moment of the molecule. Molecule with dipolar moment allows infrared 

photons to interact with the molecule causing excitation to higher vibrational states. As 

mentioned earlier almost all molecules absorb infrared light and each molecule absorbs IR 

light at certain frequencies. This property provides unique characteristic for each molecule. 

It provides a way to identify the molecular type (qualitative analysis) and the amount or 

quantity of the molecule in the sample (quantitative analysis). Since each type of molecules 

only absorbs at certain frequencies it provides the unique absorption spectral pattern or 

finger print through the entire IR spectrum. As a conventional infrared spectroscopy, FT-IR 

is used to detect the vibrational transitions of a molecule. The advantage of FT-IR 

compared to conventional infrared spectroscopy is that all wave numbers are measured at 

once with the help of Michelson interferometer.  

 

Figure 3.  Schematic diagram of Infrared Spectroscopy 
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5. Dynamic Light Scattering and Zeta Potential 

Particle size can be determined by measuring the random changes in the intensity of light 

scattered from a suspension or solution.  This technique is commonly known as dynamic 

light scattering (DLS), but is also called photon correlation spectroscopy (PCS) and quasi-

elastic light scattering (QELS).  Dynamic light scattering explains the technique beginning 

the actual phenomena under study (particle motion, not particle size).  The nature of the 

measurement and data interpretation is then discussed. Finally, there are some concluding 

comments. 

The zeta potential of a sample is most often used as an indicator of dispersion stability. 

Large zeta potentials predict a more stable dispersion. Fast and accurate measurement of 

the zeta potential with the SZ-100 can enhance understanding of aggregation and 

flocculation in samples and speed up the process of developing stable formulations, be they 

dispersions, emulsions or suspensions. Measurement of the zeta potential, or electrostatic 

attraction / repulsion, is important to many industries from pharmaceuticals to mineral 

processing and from water treatment to additives for electronics. The SZ-100 enables fast, 

reliable and accurate measurement of the zeta potential. 

 

6. Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of 

monochromatic light, usually from a laser source. Inelastic scattering means that the 

frequency of photons in monochromatic light changes upon interaction with a sample. 

Photons of the laser light are absorbed by the sample and then reemitted. Frequency of the 

reemitted photons is shifted up or down in comparison with original monochromatic 

frequency, which is called the Raman Effect. This shift provides information about 

vibrational, rotational and other low frequency transitions in molecules. Raman 

spectroscopy can be used to study solid, liquid and gaseous samples. 

The Raman effect is based on molecular deformations in electric field E determined by 

molecular polarizability α. The laser beam can be considered as an oscillating 

electromagnetic wave with electrical vector E. Upon interaction with the sample it induces 
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electric dipole moment P = αE which deforms molecules. Because of periodical 

deformation, molecules start vibrating with characteristic frequency υm. Amplitude of 

vibration is called a nuclear displacement. In other words, monochromatic laser light with 

frequency υ0 excites molecules and transforms them into oscillating dipoles. Such 

oscillating dipoles emit light of three different frequencies  when: 

1. A molecule with no Raman-active modes absorbs a photon with the frequency υ0. The 

excited molecule returns back to the same basic vibrational state and emits light with the 

same frequency υ0 as an excitation source. This type if interaction is called an elastic 

Rayleigh scattering. 

2. A photon with frequencyυ0 is absorbed by Raman-active molecule which at the time of 

interaction is in the basic vibrational state. Part of the photon’s energy is transferred to the 

Raman-active mode with frequency υm and the resulting frequency of scattered light is 

reduced to υ0-υm. This Raman frequency is called Stokes frequency, or just “Stokes”. 

3. A photon with frequency υ0 is absorbed by a Raman-active molecule, which, at the time 

of interaction, is already in the excited vibrational state. Excessive energy of excited Raman 

active mode is released, molecule returns to the basic vibrational state and the resulting 

frequency of scattered light goes up to υ0+ υm. This Raman frequency is called Anti-Stokes 

frequency, or just “Anti-Stokes”. 

 

 

Figure 4.  Raman frequencies 
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A Raman system typically consists of four major components: 

1. Excitation source (Laser). 

2. Sample illumination system and light collection optics. 

3. Wavelength selector (Filter or Spectrophotometer). 

4. Detector (Photodiode array, CCD or PMT). 

A sample is normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or 

near infrared (NIR) range. Scattered light is collected with a lens and is sent through 

interference filter or spectrophotometer to obtain Raman spectrum of a sample. Since 

spontaneous Raman scattering is very weak the main difficulty of Raman spectroscopy is 

separating it from the intense Rayleigh scattering. More precisely, the major problem here 

is not the Rayleigh scattering itself, but the fact that the intensity of stray light from the 

Rayleigh scattering may greatly exceed the intensity of the useful Raman signal in the close 

proximity to the laser wavelength. In many cases the problem is resolved by simply cutting 

off the spectral range close to the laser line where the stray light has the most prominent 

effect. People use commercially available interference (notch) filters which cut-off spectral 

range of ± 80-120 cm-1 from the laser line. This method is efficient in stray light 

elimination but it does not allow detection of low-frequency Raman modes in the range 

below 100 cm-1. 

Stray light is generated in the spectrometer mainly upon light dispersion on gratings and 

strongly depends on grating quality. Raman spectrometers typically use holographic 

gratings which normally have much less manufacturing defects in their structure then the 

ruled once. Stray light produced by holographic gratings is about an order of magnitude 

less intense then from ruled gratings of the same groove density. Using multiple dispersion 

stages is another way of stray light reduction. Double and triple spectrometers allow taking 

Raman spectra without use of notch filters. In such systems Raman-active modes with 

frequencies as low as 3-5 cm-1 can be efficiently detected. In earlier times people primarily 

used single-point detectors such as photon-counting Photomultiplier Tubes (PMT). 

However, a single Raman spectrum obtained with a PMT detector in wavenumber scanning 

mode was taking substantial period of time, slowing down any research or industrial 

activity based on Raman analytical technique. Nowadays, more and more often researchers 
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use multi-channel detectors like Photodiode Arrays (PDA) or, more commonly, a Charge-

Coupled Devices (CCD) to detect the Raman scattered light. Sensitivity and performance of 

modern CCD detectors are rapidly improving. In many cases CCD is becoming the detector 

of choice for Raman spectroscopy. 

Raman spectra were recorded on a Horiba JY Lab RAM HR 800 spectrometer excited with 

633 nm lasers. 

7. UV-visible Spectroscopy 

UV-Vis spectroscopy involves the spectroscopy of photons in the UV-visible region. This 

means it uses the light in the visible and adjacent (near UV and near IR ranges). The 

absorption in the visible ranges directly affects the color of chemicals involved. In the 

region of electromagnetic spectrum molecules undergo electronic transitions. UV 

spectroscopy is useful as an analytical technique for two reasons. First it can be used to 

identify some functional groups in molecules and secondly it can be used for assaying. This 

second role -determining content and strength of a substance is extremely useful. When 

light –either ultraviolet or visible is absorbed by valence (outer) electrons, these electrons 

are promoted from their normal (ground) states to higher energy (excited) states .The 

energies of the orbitals involved in electronic transition have fixed values. Because energy 

is quantized, it seems to assume that absorption peak in UV Spectrum will be sharp peaks. 

However this is rarely if ever observed. Instead the spectrum has broad peaks. This is 

because there are also vibrational and rotational energy levels available to absorbing 

materials.  

The Beer-Lambert’s law states the absorbance of a solution is directly proportional to the 

concentration of the absorbing species in the solution and the path length.  

A=  log (Io/I)=  ε l c  

Io= Intensity of incident radiation  

I= Intensity of transmitted radiation  

L=Path length through the sample  

C= Concentration of absorbing species  

E=Molar absorption coefficient  
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 The instrument used in UV Spectroscopy is called UV spectrophotometer. It measures the 

intensity of the light passing through the sample (I) and compares it to the intensity of light 

before it passes through the sample(Io).The ratio(I/Io) is called Transmittance and is 

usually expressed as a percentage (%T).The absorbance(A) is based on the Transmittance.  

A= -log (%T/100%)  

The basic parts of a spectrophotometer are a light source, a holder for the sample, a 

diffraction grating or a monochromator to separate the different wavelengths of light and a 

detector. The radiation source is often a Tungsten filament, a deuterium arc lamp which is 

continuous over the UV region and more recently light emitting diode s and xenon arc 

lamps for visible wavelengths. The detector is typically a photodiode or CCD. A 

spectrophotometer may be either single beam or double beam. In single beam instrument, 

all of the light passes through the sample cell. In a double beam instrument, the light is split 

into two beams before it reaches the sample. One beam is used as reference and the other 

beam is passes through the sample. Some detectors have two detectors (photodiodes) and 

the sample and reference beams are measured at the same time. In other instruments the 

two beams pass through a beam chopper, which blocks one beam at a time. The detector 

alternate between measuring the sample beam and the reference beam.  An UV Spectrum is 

essentially a graph of absorbance versus wavelength in a range of ultraviolet or visible 

range.  

8. Photoluminescence Spectroscopy 

Photoluminescence is a term used to designate a number of effects, including fluorescence, 

phosphorescence, and Raman scattering. Photoluminescence spectroscopy is a contactless, 

nondestructive method of probing the electronic structure of materials. Light is directed 

onto a sample, where it is absorbed and imparts excess energy into the material in a 

process called photo-excitation. One way this excess energy can be dissipated by the 

sample is through the emission of light, or luminescence. In the case of photo-excitation, 

this luminescence is called photoluminescence. Photo-excitation causes electrons within a 

material to move into permissible excited states. When these electrons return to their 

equilibrium states, the excess energy is released and may include the emission of light (a 

radiative process) or may not (a nonradiative process). The energy of the emitted light 
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(photoluminescence) relates to the difference in energy levels between the two electron 

states involved in the transition between the excited state and the equilibrium state. The 

quantity of the emitted light is related to the relative contribution of the radiative process. 

Fluorescence is the result of a three-stage process that occurs in certain molecules called 

fluorophores or fluorescent dyes. A fluorescent probe is a fluorophore designed to localize 

within a specific region of a biological specimen or to respond to a specific stimulus. The 

process responsible for the fluorescence of fluorescent probes and other fluorophores is 

illustrated by a Jablonski diagram. Stage 1: Excitation. A photon is supplied by an external 

source such as an incandescent lamp or a laser and absorbed by the fluorophore, creating 

an excited electronic singlet state (S1'). This process distinguishes fluorescence from 

chemiluminescence, in which the excited state is populated by a chemical reaction. Stage 2: 

Excited-State Lifetime. The excited state exists for a finite time (typically 1–10 

nanoseconds). During this time, the fluorophore undergoes conformational changes and is 

also subject to a multitude of possible interactions with its molecular environment. These 

processes have two important consequences. First, the energy of S1' is partially dissipated, 

yielding a relaxed singlet excited state (S1) from which fluorescence emission originates. 

Second, not all the molecules initially excited by absorption (Stage 1) return to the ground 

state (S0) by fluorescence emission. Other processes such as collisional quenching, 

fluorescence resonance energy transfer (FRET) and intersystem crossing (see below) may 

also depopulate S1. The fluorescence quantum yield is the ratio of the number of 

fluorescence photons emitted (Stage 3) to the number of photons absorbed (Stage 1). 

Stage 3: Fluorescence Emission. A photon of energy is emitted, returning the fluorophore to 

its ground state S0. Due to energy dissipation during the excited-state lifetime, the energy 

of this photon is lower, and therefore of longer wavelength, than the excitation photon. The 

difference in energy or wavelength represented by the absorbed and emitted photon is 

called the Stokes shift. The Stokes shift is fundamental to the sensitivity of fluorescence 

techniques because it allows emission photons to be detected against a low background, 

isolated from excitation photons. In contrast, absorption spectrophotometry requires 

measurement of transmitted light relative to high incident light levels at the same 

wavelength. 
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Figure 5. Jablonski Diagram 

9. Electrochemical measurements 

9.1. Cyclic Voltammetric Analysis 

 Cyclic Voltammetry (CV) is the most commonly used potential controlled 

electrochemical technique which is routinely used to investigate the electrochemical 

properties of materials. This technique offers a fast location of the redox potentials of 

electroactive species. In CV, generally three-electrode systems are used even though two-

electrode systems can also be used. In three-electrode systems, the potential is applied 

between WE and reference electrode (RE) while the current is measured in between the 

WE and the counter electrode (CE). To tackle with large currents, normally counter 

electrode will be with very high surface area. In CV, the potential of the WE is cycled 

linearly with time between two potential ends at which the oxidation and reduction of the 

sample occurs. Here, the potential is scanned at a particular scan rate and the current-time 

curve is plotted. As the scan rate is constant and the initial and switching potential are 

known, time can be converted into potential. The resulting current-potential plot is known 

as cyclic voltammogram.  

9.2. Electrochemical Impedance Spectroscopy 
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Electrochemical impedance spectroscopy (EIS) is a very versatile electrochemical tool to 

characterize intrinsic electrical properties of any material and its interface. This is a steady 

state method measuring the current response to the application of an AC voltage as a 

function of the frequency. The basis of impedance spectroscopy is the analysis of the 

impedance (resistance of alternating current) of the observed system with respect to the 

applied frequency and applied signal. 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. EIS provides quantitative information about the conductance, dielectric 

coefficient and some interfacial properties. EIS data for electrochemical cells are most often 

represented in Nyquist and Bode plots. Bode plots refer to representation of the impedance 

magnitude (or the real or imaginary components of the impedance) and phase angle as a 

function of frequency. Because both the impedance and the frequency often span orders of 

magnitude, they are frequently plotted on a logarithmic scale. Bode plots explicitly show 

the frequency-dependence of the impedance of the device under test. A complex plane or 

Nyquist plot depicts the imaginary impedance, which is indicative of the capacitive and 

inductive character of the cell, versus the real impedance of the cell. Nyquist plots have the 

advantage that activation-controlled processes with distinct time-constants show up as 

unique impedance arcs and the shape of the curve provides insight into possible 

mechanism or governing phenomena.  

 

 

10. Gas Chromatography 

A Gas Chromatograph is used to detect the components based on the selective affinity of 

components towards the adsorbent materials. The sample is introduced in the liquid/gas 

form with the help of GC syringe into the injection port, it gets vaporized at injection port 

then passes through column with the help of  continuously flowing carrier stream (mobile 

phase), mainly H2 (for TCD), and gets separated/detected at the detection port with 

suitable temperature programming. We visualize this on computer in the form of peaks. 

Carrier medium can be liquid (e.g. HPLC) or gas (e.g. GC) for the ease of 

separation/detection, if it is gas then called gas chromatography otherwise called liquid 
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chromatography. Different chemical constituents of the sample travel through the column 

at different rates depending upon,  

1. Physical properties  

2. Chemical properties, and  

3. Interaction with a specific column filling (stationary phase).  

As the chemicals exit the end of the column, they are detected and identified electronically. 

The function of the stationary phase in the column is to separate different components, 

causing each one to exit the column at a different time (retention time). Other parameters 

that can be used to alter the order or time of retention are the carrier gas flow rate, and the 

temperature. Physical Components involve inlet port, Adsorption column, detector port, 

flow controller (to control the flow of carrier gas), etc.  

Packed columns are 1.5 - 10 m in length and have an internal diameter of 2 - 4 mm. The 

tubing is usually made of stainless steel or glass and contains a packing of finely divided, 

inert, solid support material (eg. diatomaceous earth) that is coated with a liquid or solid 

stationary phase. The nature of the coating material determines what type of materials will 

be most strongly adsorbed. Capillary columns have a very small internal diameter, on the 

order of a few tenths of millimeters, and lengths between 25-60 meters are common. The 

inner column walls are coated with the active materials (WCOT columns). Some columns 

are quasi solid filled with many parallel micro pores (PLOT columns). Most capillary 

columns are made of fused silica with a polyimide outer coating. These columns are 

flexible, so a very long column can be wound into a small coil.  

Temperature dependence of molecular adsorption and of the rate of progression along the 

column necessitates a careful control of the column temperature to within a few tenths of a 

degree for precise work. Reducing the temperature produces the greatest level of 

separation, but can result in very long elution times. The choice of carrier gas (mobile 

phase) is important, with hydrogen being the most efficient and providing the best 

separation. However, helium has a larger range of flow rates that are comparable to 

hydrogen in efficiency, with the added advantage that helium is non-flammable, and works 

with a greater number of detectors. Therefore, helium is the most common carrier gas 

used. 
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Detectors 

A number of detectors are used in gas chromatography. The most common are the Flame 

ionization detector (FID) and the thermal conductivity detector (TCD). While TCDs are 

essentially universal and can be used to detect any component other than the carrier gas 

(as long as their thermal conductivities are different than that of the carrier gas, at detector 

temperature), FIDs are sensitive primarily to hydrocarbons, and are more sensitive to them 

than TCD. Both detectors are also quite robust. Since TCD is non-destructive, it can be 

operating in-series before an FID (destructive), thus providing complementary detection of 

the same eluents.  

 

 

Figure 6. Experimental set up for Gas Chromatograph 

 

           



Appendix 2 

2.1. Details of calculations of the amount of 4ABBN to be used based on the 

number of ZnO on the surface of the particles. 

 (a) Number of moles of Zinc acetate dihydrate (ZA) in y ml = x moles 

  Assuming 100% conversion of ZA to ZnONPs, no: of moles of ZnONPs = t moles in y ml 

  (b) Total radius of ZnO = 0.202 nm 

   Volume of one ZnO molecule = 4/3πr3 = 0.034508 nm3 

  (c) Volume of one ZnONP of ‘a’ radius (from TEM) = 4/3πa3 = b nm3 

  (d) Total no: of molecules which can be accommodated  

          in one particle = b nm3/0.034508 nm3  = c molecules 

  (e) Total no: of  ZnO molecules = t moles * N = s molecules 

  (f) Total no: of  ZnO particles = s/c = r particles 

  (g) Total no: of ZnO particles exposed 

        on the surface = 4π(a nm2)/π (0.202 nm2) = e particles 

  (h) Total no: of ZnO molecules exposed on the surface = e* r = f molecules 

  (i)  Total no: of organic linkers required = f molecules/2 = k molecules 

        No: of moles of organic linker = k molecules/N = m moles 

 



Appendix 3 

Computational Details 

Chapter 2: ZnO-azonaphthol composites 

The calculations were done using the Quantum ESPRESSO software, which is a plane 

wave based implementation of density functional theory (DFT). The electron-ion 

interactions were described using ultrasoft pseudopotentials. The exchange-correlation 

potential had been described by the Purdew, Burke and Ernzenhof (PBE) 

parametrization within the generalized gradient approximation. We have used cut offs 

of 35 Ry and 400 Ry for the wavefunction and charge density respectively. To test the 

accuracy of the pseudopotentials used in the calculations, lattice parameters of bulk ZnO 

in its wurtzite structure and the bond length of oxygen molecule in gas phase were 

determined. The wurtzite structure of ZnO has a hexagonal unit cell. For bulk ZnO, the 

lattice parameter was found to be 3.29 Å and the c/a ratio to be 1.61. This is in excellent 

agreement with previously reported experimental values and calculations. 

Within DFT, the band gap (Eg) of ZnO is severely underestimated (EgDFT=0.78 eV and 

Egexpt=3.3 eV). The wrong positions of the Zn 3d orbitals by the pseudopotentials result 

in spurious interaction with the sp bands of the O which is responsible for this severe 

underestimation. This can be corrected by many-body techniques, which are almost 

impossible to use for these large systems due to the enormous computational cost 

involved in these calculations. Hence we used an alternative technique, which was 

suggested by Janotti and coworkers and later successfully used by Calzolari et al. We 

have used an ad hoc Hubbard U potential within the DFT+U scheme to correct for this 

band gap underestimation and improve the line up for the molecular states. We note 

that the Hubbard U values included in our calculations are just empirical parameters to 

correct the gap. We have used Hubbard potentials of U=12.0 eV on the 3d orbitals of Zn 

and U=6.5 eV on the 2p orbitals of O. These values of U are obtained by fitting the 

experimental ZnO bulk band structure. We have first optimized the ZnO slab with the 

dye at the DFT level. Then we applied the U and relaxed again. We note that this is in 

slight variance with the method used by Calzolari et al. where they have not relaxed the 

structure.  



The ZnO nanoparticles used in the experiment are of diameters 3.5 and 30 nm, which is 

larger than the Bohr exciton radius of 2.87 nm in ZnO. Hence we expect that quantum 

confinement effects will not be significant. Therefore we have used the most stable non-

polar ZnO ( 0110 ) surface to model the ZnO-4ABBN composites. The ZnO ( 0110 ) surface 

was modelled with an asymmetric slab having six Zn-O bilayers. The slab is oriented 

such that the surface is normal to the z-axis. The 4ABBN molecule was placed on one 

side of the slab. To remove the spurious surface effects from the bottom of the slab, it 

was passivated with pseudo hydrogens. We have used a vacuum of about 20 Å after the 

molecule is adsorbed on the surface to minimize the interaction between the periodic 

images perpendicular to the slab. Since we are interested in the interaction of the 

molecule with the substrate, we had used a (5×2) supercell resulting in a minimum 

separation of about 8 Å between the periodic images of the molecules in the x-y plane. 

We have checked that using a (6×3) supercell, where the minimum distance between 

the periodic images of the molecule is about 15.5 Å, the results remain unchanged. The 

Brillouin zone integrations had been done using the Gamma point only.  

The calculations of the different configurations of 4ABBN in gas phase were done using 

the Gaussian09 Software[1]. We have used PBE exchange correlation functional and 6-

311++G(d,p) basis set. Taking the lowest energy configuration obtained from this scan, 

we optimized it further with the Quantum ESPRESSO software[2] using the same 

exchange correlation functional. However, with Quantum ESPRESSO we have used a 

planewave basis set, the details of which are given in the paper. 

 

Figure 1. Lowest energy structure of 4ABBN in gas phase 



In order to determine the lowest energy structure of the 4ABBN in gas phase we started 

with the planar structure and optimized its geometry. The optimized configuration is 

shown in Figure 1. In this structure the H of the -OH group forms an H bond with the N 

of the azo group, which stabilizes this molecule. However, the molecule can rotate about 

the dihedral angles C1C2N1N2 and N1N2C3C4, which are marked in the figure. The 

results of the dihedral scans are shown in Figures 2 and 3 respectively.  

 

Figure 2. Potential energy profile as a function of the C1C2N1N2 dihedral angle as 

marked with red lines in the figure. 

For all the cases, we find that the planar starting configuration shown in Figure 1 to be 

the lowest in energy. This gives us confidence that indeed the planar configuration 

shown in Figure 1 corresponds to the global minima of 4ABBN in gas phase.  

 

Figure 3. Potential energy profile as a function of the N1N2 C3C4 dihedral angle as 

marked with red lines in the figure.  

Tests for convergence of supercell size 

Since we are considering periodic boundary conditions and we are interested primarily 

in the interaction of the 4ABBN with ZnO, we need to ensure that the size of the 



supercell used in our calculation is large enough to minimize the spurious interactions 

between the periodic images of the molecules. Hence we checked how the alignment of 

the OP/RP with respect to the positions of the VBM and CBM changes with respect to 

change in supercell size. Figure 4 shows the same calculated with  (5×2) and (6×3) 

supercells, the minimum separation between the periodic images being 8 and 15 Å 

respectively. We find that there is no substantial changes in the result. Hence in the 

main paper, we reported the results for the (5×2) supercell. 

 

Figure 4. Alignment of the redox potentials with respect to the valence band maximum 

(VBM) and the conduction band minimum (CBM) for (5×2) and (6×3) super cell of 

composite system. 

 

Figure 5. Optimized structure of 4ABBN on ZnO( 0110 ). The magenta, red, yellow, cyan 

and grey spheres represent Zn, O, C, H and N atoms respectively. The bond lengths are 

given in Å. 

 



Chapter 3: ZnO-azoquinoline composites 

 3ABBN8HQ in gas phase and solvent: 

Azoquinoline can exist in two tautomeric forms, namely, the azo and the hydrazone 

form. To explore the relative stability of the two tautomers (in gas phase and in solvent, 

methanol in the present case) and their optical properties we have carried out density 

functional theory (DFT) based calculations using the Cam-B3LYP exchange-correlation 

functional. The wavefunctions have been expanded in 6-311++G(d,p) basis set. The 

effect of the solvent has been described using a polarizable continuum model. For 

certain cases, we have used explicit methanol molecules in the calculations. 

To study the optical properties of the molecules we have performed time dependent 

density functional theory (TDDFT) based calculations. The TDDFT calculations were 

done using the Davidson algorithm as implemented within Gaussian 09 Revision D.01 

software. Since the absorption spectrum is sensitive to the choice of the exchange 

correlation functional, we have calculated the absorption spectra using Cam-B3LYP, 

B3LYPand PBE functionals. We find that the results are qualitatively similar (Figure 6 

and Figure 7).  

Figure 6(a) shows the experimental and the computed absorption spectra of the dye in 

methanol. The experimental spectrum (black dotted line in Figure 6(a)) has two sharp 

peaks at around 320 and 405 nm and a broad one at around 475 nm. To understand the 

nature of the electronic states involved in the transitions that give rise to these peaks, 

we have plotted the computed spectra of the azo (solid black line in Figure 6(a)) and 

hydrazone (red dashed line in Figure 6(a)) form of the dye. For both the forms, the 

computed spectra have a single sharp peak; the peak for the azo form is at 368 nm while 

that for the hydrazone form is at 394 nm. Both these peaks are due to transitions 

involving the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) of the two forms of the dye. The wavefunctions 

corresponding to the HOMOs and the LUMOs of the two forms of the dye (as shown in 

Figure 6(b)-(e)) have a π and π* character. Based on these calculations we assign the 

experimental peak at 320 nm to originate from the π to π* transitions within the azo 

form while the one at 405 nm has been assigned to the π to π* transitions within the 



hydrazone form. However, these cannot explain the origin of the broad shoulder 

observed at around 475 nm in the experimental spectrum.  

It is now well established that it is important to include the solvent molecules explicitly 

into the calculations of the optical properties of a solvated molecule because the solvent 

molecules not only influence the structure of the solute molecules (eg. loss of planarity, 

etc.) but also change the electronic structure of the solute molecules due to strong 

interactions with the solvent and these effects are not captured typically in the PCM 

model.38 Hence to elucidate the origin of the broad absorption peak at 475 nm, we 

explicitly add one methanol molecule (in addition to the PCM model) in our calculations. 

For the azo form of the dye, the methanol molecule can form hydrogen bonds with the 

dye through the –COOH, -N=N- and the –OH functional groups of the dye. Similarly for 

the hydrazone form, the hydrogen bond with methanol can be formed through the –

C=O, -COOH and –N-NH- groups present in the dye. Accordingly we have placed one 

methanol molecule at each of the above mentioned positions, optimized the structure 

and computed the absorption spectra. For the azo case we find that the configuration in 

which the methanol is close to the –COOH group has the lowest energy while the ones 

having methanol interacting with the –N=N- and –OH groups are higher in energies 

compared to that for the –COOH configurations by about 0.18 eV and 0.07 eV 

respectively. We note that these calculations are done at 0 K with only one solvent 

molecule while the real system is at room temperature in presence of lots of solvent 

molecules. Hence the dipole-dipole interactions between the solute and the solvent and 

the finite temperature effects might stabilize these (slightly) high energy configurations. 

For the –N=N- configuration, we find that the molecule loses its planar structure with 

the C-N-N-C dihedral angle of 4°. The computed absorption spectrum for this 

configuration is shown in Figure 6(a) (blue dash-dot line). We find that in addition to 

the main peak at around 357 nm, there is a low intensity peak at 436 nm. The electronic 

states involved in these transitions are primarily from HOMO-1 to LUMO and HOMO to 

LUMO. For the long wavelength peak, the HOMO to LUMO transition has a larger 

contribution while for the peak at 357 nm the HOMO-1 to LUMO transition is more 

dominant. The wavefunctions corresponding to the HOMO-1 and HOMO of this 

configuration is shown in Figure 6(f) and (g) respectively. We find that in this case, (a) 

the HOMO π character changes to a mixed n/π type, (b) the wavefunction 



corresponding to HOMO-1 has a significant weight on the solvent methanol molecule 

and (c) the LUMO is unchanged (SI-9). For the configurations where the methanol 

molecule is placed near the –COOH and –OH groups, we find that the planarity of the 

dye molecule is not lost. Further for these configurations we do not observe any long 

wavelength peak in the absorption spectrum (Figure 8). Similarly, when methanol is 

placed near the different functional groups of the hydrazone form we do not observe 

the long wavelength peak in the absorption spectrum (Figure 9). Based on these results, 

we envisage that the long wavelength broad peak in the experimental absorption 

spectrum of the dye originates due to the loss in planarity of the dye molecule that is 

induced by solvation in methanol and the electronic transition corresponding to that 

peak is a n/π to π* transition. 

 

Figure 6. (a) Experimental absorption spectra of the azoquinoline dye (black dotted 

line), computed absorption spectra of the azo form (solid black line) and the hydrazone 

form (red dashed line) where the solvent is treated within the PCM model and the azo 

form with explicit methanol molecule forming hydrogen bond with N=N and the rest of 

the solvent treated with the PCM model (blue dash-dot line). Isosurfaces corresponding 

to (b) HOMO and (c) LUMO of the azo form, (d) HOMO and (e) LUMO of the hydrazone 

form and (f) HOMO-1 and (g) HOMO of the azo form of the dye with a single explicit 

methanol molecule at N=N.  



 

Figure 7. Experimental absorption spectra of the azoquinoline dye (black dotted line), 

computed absorption spectra of the azo form (solid black line) and the hydrazone form 

(red dashed line) where the solvent is treated within the PCM model and the azo form 

with explicit methanol molecule forming hydrogen bond with N=N and the rest of the 

solvent treated with the PCM model (blue dash-dot line). The computed spectra were 

calculated by using (a) B3LYP and (b) PBE exchange correlation functional.  

 

Figure 8. Experimental absorption spectra of the azoquinoline dye (black dotted line), 

computed absorption spectra of the azo form with explicit methanol molecule forming 

hydrogen bond with -COOH and -OH (black solid line and red dashed line respectively) 

and the rest of the solvent treated with the PCM model. 



 

Figure 9. The computed absorption spectra of the hydrazone form (black solid line) 

where the solvent is treated within the PCM model and the hydrazone  form with 

explicit methanol molecule forming hydrogen bond with different hetero atoms such as 

nitrogen (N) and oxygen (O) and the rest of the solvent treated with the PCM model. 

ZnO-3ABBNHQ composite: 

The calculations on the model ZnO-azoquinoline system have been performed using the 

Quantum ESPRESSO software , which is a plane wave based implementation of density 

functional theory (DFT). The electron-ion interactions were described using ultrasoft 

pseudopotentials. The exchange-correlation potential had been described by the 

Purdew, Burke and Ernzenhof (PBE) parametrization within the generalized gradient 

approximation. Moreover, the band gap of ZnO is severely underestimated because of 

the wrong position of the Zn 3d orbitals. To correct for this we use fictitious Hubbard 

potentials of U=12.0 eV on the 3d orbitals of Zn and U=6.5 eV on the 2p orbitals of O . 

The details regarding the choice of the value of U and other computational details can be 

found in our previous work. The Brillouin zne integrations had been done using the 

Gamma point only. 

The ZnO-azoquinoline composites have been modeled using a ZnO(101
-

0) surface to 

which the dye molecule is attached. An asymmetric slab using six ZnO bilayers 

represents the surface. The bottom of the slab is passivated with pseudo-hydrogen 

atoms to remove the spurious electronic states in the band gap originating from the 

dangling bonds. The dye is placed on the other side of the slab. Since we are interested 



in the interaction between the dye molecule and ZnO, we have used a (5×2) surface 

supercell resulting in a minimum separation of about 8 Å between the periodic images 

of the molecules in the x-y plane. Further the periodic images along the z-direction are 

separated by using a vacuum of 20 Å. Additionally, to cancel the effects of the spurious 

dipole moment generated by the presence of the molecule on one side of the slab and 

pseudo-hydrogen atoms on the other side, we have also applied an external electric field 

in the direction opposite to that of the dipole moment. 

For further understanding the electron transfer possibilities in the composite, we 

studied the interactions of the azo dye with ZnO(101
-

0). For the azo form we considered 

two configurations where the dye binds to the ZnO surface through the –COOH group 

(Figure 10(a)) and through the hydroxyl imine group (Figure 10(b)). Our calculations 

show that for both the configurations the molecule binds vertically to the slab retaining 

their planar structure. Moreover, the dye molecule spontaneously deprotonates during 

the geometry relaxation. The proton released from the anchoring groups binds to the 

nearest electron rich surface O atoms of ZnO. The configuration in which the molecule is 

anchored through the –COOH group is about 0.67 eV lower in energy than the one in 

which it is anchored through the hydroxyl imine group. The relaxed structure for the –

COOH chelating group is shown in Figure 10(a). The newly formed Zn-O bond lengths 

are about 2.03 Å and 1.94 Å for -COOH chelating group. To study the effect of the solvent 

on the planarity of the dye molecule when the composite is formed, we have placed a 

methanol molecule near the –N=N- bond. The relaxed geometry is shown in Figure 

10(c). Similar to what we observed for the dye molecule in the solvent, here also the 

molecule loses its planarity. The C-N-N-C angle deviates slightly from zero to about 1°. 

We note that this deviation is much smaller than what is observed for the molecule in 

solvent (the C-N-N-C dihedral angle to be about 4°). 

Figures 11 shows the density of states (DOS) and the wavefunctions of the frontier 

orbitals of the model composite in the absence and presence of methanol respectively. 

The electronic states plotted in the DOS are aligned with respect to the energy of 

vacuum that has been set to zero. 



 

Figure 10. Optimized structure of the azoquinoline carboxylic acid dye anchored to ZnO 

through (a) -COOH (benzoic acid moiety) and (b) N, -OH (hydroxyl imine moiety). (c) 

Also shown is the relaxed structure of the molecule (anchored through –COOH group) in 

presence of methanol. The magenta, red, yellow, cyan and grey spheres represent Zn, O, 

C, H and N atoms respectively. The bond lengths are given in Å. 

 

Figure 11. (a) Total and projected DOS for the -COOH anchoring configuration of the 

dye on ZnO in presence of an explicit methanol molecule. Dot-dashed violet and 

magenta vertical dashed lines denote the valence band maxima (VBM) and the 

conduction band minima (CBM) respectively of the composite. The dashed brown and 

green lines mark the water oxidation and reduction potentials respectively.  The 

isosurfaces corresponding to VBM-1, VBM, CBM and CBM+2 are shown in (b), (c), (d) 

and (e) respectively. The green arrow highlights the coupling of the dye empty state 

with ZnO. 



4ABBN8HQ molecule in gas phase and solvent: 

We have performed density functional theory (DFT) based calculations using Gaussian 

09 Revision D.01 software and used Cam-B3LYP exchange-correlation functional and 6-

311++G(d,p) localized basis set.  The polarisable comtinuum model has been used for 

describing the solvent effect. Inorder to compare with the experimental details, for 

certain cases, we have used explicit methanol molecules as solvent in the calculations. 

The explicit methanol molecules were placed at various hydrogen bonding positions 

such as carbonyl (C=O), carboxylic (-COOH), hydroxylic (-OH) and azide (-N=N-) group 

of both tautomers of the dye molecule.  

To study the absorption spectra properties of the molecules we have performed time 

dependent density functional theory (TDDFT) based calculations using the Davidson 

algorithm. Since these calculations are sensitive to the choice of the exchange 

correlation functional, we have calculated the absorption spectra using Cam-B3LYP, 

B3LYP and PBE functionals. We performed several dihedral scans to explore structural 

isomers of the dye molecule.  

Lowest energy structure of dye in gas phase 

The calculations of the different configurations of dye in gas phase were done using the 

Gaussian 09 Revision D.01 software [Ref G09]. We have used the B3LYP hybrid [ref] 

exchange-correlation (XC) functional and the 6-311++G(d,p) basis set. We found that 

overall red (blue) shift with PBE (cam-B3LYP hybrid) XC functional. We found the 

planar configuration of dye is corresponds to the global minima in gas phase with PCM 

solvent model. Then we incorporated explicit methanol molecules at various 

hydrogenbonding sites inorder to understand the effect of solvent molecules.  

 

Figure 12. The structure of dye gas phase molecule with 3 explicit methanol molecules 

at 3 different hydrogen bonding positions such as a) at -COOH group b) at -OH and 

quinoline nitrogen group c) at N=N azide group. 



 

Figure 13. The absorption spectra of dye gas phase molecule as a function of explicit 

methanol molecules. These absorption spectra calculations were done with B3LYP XC 

and 6-311++g(d,p) basis set. Similarly we have used PCM solvent model for all the 

systems. 

 

Figure 14. Potential energy profile as a function of the NNCC dihedral angle as marked 

with cyan color. These absorption spectra calculations were done with B3LYP (PBE and 

Cam-B3LYP) XC and 6-311++g(d,p) basis set. Similarly we have used PCM solvent model 

for all the systems. 

 

We computed absorption spectra of stable (planar) dye molecule  of both tautomeric 

forms, found single sharp peaks at 378 nm from azo form (solid black line in Figure 

15(a)) and 396 nm for hydrazone form (red dashed line in Figure 15(a)). The nature of 

these transitions are HOMO to LUMO which are coming from π to π* of the molecule 

(Figure 15(b) to Figure 15(e)). So these two tautomeric forms are able to explain the 

two sharp peaks (320 nm and 420 nm) of experimental absorption spectra (Figure 



15(a) black filled circles). But we found that there exists a transition n to π* of the 

molecule which has negligible oscillatory strength hence it is forbidden transitions. This 

n to π* transition can be enhanced by symmetry breaking of the dye molecule so we 

placed explicit methanol molecules at three functional groups such as azide (N=N), 

carboxylic (-COOH) and hydroxyl (-OH). Interestingly, we found that the explicit 

methanol placed at N=N causes loss of planarity of the molecule then which leads to 

enhancement of the peak position around 448 nm. For the –N=N- configuration we find 

that the molecule loses its planar structure with the C-N-N-C dihedral angle of 3°. The 

computed absorption spectra for this configuration are shown in Figure 15 (a) (blue 

dash-dot line). We find that in addition to the main peak at around 371 nm, there is a 

low intensity peak at 448 nm. The electronic states involved in these transitions are 

primarily from HOMO-1 to LUMO and HOMO to LUMO. For the long wavelength peak, 

the HOMO to LUMO transition has a larger contribution while for the peak at 371 nm 

the HOMO-1 to LUMO transition is more dominant. The wavefunctions corresponding to 

the the HOMO-1 and HOMO of this configuration is shown in Figure 15(f) and (g) 

respectively. We find that in this case, (a) the HOMO π character changes to a mixed n/π 

type, (b) the wavefunction corresponding to HOMO-1 has a significant weight on the 

solvent methanol molecule and (c) the LUMO is unchanged. Similarly when methanol is 

placed near the different functional groups of the hydrazone form we do not observe 

the long wavelength peak in the absorption spectrum. Based on these results, we 

predict that the long wavelength broad peak in the experimental absorption spectrum 

of the dye originates because of the loss in planarity of the dye molecule that is induced 

by solvation in methanol and the electronic transition corresponding to that peak is a 

n/π to π* transition. 

 

 



 

Figure 15. (a) Experimental absorption spectra of the azoquinoline dye (black dotted 

line), computed absorption spectra of the azo form (solid black line) and the hydrazone 

form (red dashed line) where the solvent is treated within the PCM model and the azo 

form with explicit methanol molecule forming hydrogen bond with N=N and the rest of 

the solvent treated with the PCM model (blue dash-dot line). Isosurfaces corresponding 

to (b) HOMO and (c) LUMO of the azo form, (d) HOMO and (e) LUMO of the hydrazone 

form and (f) HOMO-1 and (g) HOMO of the azo form of the dye with a single explicit 

methanol molecule at N=N.  

ZnO-4ABBNHQ composite: 

Our calculations are based on first-principles density functional theory (DFT) and 

plane-wave pseudopotential method as implemented in Quantum ESPRESSO (QE). The 

ionic core−valence electron interactions are represented with ultrasoft 

pseudopotentials and electronic exchange correlation energy is approximated with a 

generalized gradient approximation (GGA) as parametrized by 

Perdew−Burke−Ernzerhof for Zn, O, C, H, and N atoms. Kohn−Sham wave functions are 

expanded in a plane wave basis set truncated with energy cutoff of 35 Ry (and a 

corresponding cutoff of 400 Ry for charge density). The band gap of ZnO is severely 

underestimated because of the wrong position of the Zn 3d orbitals. To correct for this 

we use fictitious Hubbard potentials of U=12.0 eV on the 3d orbitals of Zn and U=6.5 eV 

on the 2p orbitals of O. The Brillouin zone integration has been performed using the 

Gamma point only. We modeled 5×2 super cell of ZnO(101
-

0) surface with six ZnO 



bilayers. Further the composite have been modeled by using ZnO asymmetric slab to 

which dye molecule is attached. The two functional (chelating) groups are attached with 

surface of the ZnO. Additionally we investigated electronic structure of the single 

anchoring, for that the bottom of the ZnO(101
-

0)  slab is passivated with pseudo-

hydrogen atoms  to remove the spurious electronic states in the band gap originating 

from the dangling bonds. The dye is placed on the other side of the slab. 

For further understanding the electron transfer possibilities in the composite, we 

studied the interactions of the azo dye with ZnO(101 0). The clean ZnO (1010) surface 

contains ordered rows of buckled Zn-O dimers along the polar [0001] direction with a 

net electron accumulation on the O atoms. Our calculations shows that -COOH of dye 

binds on two Zn atoms and quinolinic N and -OH moieties with opposite side of Zn 

atoms as shown in (Figure 16). During the relaxation process, dye molecule 

spontaneously gets deprotonated from -COOH and -OH group, releasing an H+ ion, 

which gets attached to the neighbouring electron rich O of the ZnO surface. The newly 

formed Zn-O bond lengths are about 1.92 Å and 1.96 Å for -COOH chelating group and 

the newly formed Zn-O and Zn-N bond lengths are 1.92 and 2.23 Å with hydroxylamine 

functional group. Further the molecule lost the planarity and its dihedral (CNNC) is 22o.  

We do not observe any modification in middle layers out of six bilayers. However 

surface layers are expanded (compressed)  by 0.12 Å (0.39 Å) of AA (AB) planes. 

Further we do not observe any distortion of the surface except at the adsorption site 

where the buckling of the Zn-O dimers are modified at chelating site. 



 

 

Figure 16. Optimized structure of dye  between ZnO (1010) surface with a) YZ plane 

and b) XZ plane orientations. The magenta, red, yellow, cyan and  grey spheres 

represent Zn, O, C, H and N atoms respectively. The bond lengths are given in Å. 

 

 

Figure 17. The absorption spectra of dye gas phase molecule as a function of NNCC 

dihedral angle compared with experimental absorption spectra. These absorption 

spectra calculations were done with B3LYP exchange correlational functional and 6-

311++g(d,p) basis set. Similarly we have used PCM solvent model for all the systems. 



Absorption struture of relaxed dye molecule from the 4ABBN8HQ-ZnO composite: 

Figure 18. Absorption spectra of dye gas phase molecule considered from relaxed 

structure of ZnO- dye composites. Here we performed 3 different absorption spectra 

calculations. a) keeping constant of all coordinates and relaxing -OH groups (black line)  

b) incorporation of 1 explicit methanol at N=N group to a) (red line) and c) fixing of 

anchoring atoms (such as oxygen atoms of -COOH, -OH and nitrogen atoms of quinoline) 

and relaxing all atoms (green line). 

 

Figure 19. The computed absorption spectra of the hydrazone form (black solid line) 

where the solvent is treated within the PCM model and the hydrazone  form with 

explicit methanol molecule forming hydrogen bond with different hetero atoms such as 

nitrogen (N) and oxygen (O) and the rest of the solvent treated with the PCM model. 
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Figure 1. 1H, 13C and DEPT of 3ABBN. 
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Figure 2. 1H, 13C and DEPT of 4ABBN. 
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Figure 3. 1H, 13C and DEPT of 3ABBNHQ 
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Figure 2. 1H, 13C and DEPT of 4ABBNHQ 
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Figure 5. 1H, 13C and DEPT of PTCDACOOH2 
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Figure 6. 1H, 13C and DEPT of TTTCOOH 
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Figure 7. 1H, 13C and DEPT of BrTTTCOOH 
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