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Abstract 

 

In this work an endeavor was made to fabricate hybrid bulk heterojunctions solar cells 

based on doped and un-doped TiO2 nanoparticles blended with the well-known organic 

polymer Poly(3-hexyl thiophene) and co-grafted with porphyrin and carminic acid. 

Charge transfer complex formation between the donor and acceptor dyes helped in 

increasing the photo induced generated current. To achieve this end sol-gel method was 

employed to synthesize anatase titania, which was characterized by electronic absorption 

spectroscopy, X-ray diffraction analysis (XRD), X-ray photoelectron spectroscopy 

(XPS), scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM). The first part of the research deals with the band gap modulation of TiO2 by 

doping it with selected transition metals (2-8% Cu, Ni and Cr). This was aimed to study 

the effect of tuning the band gap of TiO2 on the efficiency of the fabricated solar cells by 

extending the absorption spectrum of titania to the visible region. The doped materials 

were also characterized using optical and morphological techniques to investigate their 

properties. Direct band gap of TiO2 (3.9 eV) was found to be significantly reduced to 

2.94, 3.40 and 3.60 eV for 2% Cu, 4% Ni and 2% Cr-doped materials respectively. 

Higher dopant concentrations induced the widening of the band gap according to the 

Burstein-Moss phenomenon. XPS results confirmed the substitution of Ti4+ ions by the 

doped transition metal ions. Bulk heterojunctions solar cells were fabricated using un-

doped and doped titania in combination with P3HT in order to investigate the effect of 

doping on the performance of the device. An enhancement of the photo-generated current 

was observed by using doped titania. This increase could be ascribed to the tuning of the 

band gap of titania to absorb effectively in the visible region. Maximum photocurrent was 

obtained by employing Cu-doped TiO2. However the value of FF was reduced owing to 

the low Voc values. The second portion of this research is dedicated to investigate the 

effect of photosensitization of TiO2 and M-TiO2 (M= Cu, Ni, Cr) on the efficiency of 

solar cells. A metallated phthalocyanine (Ni-Pc) was used to functionalize TiO2 nano-

particles in an attempt to extend the absorption spectrum of titania to visible region. The 

grafted materials were optically analyzed using electronic absorption, fluorescence 
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emission and FT-IR spectroscopy to study the successful chemisorption of the dye on 

TiO2 surface. These dye sensitized TiO2 and M-TiO2 were employed to fabricate solid 

state solar cells using P3HT. I-V measurements were performed to see the effect of dye 

concentration on the performance of solar cells. The plots showed that maximum Isc was 

achieved using 15 μM of Ni-Pc and the efficiency of the device was enhanced 3 times as 

compared to pristine titania blended with P3HT. The doped grafted titania using 15 μM 

of Ni-Pc showed higher Isc compared to un-doped grafted materials but the FF was 

reduced. This lowered the overall efficiency.  

The effect of co-grafting was also investigated by preparing photo-active nano-hybrid 

material consisting of titania nanoparticles, carminic acid and sulphonic acid 

functionalized porphyrin. Adsorption of free base porphyrin on TiO2 resulted in its 

metallation which was evidenced by the disappearance of two out of four Q-bands in the 

UV-visible spectra of porphyrin. The adsorption of carminic acid resulted in the 

formation of charge transfer complex with titania nanoparticles. This was confirmed by 

the electronic absorption and fluorescence emission spectroscopies. Energy level diagram 

showed that the interaction among the constituents of the nano hybrid assembly permitted 

the flow of electron in a cascade manner from carminic acid to TiO2.This also allowed 

direct flow of electrons either from carminic acid or porphyrin towards titania.  The 

material was used as an active blend in hybrid bulk hetero-junction solar cells. Co-

functionalized (co-grafted) TiO2 based devices were found  three times more efficient 

than the reference device but morphology of the device proved a major setback. 
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Chapter 1: 

 

Introduction 

The development of alternate energy sources is one of the main focuses of research for 

scientists and researchers in the present era. Among these alternatives, photovoltaic solar 

cells are gaining importance day by day owing to the benefits that can be achieved using 

this technology [1-10]. After silicon, anatase TiO2 is one of the core materials employed 

in solar cell fabrication and new records are being formed each day for achieving better 

efficiencies by introducing various modifications [11]. 

The development of dye-sensitized solar cells (DSSCs) by Gratzel [12] created more 

opportunities to develop low cost and environmental friendly photovoltaic devices [13-

16].  DSSCs consist of two integral parts i.e. the core semiconducting material and a 

photo sensitizer in the form of dye molecules. As a consequence the light capturing 

ability of the semiconductor material is greatly enhanced [11]. This plays a vital role in 

increasing the efficiency of the device. Based on this idea higher efficiencies up to 11-

12% have been reported using nano crystalline titania [17]. The production of titania 

based solar cells is easy and cost effective. These cells can prove as an alternative to 

silicon based solar cells [18-21]. But the corrosive and volatile nature of the liquid 

electrolyte put a question mark on the stability of these devices. To cope with this 

problem effectively, scientists focus on developing solid state and durable alternatives in 

the form of hybrid bulk heterojunction solar cells [11]. These cells though comparably 

more stable are less efficient. Efforts are underway to broaden the spectral range of the 

material by using the modified dye molecules and enhance its light harvesting potential 

[22, 23]. 

 1.1. TiO2 band gap modulation 

TiO2 is a widely used semiconductor for photo-catalytic and solar cell applications owing 

to its certain special features like environmental friendly nature, straight forward 

synthesis routes and its property of band gap modulation by doping and grafting with 
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visible light absorbing dyes. Titania is known in three different allotropic forms namely 

anatase, brookite and rutile. The three forms differ from each other in crystallinity and 

band gap. Out of these three, anatase and rutile belonging to the tetragonal crystal system, 

are most commonly employed in solar cell applications. The commercially available 

anatase and rutile forms have band gaps of 3.2 and 3.0 eV respectively [24]. 

The simplest and the most straight forward route to synthesize TiO2 nanoparticles is a 

sol-gel method. The nanoparticles obtained in this way usually absorb in the UV region. 

The utility of anatase titania is evident from the fact that it has a greater tendency to 

adsorb organic dyes which makes it a suitable candidate for solid state dye sensitized 

solar cells [25]. A relatively higher band gap of 3.2 eV lessens the chances of charge 

recombination but on the other hand causes it to absorb in the UV region [26, 27]. The 

band gap tuning of anatase titania using different transition metals is an effective 

approach. It reduces band gap and thus helps in extending the absorption spectrum of 

TiO2 to the visible region. Various studies have been reported on defect generation and 

its effect on the optical and electrical properties of TiO2. Several transition and non-

transition metals have been employed in this regard such as Cu, Ag, Au, Cr, Ni, Co, La, 

Fe, Pt and Ru [28]. The creation of defect modifies the optical and electrical properties of 

nanoparticles in different ways which highly depend on synthesis conditions. For this 

reason a great disparity is observed in the results obtained by various researchers and still 

there is a wide room for further investigation. 

Copper (Cu) is considered to be one of the most important transition metal as it is known 

to shift the absorption spectrum of TiO2 bathochromically by decreasing its band gap. 

Various studies have been reported on the doping of TiO2 with Cu e.g. Cu and N co-

doped TiO2 nanoparticles have been reported by Song et. al. They observed that the 

absorption edge of pure TiO2 was shifted to the longer wavelength for Cu and N co-

doped samples. These materials were employed in photo catalytic reactions to elaborate 

their performance. The reason for the enhanced absorption of Cu doped samples was 

thought to be the replacement of Ti4+ ions by Cu2+ in TiO2 leading to the formation of 

CuO which absorbed light with longer wavelength [29]. Sahu et. al. have reported the 

band gap narrowing of TiO2 up to 2.51 eV with the addition of 15 wt. % Cu dopant using 
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a flame aerosol reactor [30]. Cu and Cu-Ag co-doped photo-catalysts have been prepared 

by a water-in-oil micro-emulsion system of water/AOT/cyclohexane [31] which absorbed 

light longer than 400 nm. Defect generation has also been studied using different 

synthesis procedure like thermal plasma torch, sol-gel and surfactant assisted methods 

[32-34]. Cr, Pt,  V and Ni doped titania (from 0.1 to 0.5 at  %) has been investigated by 

Choi et al using sol-gel method [35]. He demonstrated that Pt and Cr can be incorporated 

inside TiO2 replacing Ti4+ ions but Ni2+ due to its large ionic size can occupy the 

interstitial sites only. In all cases a red shift in the absorption spectra was observed [35]. 

In the present work we have evaluated the effect of band gap modulation of TiO2 on the 

efficiency of bulk heterojunctions solar cells prepared by mixing pure and doped titania 

with poly-3-hexylthiophene (P3HT), a p-type organic polymer which acts as an 

electrolyte. This study helped in the selection of material with suitable band gap for the 

preparation of hybrid DSSCs and also established the effect of band gap changes on 

various characteristic parameters of solar cells like short circuit current (Isc), open circuit 

voltage (Voc) and fill factor (FF) of the device. Cu, Cr and Ni were chosen to modulate 

the band gap of TiO2 synthesized by sol-gel method as they are known to decrease the 

band gap of titania by the creation of defect states in the band gap. 

1.2. Photosensitization of TiO2 

Dye sensitized solar cells (DSSCs) are based on the photosensitization of wide band gap 

semiconductors such as TiO2 with visible light absorbing dyes. In this regard various 

natural as well as synthetic dyes are employed. Porphyrins and tetraazoporphyrins are 

tetrapyrrolic macrocyclic ring systems which are widely employed as photosensitizers in 

solar cells due to strong visible light absorption. Tetraazoporphyrins include two classes 

namely phthalocyanines and porphyrazines. These molecules can act as an efficient light 

harvesting system resembling natural photosynthetic system. Another important property 

of these compounds is that they can coordinate with an extensive range of metals within 

their central cavities [36].  
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Fig. 1.1. Chemical structure of simple porphyrin, porphyrazine and phthalocyanine. 

Contrary to porphyrins the meso-substitution of nitrogen in tetraazoporphyrins modulate 

the electronic properties of the macrocyclic ring (Fig. 1.1). 

In addition to the central metallation, the peripheral metallation of phthalocyanine and 

porphyrazines permits the preparation of multimetallic complexes with novel optical and 

electronic properties. The tendency of these compounds to coordinate with various metals 

makes them efficient candidates to be used as sensitizer for semiconductor oxides. They 

can be made more profiting by the introduction of anchoring groups like sulphonic acid 

or carboxylic acid group causing them to attach themselves to the surface of 

nanoparticles. The process is more often referred to as the grafting of the nanoparticles 

(e.g. TiO2) with dyes. Grafting usually result in the chemical adsorption of dye molecules 

on the surface of nanoparticles. The nature of chemical interaction varies depending upon 

the type of molecules. 

1.1.1. Donor-acceptor systems 

The electrons excited by the absorption of visible light by the dye molecules find their 

way into the lowest un-occupied molecular orbital (LUMO). From where they can either 

relax back to the ground state or transferred to the conduction band (CB) of 

semiconductor oxide lying below the LUMO of the dye molecules. The dye is therefore a 

donor of electrons to the conduction band of inorganic semiconductor oxide. The metal 

oxides (semiconductors) act as acceptor of electrons. Multiple donor-acceptor systems 

can be prepared in DSSCs with the aim of extending the absorption spectrum and 

reducing the chances of charge recombination. 



5 
 

Phthalocyanine and porphyrins are widely employed as donors in DSSCs and numerous 

studies have been reported in this regard. Zhang et. al. has reported the sensitization of 

TiO2 nanoparticles with 9, 16, 23-(tert-Butoxy)-2-(1-oxy-9,10-anthraquinone-4-

carboxylic Acid) Zinc-Phthalocyanine (APC). The energy level diagram for this donor-

acceptor assembly is shown in Fig. 1.2. 

 

Fig. 1.2. Energy level diagram for of TiO2 and APC showing the injection of electrons 

into the conduction band of titania [37]. 

The fabricated solar cells using liquid electrolyte (I-3/I-1) provided a short circuit current 

(Isc) of 2.04 mA/cm2 with an overall efficiency of 0.71% [37]. Diacon et. al.  prepared 

phthalocyanine-fullerene dyads for solar cells and investigated them via UV-visible and 

fluorescence emission spectroscopy [38]. Fullerenes were chosen to act as acceptors 

while phthalocyanine molecules played the role of electron donors in the system. Another 

study on hybrid solar cells using Cu-metallated phthalocyanine (Cu-Pc) reported an 

efficiency of 0.66 % with a short circuit current of 2.22 mA/cm2 [39]. A solid state solar 

cell with a structure of ITO/TiO2/Cu-Pc/P3HT/Au was prepared. In this system poly-3-

hexylthiophene (P3HT) was used as a donor and Cu-Pc as a sensitizer to enhance the 
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photon absorption. The combination of TiO2, P3HT and Cu-Pc covered a wide range of 

absorption spectrum. This proved to be a good combination for harvesting electrons and 

transferring them to the conduction band of TiO2 in a cascade manner  [39]. 

Electron injection from photo-excited porphyrin into SnO2 and TiO2 has recently been 

reported according to which Zn-porphyrin are the best sensitizers for the injection of 

electrons into the conduction band of titania whereas a number of sensitizers such a Cu, 

Ni and Pd metallated porphyrins proved suitable donors for SnO2 nanoparticles because 

their excited state energies are higher than the semiconductor’s conduction band [40]. Co-

grafting of porphyrin and fullerene on ZnO nano rods was investigated recently. The 

energy level of Zn metallated porphyrin (Zn-PA) (LUMO) being higher than that that of 

fullerene permitted the transfer of electrons from porphyrin to fullerene and finally into 

the conduction band of ZnO. The introduction of fullerene molecules was aimed to 

increase the charge separation  and thus prevent the charge recombination processes [41].  

The ability of dyes to enhance the generation of photocurrent in DSSCs led us to 

investigate the effect of donor-acceptor system consisting of Ni-metallated 

phthalocyanine and doped as well as undoped TiO2 on the efficiency of hybrid bulk 

heterojunctions solar cells. In addition the co-grafting of two visible light absorbing dyes 

(sulphonic acid functionalized free base porphyrin and carminic acid) on TiO2 was also 

studied. The flow of electrons from carminic acid to porphyrin and finally to TiO2 was 

proved to increase the charge separation and hence the efficiency of the device. 

1.3. Hybrid solid state solar cells 

The best alternative to the conventional solid state photovoltaic devices based on Si, are 

the organic dye sensitized solar cells utilizing TiO2. So far higher efficiencies upto 11% 

have achieved using liquid electrolyte [42]. However the use of liquid electrolytes 

containing iodide/tri-iodide couple is associated with serious problems which hinder the 

commercialization of these devices. The most important of these problems are electrode 

corrosion, volatility, electrolyte leakage and photo reactive nature of the electrolyte [43]. 

In addition to these the freezing and expansion of liquid electrolyte with temperature 

changes also become an important issue while constructing a solar panel. Gerischer and 
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Goberecht have reported a 5% efficiency using a liquid electrolyte containing Fe(CN)6
4-

/Fe(CN)6
3- as a redox couple. The cell consisted of n-CdSe single crystal photo anode and 

a doped tin oxide cathode. Despite of the high efficiency the cell suffered a drawback of 

the decomposition of the semiconductor and evaporation of liquid electrolyte [44]. The 

replacement of liquid electrolyte by solid was expected to solve the problem but for many 

such combinations lower efficiencies were reported in literature. 

An alternative approach to cope with the above problems effectively is the development 

of solid state hybrid solar cells wherein conducting polymers such as polyethylene oxide 

(PEO) and poly-3-hexylthiophene (P3HT) are used as electrolytes in the solid state. The 

word hybrid refers to the combination of inorganic semiconductors acting as electron 

acceptors and organic conjugating polymers acting as electron donors. Among the 

pioneer studies of the incorporation of solid electrolyte in photo-electrochemical cells, is 

the one reported by Skotheim. He employed PEO, KI and I2 system with Si and ITO 

electrodes [45]. This solved the problems of corrosion and volatility but the short circuit 

current (Isc) and fill factor (FF) remained low. This was attributed to the charge 

recombination and low ionic motilities. Since then many studies have been reported 

incorporating solid electrolytes in solar cells but these cells gave low efficiencies due to 

several reasons the most important being the low ionic conductivity and charge 

recombination. 

It is now believed that the future of photovoltaic devices is the hybrid dye sensitized solar 

cells. In these cells the energy of visible light is converted into electrical energy using a 

sensitizer adsorbed on a wide band gap semiconductor. The other components of such a 

solar cell are a transparent conducting oxide electrode (e.g. ITO coated glass), a counter 

electrode (e.g. Pt or Al) and an electrolyte. They are easy to manufacture, cheap and can 

give high efficiency. The electrolyte systems replacing liquid electrolyte in DSSCs are: 

 Hole conducting solid electrolytes 

 Gel solid electrolytes and 

 Polymeric solid electrolytes 
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Our special interest is on polymeric solid state electrolytes particularly P3HT which 

offers low cost, easy thin film formation and nice performance. There are several possible 

designs for fabricating hybrid solid state solar cell depending upon how the “active layer” 

is incorporated in solar cells along with the solid electrolyte. These are discussed in the 

forthcoming section. 

1.2.1. Designs of hybrid solid state solar cells 

The hybrid solar cells using P3HT as an electrolyte are generally fabricated as double 

layered solar cells or blend cells. These two kinds of designs are explained below: 

1.3.1.1. Double layer or bilayer cells 

In the double layer hybrid solar cells the active layer consists of separate layers of donor 

(D) and acceptor (A). Thus the two charge transport layers are connected with the correct 

electrodes i.e. donor with anode and acceptor with cathode and there is a little chance of 

charge recombination. However the major shortcoming of this design is the small 

interface area which allows the excitons of only a thin layer to reach the interface and get 

dissociated. 

1.3.1.2. Blend cells or bulk heterojunctions cells 

The active layer in this case comprises of an intimate blend of donor and acceptor 

components. A large donor-acceptor interface area allows excitons of even short lifetime 

to reach the interface and get dissociated.  

Glass

ITO

D

A

Al

Glass

ITO

DA

Al

+

A B
 

Fig. 1.3. Designs of hybrid solid state solar cells (A) double layer or bilayer cells (B) 

Blend or bulk heterojunctions cells. 
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Bulk heterojunctions solar cells are prepared by mixing donor and acceptor components 

in solution form and then the photoactive blend is spin coated on the surface of 

conducting glass. This is followed by annealing at suitable temperature. In this way the 

two components self-assemble like an interpenetrating network. This helps in connecting 

the right material with the right electrode. The bulk heterojunction solar cells mostly 

employ two components but a third component, a donor can be added in the blend to help 

extend the absorption spectrum. When more than one donors are involved the operation 

of cell can be explained by three different mechanisms: 

 Charge transfer mechanism: In this mechanism all donor components 

contribute to the generation of free charge carriers and holes which pass through 

only one donor before reaching the anode. 

 Energy transfer mechanism: The extra donors solely function to absorb light 

and transfer extra energy to first donor material. 

 Parallel linkage: In this type of multiple donor system, all the donors produce 

excitons independently which move to their respective dissociation sites i.e. 

donor/acceptor interfaces to dissociate. 

The architecture of the blend solar cells varies depending upon the way the components 

are merged together. In graded heterojunctions solar cells the donor-acceptor system can 

be mixed in a special way to develop a charge gradient of the components. Similarly in a 

continuous junction solar cells a steady transition from donor to acceptor material is 

maintained. [46, 47].  

In the present work we have adopted the design of bulk heterojunctions solar cells for our 

devices with a slight addition that a layer of PEDOT:PSS is incorporated between the 

active layer (dye sensitized TiO2 mixed with P3HT) and ITO coated glass.  PEDOT:PSS 

or poly(3,4,-ethylene dioxythiophene) polystyrene sulfonate  is a polymer  combination 

of two ionomers namely sodium polystyrene sulfonate and poly(3,4- ethylene 

dioxythiophene). It is a transparent conducting polymer and is employed here to add extra 

smoothness and assist in the conduction of holes towards ITO. 
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1.4. Solar Cell Parameters 

The efficiency of a solar cell depends upon numerous factors which can be evaluated 

from an I-V curve demonstrating a diode behavior. The current-voltage plot of a typical 

solar cell is shown in Fig. 1.4. The solid line represents the current of a fabricated solar 

cell in the dark and is termed as dark current. The dark current flows due to minority 

charge carriers.  

When the device is connected to source (forward bias) i.e. the n-type material is 

connected to the negative terminal and p-type material is connected to the positive 

terminal, the electrons in the n-type material are repelled and holes are attracted. 

Similarly the minority electrons in the p-type material are also attracted towards the 

terminal. As a result a small amount of current flows which is termed as dark current.  

 

Fig. 1.4. A typical I-V curve of a solar cell representing a diode behavior. 
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The situation is different when the device is illuminated by sunlight. The I-V curve in this 

case is represented by dashed line as shown in Fig. 1.4. The sun light causes the 

production of electron-hole pairs in the material. When the applied voltage is zero the 

electrons flow through the negative terminal and reaches to the other side of the cell. 

However as the external voltage is applied the dark current starts to flow as well. The 

direction of dark current is opposite to that of the photo-generated current. The 

photocurrent is maximum at zero voltage and is termed as short circuit current (Isc). The 

Isc decreases as the voltage is increased and correspondingly the dark current increases 

until the two types of currents cancel each other. This particular voltage is termed as open 

circuit voltage (Voc). It is the voltage at which the current is zero and resistance is 

maximum. 

Besides Isc and Voc a solar cell is characterized by maximum voltage (Vmax) and maximum 

current (Imax) which tell us about the maximum obtainable power from a device. 

Maximum power point (Mpp) is thus obtained by multiplying Vmax and Imax. Maximum 

power point of the device is used to calculate the Fill factor (FF) which is the ratio of 

maximum power point to the product of Isc and Voc and is given by the following 

equation: 

                             
OCSC

maxmax

VI

VI
FF




                                          Eq. 1 

FF is an important parameter and higher FF values are required for better efficiencies of 

a solar cell. Typically FF value varies from 0.3-0.9. The values of FF largely depend 

upon open circuit voltage (Voc). Decrease in Voc results in lower FF values and 

correspondingly the efficiency of device also decreases. The I-V curve in Fig. 1.4 

represented by dots is an example of device with a low FF value as the open circuit 

voltage is decreased to 0.37 from that of 0.42 V of the dashed line. FF along with Isc and 

Voc voltage is employed to determine the efficiency of solar cell. The equation is given 

below: 

                                           
i

OCSC

P

FFVI
                                       Eq. 2 
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Where Pi is the incident power and is equal to 100 mW/cm2 under A.M 1.5 conditions. 

The effeciency of a solar cell is also affected by several parameters. The most commonly 

discussed in this regard are the shunt and series resistance of a solar cell. Series resistance 

(Rs) mainly caused by the contact between different surfaces result in a reduced fill 

factor. Large values of Rs can also decrease the short circuit current of the device. The 

value of Rs can be estimated from the slope of the I-V curve at Voc point.  

Shunt resistance (Rsh) is another type of resistance responsible for major power loss in a 

solar cell due to manufacturing defects. Low values of Rsh provide an alternate pathway 

for the flow of photo-generated current causing a power loss. The effect of low Rsh value 

becomes predominant under less light intensity as there will be less photo-generated 

current. An approximate value of Rsh can be determined from the slope of I-V curve near 

Isc. 

1.5. Aims and Objectives 

The first portion of the research work deals with synthesis of TiO2 and M-TiO2 (M = Cu, 

Ni, Cr). It is aimed to investigate the effect of tuning of band gap of TiO2 on the 

efficiency of solid state hybrid heterojunction solar cells using P3HT as a solid 

electrolyte. Cu, Cr and Ni were selected for doping as they are known to decrease the 

band gap of TiO2 and enhance its light absorption potential in the visible region. 

The second part of this dissertation deals with the grafting and co-grafting (co-

adsorption) of dyes on the surface of titania with the aim to extend the absorption 

potential of the latter (titania) to the visible region. Sulphonic acid functionalized nickel 

metallated phthalocyanine and free base porphyrin were chosen for this purpose. These 

dyes absorb intensely in the visible region. Carminic acid was used as an intermediate 

with the idea to mimic natural photosynthetic system and devise a system working on the 

principle of the flow of electrons in a cascade manner so as to reduce the chances of 

charge recombination. 

The co-grafting (co-adsorption) of two visible light absorbing dyes (porphyrin & 

carminic acid) on nano titania and was aimed to highlight the effect of extended 



13 
 

absorption range on the efficiency of fabricated devices. TiO2 was grafted with porphyrin 

and carminic acid to synthesize a nano-hybrid material with an optical absorbance in the 

range of  ̴ 250-750 nm. The material was used as a photo active blend in the fabrication of 

hybrid bulk heterojunction solar cells (HBHJSCs). 
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Chapter 2: 

 

Experimental Background 

2.1. Chemicals used in synthesis procedures 

Titanium (IV) iso-propoxide, (Ti[OCH(CH3)2]4 (98%) from Sigma Aldrich was used to 

synthesize TiO2 / doped TiO2 nanoparticles. The precursors used for doping are 

anhydrous copper (II) acetate, Cr (II) acetate monohydrate dimer and Nickel (II) acetate 

tetrahydrate from sigma aldrich. The dyes used for grafting and co-grafting include 

Nickel (II) phthalocyanine tetra sulphonic acid tetra sodium salt, sulphonic acid 

functionalized free base porphyrin and carminic acid. Analytical grade 1-propanol was 

employed as solvents for synthesis and ethanol (99%) purchased from sigma Aldrich was 

used for grafting and co-grafting of dyes. List of these chemicals is shown in Table 2.1. 

Table 2.1. List of chemicals, dyes and solvents used in the synthesis of nano-hybrid 

photoactive materials.  

Compound Structure/Formula Abbreviatio

n 

 

Titanium (IV) iso-propoxide 
+4Ti

O-

O-

O-

O-

 

 

 

TIP 

Copper (II) acetate 

anhydrous 

(Cu(CH3COO)2 CuAc 

Nickel (II) acetate Ni(CH3CO2)2(H2O)4 NiAc 

Chromium (II) acetate (CH3CO2)2Cr·H2O]2 CrAc 
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Nickel (II) phthalocyanine 

tetra sulphonic acid tetra 

sodium salt 
N

N

N

N

N

N

N

NNi

SO3Na

SO3Na
NaO3S

NaO3S

 

 

 

Ni-Pc 

 

 

4,4′,4″,4″′-(Porphine-

5,10,15,20-

tetrayl)tetrakis(benzenesulfon

ic acid) 

N

NH N

HN

SO3H

SO3H

SO3H

HO3S

 

 

 

 

Por 

3,5,6,8-tetrahydroxy-1-

methyl-9,10-dioxo-7-(3,4,5-

trihydroxy-6-

(hydroxymethyl)-tetrahydro-

2H-pyran-2-yl)-9,10-

dihydroanthracene-2-

carboxylic acid 

O

O

O

HO

CH3O

HO

OH

OH

OH

OH

HO OH

OH

 

 

 

CA 

1-propanol HO

 

- 

Ethanol 

HO  

- 

 

2.2. Synthesis of Materials 

2.2.1. Synthesis of TiO2 nanoparticles 

TiO2 nanoparticles were synthesized using simple sol-gel method as reported in the 

literature [28]. Titanium (IV)-iso-propoxide (TIP, 100 g) was added to 1-propanol (200 g) 

and the mixture was well stirred for 5 min using a magnetic stirrer. Thereafter a mixture 
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of water (25.33 g) and 1-propanol (127 g) was added to the alkoxide solution from 

burette at the rate of 1 mL/min. In this way the molar ratio of TIP/H2O was set to 4:1. 

After adding the water-alcohol solution, the mixture was stirred for about 20 hours at 

room temperature. The solid product was separated by centrifugation, and dried at room 

temperature overnight. The dried product was calcined at 500 °C for 1 hour. The 

synthesized nanoparticles in 1-propanol were centrifuged and washed three times with 

the same solvent in order to remove impurities and remnants of the precursor compounds. 

The nanoparticles were then transferred to analytical grade ethanol for optical 

characterization. Schematic illustration of the synthesis procedure is displayed in Scheme 

2.1. 

Titanium iso-propoxide (100 g) 
+ 1-propanol (200 g)

Stir for 10 minutes

Added drop-wise Alcohol (158 ml) 
+ water (25.33 ml) mixture 
at the rate of 1 ml/minute

White sol  is
 transformed in a gel

Centrifuged and washed 
with the solvent

Calcination of dried product 
at 500 °C  for 1 hour

stirring
(20 Hours)

 

Scheme 2.1. Schematic illustration of the synthesis procedure of TiO2 nanoparticles. 

2.2.2. Synthesis of M-TiO2 (M=Cu, Ni, Cr) 

Doped TiO2 nanoparticles were synthesized by the same sol-gel procedure except that a 

weighed amount of dopant precursor (M-acetate salt where M= Cu, Ni, Cr) was added (2-

8% of TIP) to the solution of TIP in propanol before the hydrolysis step. After hydrolysis 

the solution was stirred for 20 hours at 25°C. The synthesized nanoparticles were 

centrifuged and washed with the solvent in order to remove the remnants of precursor 

molecules The doped nanoparticles referred to as M-TiO2 (where M= Cu. Ni or Cr) were 

then transferred to analytical grade ethanol for optical characterization.  
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2.2.3. Synthesis of grafted & co-grafted nano-hybrid assembly 

A photoactive nano-hybrid assembly was synthesized by grafting and co-grafting of 

nanoparticles with selected dyes. Ni-metallated phthalocyanine (Ni-Pc) was used to 

functionalize (graft) TiO2 and doped TiO2 while a sulphonic acid functionalized free base 

porphyrin and an anthracene based red dye, carminic acid, were employed to synthesize 

co-grafted TiO2 nanoparticles. Chemical structures of these dyes are shown in Table 2.1. 

2.2.3.1. Grafting of TiO2 & M-TiO2 with Ni-Pc 

For grafting TiO2 and M-TiO2 with Ni-metallated phthalocyanine, the following 

procedure was adopted. A fixed amount of titania (0.05 mg/ml) and changing 

concentrations of Ni-Pc ranging from 5 μM to 25 μM were used for grafting. In a typical 

experiment 5 ml of TiO2 solution in ethanol were mixed with 5 ml of dye solution (Ni-

Pc) in the same solvent. This was repeated for each dye concentration. The mixture was 

stirred for 01 day. The nano hybrid materials were termed as TiO2-Pc. These grafted 

samples were optically analyzed after centrifugation to wash away the free dye 

molecules. The same procedure was then adopted to graft M-TiO2 with Ni-Pc. 

2.2.3.2. Grafting of TiO2 with free base porphyrin (Por) 

For grafting TiO2 with porphyrin (Por) different dye concentrations ranging from 0.5 -0.9 

μM were employed. 5 ml of each dye concentration were mixed with 5 ml of titania (0.05 

mg/ml) in ethanol. These solutions were magnetically stirred for 20 hours. These grafted 

samples referred to as TiO2-Por were optically analyzed after centrifugation in order to 

wash away the un-grafted dye molecules.  

2.2.3.3. Grafting of TiO2 with carminic acid (CA) 

Chemisorption of carminic acid on TiO2 was done using 7-15 μM solution of dye. Each 

dye concentration in ethanol was mixed with fixed concentration of TiO2 (0.05 mg/ml) 

and stirred for 01 hour.  
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5 ml TiO2

+

2.5 ml Por

Stirred for 20 hours

2.5 ml of CA

Stirred for 01 hour

5ml of TiO2

+

2.5 ml of CA

Stirred for 01 hour

2.5 ml of Por

Stirred for 20 hours

5 ml of TiO2

+

2.5ml of CA

+ 

2.5 ml of Por

Stirred for 20 hours

Diluted for optical 
characterization

Co-Grafting

(1)

(2) (3)

Diluted for optical 
characterization

 

Scheme 2.2. Schematic representation of three routes to synthesize co-grafted nano-

hybrid assembly. 

Meanwhile the color of the solution was changed from orange to purple. The grafted 

solutions referred to as TiO2-CA were optically analyzed after centrifugation in order to 

wash away the un-grafted carminic acid molecules.  
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2.2.3.4. Co-Grafting of TiO2 nanoparticles 

Chemisorption of CA on TiO2 grafted with porphyrin (TiO2-Por) was done by adding 5 

ml of carminic acid solution (7-15 μM) to 5 ml of TiO2-Por solution. The resulting 

solutions were stirred for 20 hours.  

The co-grafting (co-adsorption) of carminic acid and porphyrin was also performed by 

reversing the sequence of adsorption i.e. porphyrin first followed by carminic acid and 

vice versa. 

A third procedure was also adopted for the synthesis of co-grafted material in which both 

the dyes i.e. CA and porphyrin at different concentrations were simultaneously added to 

TiO2 dispersions in ethanol and stirred for 20 hours.  

The co-grafted (co-functionalized) assemblies synthesized by all the above three different 

methods, referred to as TiO2-Por-CA were properly diluted for optical characterization. 

This is illustrated in scheme 2.2. 

2.3. Device fabrication 

Fabrication of the bulk heterojunctions solar cell was achieved by the following steps: 

2.3.1. Preparation of P3HT solution and active blend 

P3HT solution was prepared in chloroform by dissolving 20 mg of P3HT in 1 ml of 

solvent at 60˚C for 15 minutes under argon atmosphere. Thereafter the synthesized nano-

hybrid material (46 mg/ml) was transferred to chloroform. For this purpose the material 

was centrifuged at the rate of 5000 rpm and the supernatant solution consisting of ethanol 

and free dye molecules was discarded. After washing three times with the ethanol 

solvent, the material was transferred to chloroform. The active layer solution was 

prepared by mixing equal volumes of nano-hybrid and P3HT solutions. This reduced the 

concentration of titania in the nano-hybrid assembly to 23 mg/ml and that of P3HT to 10 

mg/ml. Thus the active layer solution was prepared with the ratio of 70:30 between TiO2 

and P3HT. This ratio was optimized to get maximum current density as an appreciable 

decrease in current was observed by using lower TiO2 ratios.  
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2.3.2. Substrate treatment 

ITO coated glass of 3 × 2 cm2 were employed for device fabrication. A small portion 

(1/3) of the glass sheets was etched using hydrochloric acid for 1 hour. The remaining 

portion of the glass was covered with scotch tape to protect it from the effect of acid. 

After etching the substrates were washed several times with water to remove remains of 

hydrochloric acid from it. The glass sheets were left to dry overnight. Next day the scotch 

tape was removed and slides were washed with acetone using ultrasonic bath. The 

prepared substrates were than spin coated with PEDOT:PSS. 

2.3.3. PEDOT:PSS spin coating 

PEDOT:PSS or poly (3,4-ethylenedioxythiophene)polystyrene sulfonate is a p-type 

transparent conductive polymer formed out of two ionomers namely sodium polystyrene 

sulfonate and poly (3,4-ethylenedioxythiophene). It was spin coated at the rate of 4000 

rpm for 50 s. After spin coating 0.3 cm of the layer was removed with water and the 

slides were annealed for 15 minutes at 50˚C to produce a uniform layer of the polymer. 

The purpose of PEDOT:PSS layer on ITO coated glass is to increase the smoothness and 

conductivity of ITO. 

2.3.4. Deposition of Active layer 

The deposition of active layer consisting of dye sensitized TiO2 and P3HT (70:30 wt. 

ratio) was achieved using spin coating at the rate of 1600 rpm for 20 s. This was followed 

by another spin at 600 rpm in order to evaporate the solvent.  

2.3.5. Cathode deposition 

Al was thermally evaporated at the top of active layer as a cathode material under high 

vacuum conditions. This was achieved using shadow masks and 80 nm thick layers of the 

cathode were deposited in the form of thin strips over the top of photoactive blend. The 

fabricated device was finally annealed at 85˚C for 25 minutes in order to achieve a 

uniform morphological distribution of the active blend. The pictorial representation of the 

device is given in Fig. 2.1. 
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Fig. 2.1. Design of the fabricated bulk heterojunctions solar cell. 

2.4. Instrumentation 

The instruments employed for characterization of materials and device fabrication are 

listed in the following Table 2.2 along with their specifications: 

Table 2.2. Specifications of instruments employed for characterization and device 

fabrication and characterization. 

Technique Instrument model & specifications 

UV-visible spectroscopy Shimadzu-1601 

Fluorescence emission spectroscopy Perkin Elmer LS55 

Fourier transform infra-red 

spectroscopy (FT-IR) 

Thermo Scientific, USA. Model: Nicolet 

6700 

X-ray diffraction spectroscopy (XRD) X'Pert PRO, PANalytical, the Netherlands 

(Holland) 

Transmission electron microscopy JEOL 2010F 
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(SEM) 

Scanning electron microscopy (TEM) JEOL100CX 

X-ray photoelectron spectroscopy (XPS) O-micron model 

Cyclic voltammetry (CV) Eco Chemie Autolab PGSTAT 12 running 

with GPES 4.9 

 

Current-voltage measurements (I-V) 

Solar simulator with tungsten halogen lamp 

(150 Watt) and AM 1.5 G (Oriel 81086) 

filter 

Source Meter (Keithley Model 2400) 

External quantum efficiency 

measurements (EQE) 

Cornerstone monochromator (cornerstone 

TM 130 1/8m) 
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Chapter 3: 

 

Theoretical Background of Experimental Techniques 

3.1. UV-visible absorption spectroscopy 

Most compounds can absorb in the range of 190-800 nm, which we call as UV-Visible 

region. Absorption spectroscopy in this range can be very useful in the evaluation of 

electronic properties of materials such band gap of nanoparticles. It is a fundamental 

technique to study the interaction between two components in the solution phase. 

Furthermore, it can be used, in certain cases, to complement the results of other 

techniques. The wavelength of light absorbed by the material depends on the group of 

atoms holding excitable electrons termed as chromophores. Changes in the structure of 

chromophore e.g. interaction with other compounds thus affect the energy and intensity 

of absorptions resulting in bathochromic, hypochromic, hyperchromic and hypochromic 

effects. The possible transitions in various type of compounds are as follows: 

Alkanes: For alkanes, possessing single bond, the only possible transition is σ→σ*. 

Alcohols, Ethers, Amines, and Sulfur compounds: Due to the presence of non-bonding 

electrons n→σ* transitions are important for these compounds. 

Alkenes and Alkynes: Due to unsaturation the common transitions are π→π*. 

Carbonyl Compounds: Carbonyl compounds have unsaturated groups. Due to atoms 

such as oxygen and nitrogen the most important transitions are n→π*. In addition they 

also exhibit π→π* transitions which are high energy more intense transitions compared 

to n→π* transitions.  

The synthesized TiO2 and doped TiO2 nanoparticles in this study were first analyzed 

using optical absorption spectra in order to study the band gap modulation of titania. 

Moreover UV-visible spectroscopy was also employed as a basic technique to study the 

interaction of dyes with TiO2 nano-particles.  
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3.2. Fluorescence emission spectroscopy 

Fluorescence emission spectroscopy involves electronic and vibrational states of 

molecules. The lowest energy state also termed as the ground state and highest energy 

state, the excited state consist of various vibrational states.  At room temperature the 

molecules occupy lowest vibrational states. However by absorbing light of a particular 

wavelength they are elevated to higher vibrational levels [48]. Excited molecules can 

reach any vibrational level lying within the electronic state. After reaching to the highest 

vibrational level the molecule losses excess energy and therefore fall to the lower 

vibrational levels of the excited state. In addition the molecules present in the electronic 

state higher than second also move through the lowest vibrational level of upper state to 

the highest vibrational level of lower electronic state by a process known as internal 

conversion. The molecules keep on loosing energy until they reach to the lowest 

vibrational level of first excited state [48]. Fluorescence is observed when molecules 

return from the vibrational level of first excited state to the ground state. If all the excited 

molecules loose energy in this way the quantum yield is maximum, however this is not 

the case when other routes are also followed by the molecules to lose energy. An overlap 

of absorption and emission spectrum can be observed for (0, 0) transition occurring 

between the lowest vibrational level of ground and first excited state. For all other 

transitions fluorescence emission occurs at low energy or higher wavelength (see Fig. 

3.1). 

 

Fig. 3.1 The overlap of absorption and emission spectra at (0, 0) transition [48]. 
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The intensity of the fluorescence emission is decreased by a process called quenching 

which occurs due to the interaction of the excited state of fluorophore with other 

molecules. Due to this reason emission spectroscopy can be employed to study the 

interaction between molecules if one of the molecule is fluorescence active. Charge 

transfer complexation is one of the important interaction identifiable using absorption and 

emission spectroscopies. 

In the present work fluorescence emission spectroscopy was employed to study the 

chemical adsorption of dyes on the surface of TiO2 nanoparticles. In addition it also 

served to complement the observations of UV-visible absorption spectroscopy. 

3.3. Fourier transform infra-red spectroscopy (FT-IR) 

In FT-IR spectroscopy IR radiations are passed through the sample. Radiations of a 

particular wavenumber are absorbed by the molecules and the rest are transmitted. The 

resulting absorption or emission spectrum is a molecular finger print of the sample and is 

used to characterize the material.  

Table 3.1. List of the typical IR frequencies employed in the present research work. 

Nature of chemical bond Vibrational frequency 

(cm-1) 

S=O stretch (sulphonic group) 1245-1155 

C-N stretching 1631 

C=C stretching (aromatic) 1600-1585 

O-H stretch (alcohol) 3392 (broad) 

O-H stretch (carboxylic) 2541-3040 (broad) 

C=O stretch ( carboxylic) 1711 

C=C bend 1572 

O-H bend 1439 

C-O stretch 1261 

 

The absorption peaks correspond to the vibrational frequencies of various bonds present 

in a molecule and no two compounds can produce exactly the same spectrum. The 
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intensity of peaks provide quantitative information [49]. The typical vibrational 

frequencies used for the identification of chemical bonds in the present work are listed in 

the Table 3.1. 

3.4. X-ray diffraction spectroscopy (XRD) 

X-ray diffraction spectroscopy is used to determine the crystal structure of compounds. In 

addition it yields useful information about the impurities present in a crystal structure. 

The effect of doping can be analyzed using XRD pattern of doped and un-doped material.  

In nano-materials it can also be employed to find the crystallite size of the synthesized 

material using Scherrer equation: 

                               𝜏 =
Κ𝜆

βcosθ
                                                        Eq. 3 

Where 𝜏 is the particle size, λ is the wavelength of X-rays used, β is the line broadening 

at half maximum of the peak and θ is the Bragg angle obtained from the peak position. 

Κ is a shape factor having value close to 1. 

The peak positions in XRD are represented by 2θ values which are characteristic for 

particular phase of the material. The shifting of 2θ values as a result of doping is an 

important parameter to predict the nature of doping. Substitutional doping is associated 

with the shift to the lower angles while interstial doping results in the shifting of peaks 

towards higher angle. 

The intensity of peaks reveals about the crystallinity of material. Highly crystalline 

materials have sharp peaks. The decrease in the intensity as a result of doping may refer 

to the lower crystallinity of doped material. The broad XRD peaks of nanoparticles also 

reflects small particle size. The powder XRD of TiO2 and doped TiO2 was performed 

using a continuous scan method. 

3.5. Scanning & transmission electron microscopy (SEM & TEM) 

Electron microscopic techniques uses a beam of electron to form the image of materials. 

It is operated in vacuum, focusses the electronic beam and magnifies the image by the 

help of electromagnetic lenses [50]. These techniques make use of the much shorter 
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wavelength of electrons as compared to visible light. When the accelerating voltage of 

electrons is increased the wavelength decreases increasing the resolution.  

The two important types of electron microscopic techniques are scanning and 

transmission electron microscopy. The basic difference between the two is that scanning 

electron microscope generates an image using secondary electrons giving an impression 

of three dimensional image while transmission electron microscope projects electron 

through a thin specimen giving a two dimensional image [50]. Transmission electron 

microscopy has high resolution and magnification but SEM has its own benefits 

associated with three dimensional image such as shape of the material. 

3.6. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) also called as electron spectroscopy for 

chemical analysis (ESCA) is a fundamental technique used to analyze the chemical 

composition of surfaces. It is based on photoelectric effect. The X-rays of particular 

wavelength are directed towards a surface and electrons are ejected. These X-rays can 

penetrate upto 10 nm surface of the material. The XPS spectral lines correspond to the 

core shell from which electrons are ejected. The kinetic energy of the emitted electrons is 

determined which is then used to obtain the binding energies (ref. Fig. 3.2).  

K.E = hν - B.E - ϕsample                                         Eq. 4 

B.E = hν - K.E - ϕsample                                         Eq. 5 

Where ϕsample is the energy needed to move the electron from Fermi level to vacuum 

level. 

Typical features of an XPS spectrum include sharp peaks due to elastically scattered 

photo-electrons produced in the first few atomic layers. Multiplet splitting occur due to 

unpaired electrons. The unfilled p and d orbitals of transition elements show multiplet 

splitting also called as spin orbital splitting and occurs due to coupling of magnetic fields 

of spin and angular momentum. Spin orbital splitting value is characteristic of 

compounds and is used to differentiate the chemical environment of an element e.g. for 

titanium nitride the spin orbital splitting of Ti2p peaks is 6.0 eV while it is 5.7 eV for 
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oxide. For p orbital the doublet peaks are referred as p3/2 and p1/2 whereas for d orbital 

they are symbolized as d5/2 and d3/2.  

In addition to core level peaks, shake up peaks are often seen in XPS spectra arising due 

to the interaction of outgoing electron to the valence electrons exciting it to the higher 

energy level.The energy of the core electron is therefore reduced and a satellite peak is 

seen located a few eVs below the core level peak in the spectrum. If the valence electron 

is removed completely the broadening of core level peak is seen and shake off peaks 

appear [51-53]. 

 

Fig. 3.2.  Working principle of X-ray photoelectron spectroscopy (XPS). 

An important feature of XPS is that it can differentiate between the oxidation states of 

elements e.g. Cu (I) oxide has 2p3/2 peak at 933 eV and Cu (II) oxide at 933.5 eV. For Cu 

(II) carbonate dihydroxide the peak is located at 934.7 eV. In general increasing the 

oxidation state of element increase the binding energy [54]. XPS can also be employed 

for quantitative analysis but the process is tedious and requires great care. 

3.7. Cyclic voltammetry (CV) 

Cyclic voltammetry is the most basic of all electrochemical techniques. The electrode 

potential is ramped linearly vs. time like that of linear sweep voltammetry but in contrast 

to it after a definite potential the direction of the scan is reversed. By plotting the current 
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at working electrode vs. the applied potential, a cyclic voltamogram is obtained. It is an 

efficient technique to determine  various electrochemical properties of the solutions [55]. 

The ramping of electrode potential linearly vs. time is expressed as scan rate (V/s) which 

is often fixed in an experiment e.g. 100 mV/s. The potential is applied between working 

and reference electrodes and the resulting current is measured which is plotted against 

potential to obtain a voltamogram. The forward scan causes the oxidation / reduction of 

the analyte while the reverse scan causes the reverse reaction to occur. In the forward 

scan the current increases and reaches to the maximum value when the reduction / 

oxidation potential of the analyte is reached. An important use of CV in DSSCs is the 

determination of LUMO and HOMO energy level of dyes using reduction and oxidation 

potential [56-58]. The equations used in this regard are as follows: 

ELUMO = -e (E1/2red + 4.4 V)                             Eq. 6 

EHOMO = ELUMO–Eg (optical)                            Eq. 7 

Where ELUMO and EHOMO are the energies of LUMO and HOMO orbitals, E1/2red is the half 

wave reduction potential obtained from the mean value of Ecathodic and Eanodic of the 

reduction peak and Eg is the optical band gap obtained from the absorption spectrum of 

the dye. 

Cyclic voltammetry of the dyes used in this work was performed using a glassy carbon 

electrode as a working electrode, Ag/AgCl as reference electrode and Pt as a counter 

electrode. For this purpose 1 mM solution of Ni-Pc, Por and CA were prepared in ethanol 

solvent to which tetrabutylammonium phosphate (TBAP) was added as an electrolyte. 

The CV curves were recorded in the range of 1.5 to -1.5 V. 
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Chapter 4: 

 

Results and Discussion 

This chapter covers the characterization of the synthesized materials and their 

applications in hybrid bulk heterojunctions solar cell (HBHJSC). The materials were 

optically characterized using UV-visible, fluorescence emission and Fourier transform 

infer-red (FT-IR) spectroscopic techniques. Morphological characterization of TiO2 

nanoparticles and nano-hybrid assembly (grafted & co-grafted materials) was achieved 

using X-ray diffraction (XRD) spectroscopy, transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM). Doped titania (M-TiO2) was characterized 

using X-ray photoelectron spectroscopy (XPS). Cyclic voltammetry (CV) was utilized to 

determine the HOMO & LUMO energy levels of dye molecules used to sensitize TiO2 

and doped TiO2. The current-voltage measurements (I-V) and external quantum 

efficiency measurements (EQE) were used to evaluate the efficiency of the fabricated 

bulk heterojunction solar cells. Each technique is discussed in detail in the forthcoming 

section. 

4.1. Characterization of TiO2 & M-TiO2 (M= Cu, Ni, Cr) 

TiO2 nanoparticles synthesized by a sol-gel method as described in section 2.2.1 were 

first characterized by electronic absorption spectroscopy.  

 

Fig. 4.1. Electronic absorption spectrum of TiO2 nanoparticles in ethanol solvent. 
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The absorption spectrum of TiO2 is shown in Fig. 4.1. A well-defined broad absorption 

centered at around 280 nm was observed with an absorption edge at 330 nm. The optical 

absorption spectrum was used to determine the band gap of TiO2 by constructing direct 

and indirect Tauc plots as titania is known to exhibit both direct and indirect transitions 

[59-61]. The indirect band gap was determined by plotting (αhv)1/2 vs. photon energy 

(eV) providing the band gap of 3.2 eV whereas direct band gap was obtained by plotting 

(αhv)2 against photon energy giving the value of 3.9 eV. Although the value of direct 

band gap is higher than the indirect band gap but it is more related to the absorption edge 

value in the UV-visible spectrum of TiO2. A clear straight line obtained in direct Tauc 

plot in contrast to the indirect Tauc plot also verifies the existence of direct transitions in 

the synthesized sample (ref. Fig. 4.2).  

 

Fig. 4.2. Direct (solid line) and indirect (circles) band gap determination of TiO2 

nanoparticles. 

Transmission electron microscopy (TEM) of the synthesized nanoparticles displayed the 

spherical shaped particles with an average particles size of 8 nm (ref. Fig. 4.3 A and B).  

The SEM images obtained for the thin film of titania also confirmed the formation of 

spherical nanoparticles giving an average particle size of 10 nm (Fig. 4.4). The thin films 

were obtained by spin coating TiO2 (10 mg/ml dispersed in ethanol) on quartz at the rate 
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of 2000 rpm for 50 s. The small particles size determined from TEM and SEM is 

consistent with the results of absorption spectroscopy and optical band gap in the Tauc 

plots.  

X-ray diffraction spectroscopy (XRD) was used to know the crystalline nature and purity 

of the nanoparticles. XRD patterns of the calcined and un-calcined samples are shown in 

Fig. 4.5. The X-ray diffraction spectra matched well with the pure anatase form [11, 62-

64]. 

 

Fig. 4.3. Transmission electron micrographs of pure TiO2 showing spherical 

nanoparticles with an average particle size of 8 nm. 

 

Fig. 4.4. Scanning electron micrograph (SEM) of the thin film of TiO2 nano-spheres (10 

mg/ml) giving an average particle size of 10 nm. 
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The presence of a pure anatase form was confirmed from the [101] diffraction peak at 2θ 

= 25.3º. Moreover the absence of [110] peak at 2θ = 27.4º ruled out the presence of rutile 

phase [11]. XRD pattern after calcination of the sample at 500 °C indicates the same 

characteristic peaks of anatase demonstrating the thermal stability and suppression of 

phase transformation even at higher temperature [11].  

 

Fig. 4.5. X-ray diffraction (XRD) pattern of calcined (solid) and un-calcined TiO2 (dot). 

4.1.1. Characterization of Cu-doped titania (Cu-TiO2) 

The absorption spectra of 2-8% Cu doped TiO2 is displayed in Fig. 4.6. With the addition 

of 2 wt. % Cu dopant to TiO2 the peak position shifted bathochromically and absorption 

edge was moved to 419 nm. By further increasing the dopant concentration to 4, 6 and 8 

wt. % the absorption edge was shifted to 424, 422 and 392 nm respectively.  

The blue shift in the absorption spectra after 4% dopant addition was explained by the 

Burstein-Moss effect [65]. According to which, at a particular dopant concentration when 

the amount of charge carriers is increased, the Fermi level lying in the conduction band is 
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completely filled. Thereafter the additional excited electrons are supposed to go in the 

conduction band (above the Fermi level). This situation resulted in the widening of the 

band gap of the material and consequently blue shift was noticed in the absorption spectra 

[65-67]. 

In order to determine the band gap of Cu-TiO2, Tauc plots were constructed using both 

direct and indirect methods and extrapolation of the straight line cutting the x-axis gave 

the values of band gaps (Fig. 4.7 A and B). 

 

 

Fig. 4.6. Absorption spectrum of pure TiO2 (solid line) in ethanol solvent comapred with 

the absorption spectra of 2% (dot), 4% (dash), 6% (dash dot) and  8% (dash dot dot) Cu-

TiO2. 

No doubt, the direct band gap values are higher than the corresponding indirect band-gap 

values but the former are more related to the absorption edge values of the UV-visible 
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spectra therefore direct band gaps were assigned to the Cu doped samples as well. 

Moreover the indirect band gap values are quite low and therefore do not seem much 

realistic [65].  The band gap values at 2 and 4% Cu (dopant level) were found close to 

each other i.e. about 2.97 and 2.94 eV respectively. An increase in the dopant 

concentration beyond 4 % (6, 8% Cu) increased the band gap but still lower than that of 

pure titania. These results demonstrates that as the dopant concentration is increased 

beyond 4%, the charge carriers fill the Fermi level in conduction band and therefore an 

increase in the apparent band gap is observed indicated by the by the blue shift of 

absorption edge compared to that at lower dopant levels [65]. 

 

Fig. 4.7. (A) Direct (B) Indirect Tauc plot demonstrating band gap of pure TiO2 (solid 

line) compared to 2% (dash), 4% (dot), 6% (dash dot), 8% (dash dot dot) Cu-TiO2. 

If we keep on increasing the dopant concentration beyond 8% the band gap is expected to 

increase and eventually may become greater than pure TiO2. (not investigated in this 

report). However in the range of 6-8% dopant concentration we observe band gaps lower 

than the pure titania due to the defect tails which are created on the valence band side 

[65]. 

The defect tails also known as Urbach tails which are created on both sides of band gap 

as a result of doping are associated with an Urbach energy (Eu) which can be calculated 

by plotting ln α photon energy in eV. The inverse of the slope of the straight portion 

below the band gap gives the value of Urbach energy (Eu) according to the following 

equation [33, 68, 69]. 
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𝑙𝑛𝛼 = 𝑙𝑛𝛼𝜊 +
𝐸

𝐸𝑢
                               Eq. 8 

The Urbach energy for 2-8% Cu doped titania has been determined and compared in Fig. 

4.8. For pure TiO2 Urbach energy was found to be 0.79 eV. For 2 and 4% Cu doped the 

values of slopes are quite similar that is 0.16 and 0.18 eV corresponding to the Urbach 

energy values of 6.2 and 5.6 eV respectively. The variation of Urbach energy with 

percentage of Cu is displayed in the Fig. 4.9. At higher dopant levels the Urbach energy 

is decreased. This is indicated by the higher slopes of the straight lines. Reduction of 

Urbach energy can be attributed to the filled vacancies at higher dopant levels due to 

increased charge carrier concentration. The increased Urbach energy of doped samples as 

compared to pure titania validate our argument of defect generation owing to the 

incorporation of Cu in TiO2. 

 

 

Fig. 4.8. Calculation of Urbach energy of 2-8% Cu-TiO2. 
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Fig. 4.9. Variation of Urbach energy with the concentration of Cu. 

The maximum defect energy is seen at 2% Cu however the calculation of band gap using 

Tauc plot shows minimum band gap for 4% Cu indicating that there might be some other 

factor as well contributing to the band gap modulation. This was later on confirmed 

through XRD analysis of the doped materials.  

X-ray diffraction spectra were than recorded for 2-8% Cu-TiO2 calcined at 500˚C in 

order to elucidate the structural changes as a result of foreign ion incorporation in TiO2 

crystal structure. Fig. 4.10 shows the XRD patterns of Cu doped titania overlaid on the 

spectrum of pure TiO2. The results established that the anatase phase of titania is retained 

and doping did not introduce any phase changes [65]. An amorphous background was 

observed resulting in the upward shift of the baseline at lower angles in doped samples. 

Moreover it was noticed that the [101] diffraction peak was shifted to the lower angle in 

Cu-TiO2 (ref. Table 4.2). The shift to the lower angle is introduced as a result of 

compressive stress in the crystal lattice [70]. The peak shift is also related to the 

attachment pattern of Cu to TiO2. Substitutional doping at lower concentrations might be 

responsible for lower angles at 2 and 4% Cu while at higher dopant levels interstitial 
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doping is indicted resulting in the slightly higher values of 2θ. Moreover widening of the 

XRD peaks is also observed. These changes are associated with the changes in the lattice 

parameters due to foreign ion incorporation in the crystal structure. The intensity of XRD 

peak depends on several factors such as scattering factor, defects and electron density of 

the material. However highest intensity at 4% copper might also reflect greater 

crystallinity [65].  

 

Fig. 4.10. X-ray diffraction pattern of 2-8% Cu doped TiO2 calcined at 500°C. 

This is possible if substitutional doping is dominant at this dopant percentage. This is 

explained later in detail in the XPS of the Cu doped materials. At 6 and 8% again we see 

low XRD intensity representing low crystallinity.  This is because as the dopant amount 

is increased, the interstial doping predominates the substitutional doping. The shift to 

lower angle at 4% dopant concentration also represents substitutional doping which 

supports this interpretation (ref. Table 4.2). Thus it may be concluded that maximum 

substitutional doping at 4% might have resulted in greater crystallinity as compared to 

other samples [65]. 
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X-ray photoelectron spectroscopy (XPS) was also done for all dopant concentrations in 

order to determine the oxidation state and chemical environment of the incorporated 

elements in the crystal structure of titania. The XPS of the 2p region of Cu doped samples 

is shown in Fig. 4.11. It can be seen that for 2% Cu-TiO2, 2p3/2 peak is located at 933.8 

eV with the hump at 931.9 eV which is attributed to Cu2+ and Cu+1 respectively [65]. At 

higher doping levels Cu2+ peak has dominated Cu1+ suggesting the dominant formation of 

Cu (II) oxide which has a lower band gap (1.20 eV) as compared to Cu (I) oxide (2.13 

eV) [32, 71, 72].  

 

Fig. 4.11. X-ray photoelectron spectroscopy (XPS) of the 2p region of 2-8 % Cu doped 

TiO2. 

The lower band gap of Cu (II) oxide might also affect the overall band gap of doped 

materials (thus giving low band gap at 4% Cu). The enhancement of satellite peak at 

942.3 eV supports the fact that CuO is the main species present in the doped samples. 
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The relative peak intensities are also increased with the dopant levels owing to the 2, 4, 6 

and 8% Cu-TiO2 [65]. 

From the XPS results it is seen that at 2% copper, Cu1+ is also present whose ionic radius 

is larger than Cu2+ and it will be difficult for it to substitute Ti4+. The interstial doping at 

this dopant level will cause decrease in the crystallinity of material as indicated by low 

intensity XRD peaks as compared to 4% Cu doped sample [65].  

4.1.2. Characterization of Ni doped titania (Ni-TiO2) 

Absorption spectroscopy was performed for 2-8% Ni -TiO2 and compared with pure 

titania. Fig. 4.12 demonstrates the optical properties of Ni-TiO2 where it can be seen that 

a bathochromic shift occurred giving the absorption edge values of 402, 400, 385 and 370 

nm for 2, 4, 6 and 8% Ni respectively [65].  

 

Fig. 4.12. Absorption spectrum of pure TiO2 (solid line) stacked with the absorption 

spectra of 2% (dot), 4% (dash), 6% (dash dot dot), 8% (dash dot) Ni-TiO2 in ethanol. 

A blue shift in the absorption edge after 4% Ni is attributed to the increased charge 

carrier concentrations which fill the Fermi level in conduction band. However it is to be 
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noted that the absorption edge at 6 and 8% Ni-TiO2 still lies at a longer wavelength as 

compared to pure TiO2. 

The direct and indirect Tauc plots (Fig. 4.13A and B) show the band gap modulation of 

Ni-TiO2 as a function of concentration of Ni precursor in the material [65]. The direct 

band gaps are more related to the absorption edge values therefore direct band gap is 

assigned to Ni doped titania as well. Direct band gap values for 2, 4, 6 and 8% Ni are 

3.52, 3.46, 3.55 and 3.68 respectively. Thus maximum band gap reduction is achieved at 

4% Ni-TiO2.   

 

Fig. 4.13. Band gap determination of Ni doped titania using (A) direct (B) indirect Tauc 

plot, TiO2 (solid line), 2% (dash), 4% (dot), 6% (dash dot) and 8% (dash dot dot) Ni-

TiO2. 

The band gap increased as the Ni content was further increased. Liu et. al.  theoretically 

calculated the absorption spectra of doped anatase titania for different Ni concentrations 

reporting an initial band gap decrease (red shift of absorption edge) and a blue shift of the 

spectra at higher dopant concentration. Our experimental results are thus  in excellent 

agreement with the theoretical findings [65, 73].  

The band gap narrowing is attributed to the defect generation and oxygen vacancies as 

explained earlier for Cu-TiO2. Urbach energy was calculated for 2-8% Ni doped titania 

by plotting ln α vs. photon energy. 

The minimum slope was observed at 4% Ni corresponding to the highest Urbach energy 

at this percentage (ref. Fig. 4.14). The slope of lines increased as the dopant 
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concentration was increased resulting in the decrease of defect energy. This is attributed 

to the filled vacancies due to increased charge carrier concentrations. The variation of 

Urbach energy with percentage of Ni is plotted in Fig. 4.15. 

 

 

Fig. 4.14. Determination of Urbach energy for Ni doped TiO2 giving the highest slope for 

4% Ni-TiO2. 

 

Fig. 4.15. Variation of Urbach energy (Eu) with percentage of Ni in TiO2. 
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XRD spectra of Ni-TiO2 are displayed in Fig. 4.16 with varying dopant concentration.  A 

shift of [101] peak to lower angle was observed for 2 and 4% Ni with minimum 2θ for 

4% Ni. At 6 and 8% peaks were moved to higher angle again (ref. Table 4.2).  

The peak shifting first to the lower angle and then to higher values (at high doping levels) 

suggest the induction of compressive and tensile stress introduced as a result of 

substitutional and interstitial incorporation of nickel ion in the crystal structure of TiO2 

respectively [65]. The XRD pattern indicated the retention of anatase phase in nickel 

doped samples as well. 

 

Fig. 4.16. X-ray diffraction pattern of 2-8% Ni doped TiO2 as compared to pure titania 

all calcined at 500°C for 1 hour. 

The XPS results of Ni-TiO2 with different dopant concentrations are displayed in Fig. 

4.17. The 2p region of XPS shows a shifting of 2p3/2 peak with changing dopant 

concentration. At 2% Ni-TiO2 the 2p3/2 peak at 855.6 eV correspond to Ni2+ in an oxygen 
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containing environment [65]. This suggests that the Ni2+ has been incorporated in TiO2 as 

NiO and Ni(OH)2 [74]. The satellite peak at 860.9 eV suggests the presence of both NiO 

and Ni(OH)2 in the sample [75].  

 

Fig. 4.17. XPS spectra of 2% (Solid line), 4% (short dash), 6% (short dot) and 8% (dash 

dot) Ni-TiO2. 

The binding energy of 856.2 eV (4% Ni-TiO2) is assigned to Ni2O3 according to the 

reported literature [76]. For still higher amounts of dopant i.e. 6 and 8% Ni 2p3/2 peak is 

located at 855.5 and 855.4 eV respectively which is attributed to NiO [74]. The shift of 

binding energy to the lower value is related to the increased number of defects [72]. The 

formation of Ni2O3 at 4% Ni-TiO2 complements the results of electronic absorption 

spectroscopy where lowest band gap is observed at this dopant level. The reason for this 

is that the band gap of Ni2O3 is lower (3.38 eV) as compared to NiO (3.88 eV) [77, 78]. 

So the contribution of former might result in the lowering band gap of titania effectively 

[65].  
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4.1.3. Characterization of Cr doped titania (Cr-TiO2) 

The UV-visible studies of 2-8% Cr doped TiO2 also displayed a shift of the absorption 

spectra towards visible. Absorption edge was shifted from 330 to 389 nm for 2 % Cr-

TiO2 (ref. Fig. 4.18). Increase in the impurity concentration resulted in the blue shift of 

the absorption edge [65].  

 

Fig.4.18. Overlaid absorption spectra of pure TiO2 (solid line), 2% (short dot), 4% (short 

dash), 6% (dash dot) and 8% (dash dot dot) Cr-TiO2 in ethanol solvent. 

This was verified from the direct and indirect Tauc plots of Cr-doped samples. From the 

plots it can be seen that direct band gap equation is fitting well to the absorption spectra 

and therefore direct band gaps are assigned to Cr doped TiO2 (Fig. 4.19A and B). The 

band gap is reduced to 3.6 for 2 % Cr as compared to 3.9 for pristine titania [65]. 
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Fig. 4.19. (A) Indirect (B) direct Tauc plot of TiO2 (solid line), 2% (short dash), 4% 

(short dot), 6% (dash dot) and 8% Cr-TiO2 (dash dot dot). 

Urbach energy was calculated by constructing a plot of ln α on y-axis and photon energy 

on the x-axis (ref. Fig. 4.20). Maximum defect energy was found at 2% Cr doped titania 

which confirms the results of UV-visible spectroscopy and band gaps. The defect energy 

was decreased as the Cr content was increased beyond 2% and became constant at 6 and 

8% Cr which is attributed to the filled vacancies at these dopant levels (Fig. 4.21). 

 

Fig. 4.20. Determination of Urbach energy of 2-8% Cr doped TiO2 by plotting ln α vs. E. 
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Fig. 4.21. Variation of Urbach energy with percentage of Cr in TiO2. 

XRD pattern of 2-8% Cr-TiO2 displayed no phase transition and a slight shifting of [101] 

peak to the lower angle (Table 4.2). Widening of all XRD peaks is observed as a result of 

disorder created by dopant ions (ref. Fig. 4.22). Moreover the vanishing of peaks with 

increasing dopant level could be due to the decreased crystallinity of TiO2 as a result of 

Cr doping [65]. Peak shift is not observed in the case of Cr doped TiO2 as opposed to the 

Ni and Cu doped samples. The peak shift to the lower or higher angles is the result of 

stress and strain induced in the crystal lattice due to substitutional doping and interstitial 

doping. The ionic radii of Cu2+ and Ni2+ are 87 and 69 pm respectively. The ionic radius 

of Cr2+ it is 73 pm which is closest to the ionic radius of Ti4+ (74.5 pm). The XRD of Cu 

and Ni doped samples therefore shows shifting of the peaks owing to the stress induced 

in the crystal structure due to large difference in the ionic radii of the two ions as 

compared to Ti4+. The XRD results of Cu, Ni and Cr thus matches well with the ionic 

radii of the ions and reaffirms the findings of our experiments. The decrease in the 

intensity of XRD peaks for Cr doped samples shows increased amorphous character of 

the synthesized material. Substitutional doping is expected at lower dopant 

concentrations while higher levels of dopants results in the interstitial doping which 

might decrease the crystallinity resulting in diminished peaks in XRD. 
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Fig. 4.22. XRD patterns of Cr doped TiO2 compared to pure TiO2 all calcined at 500°C 

for 1 hour. 

The XPS results of 2, 4, 6 and 8% Cr-TiO2 confirmed the presence of Cr (III) oxide in the 

doped sample. The 2p region consisted of two peaks at 576.1 and 585.9 eV for 2p3/2 and 

2p1/2 respectively associated with Cr3+ ion  in oxygen environment (Fig. 4.23) [65, 79, 

80]. The results of X-ray photoelectron spectroscopy establish the successful doping of 

chromium in TiO2. 

The XPS of the 2p region of pure TiO2 was also recorded and compared with 2p region of 

doped titania to understand the effects of doping on the behavior of TiO2. Overlaid 

spectra of TiO2, 4% Cu-TiO2, 4% Ni-TiO2 and 2% Cr-TiO2 are displayed in Fig. 4.24. 

For TiO2 the Ti 2p3/2 and Ti 2p1/2 peaks were located at 459.1 and 464.8 respectively 

which suggests the presence of Ti4+ in the pure sample according to the literature quoted 

values [72, 81]. A slight discrepancy from the reported values could be attributed to the 
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number of oxygen defects in the material.  In doped samples the 2p peaks of TiO2 are 

shifted to the lower values giving 2p3/2 peak at 457.8, 458.0 and 457.7 for 2% Cu, 4% Ni 

and 2% Cr doped TiO2 suggesting the reduction of Ti4+ to Ti3+ [65, 82]. 

 

Fig. 4.23. XPS spectra of 2-8% Cr doped TiO2 confirming the presence of Cr (III) oxide 

in the crystal structure of titania. 

 

The reduction is attributed to the incorporation of Cu, Ni and Cr ions [32]. The creation 

of oxygen vacancies in the doped samples results in a decrease of negative charge in the 

crystal system which is balanced by the conversion of Ti4+ to Ti3+. These changes clearly 

point out that Cu, Ni and Cr are successfully doped in TiO2.  

The parameters obtained from electronic absorption spectroscopy of TiO2 and 2-8% Cu, 

Cr and Ni doped samples are elucidated in Table 4.1. A comparison of fundamental 

parameters determined from the XRD of the aforementioned materials including [101] 

peak position, d-spacing and full width at half maximum (FWHM) is presented in Table 

4.2. 
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Fig. 4.24. XPS of the 2p region of TiO2 compared to doped samples. 

Table 4.1. Parameters obtained from the absorption spectroscopy of doped and pure 

titania. 

% age doping Absorption edge 

 (nm) 

Direct band gap 

 (eV) 

Urbach Energy  

(eV) 

0 330 3.90 0.79 

2% Cu 419 2.97 6.20 

4% Cu 424 2.94 5.60 

6% Cu 422 3.28 1.70 

8% Cu 392 3.43 1.67 

2% Ni 383 3.52 1.04 

4% Ni 402 3.46 1.08 

6% Ni 385 3.55 1.03 

8% Ni 370 3.68 0.81 

2% Cr 389 3.60 1.38 

4% Cr 380 3.66 1.07 

6% Cr 375 3.68 1.05 

8% Cr 375 3.68 1.05 
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Table 4.2. Parameters obtained from XRD patterns of doped and pure titania. 

 

Compound 

 

Position (2θ) [101] 

 

d-spacing 

 

FWHM (2θ) [101] 

0% 2% 4% 6% 8% 0% 2% 4% 6% 8% 0% 2% 4% 6% 8% 

Cu-TiO2 25.61 25.41 25.35 25.41 25.43 3.47 3.50 3.51 3.50 3.50 0.72 0.79 0.70 0.70 0.98 

Ni-TiO2 25.61 25.19 25.11 25.39 25.48 3.47 3.53 3.54 3.50 3.49 0.72 0.53 0.81 0.76 0.79 

Cr-TiO2 25.61 25.32 25.55 25.56 25.64 3.47 3.51 3.48 3.48 3.47 0.72 0.70 0.76 0.79 0.90 

 

4.2. I-V measurements of bulk heterojunctions solar cells using TiO2 

and M-TiO2 

The optical and morphological characterization of doped titania manifests that the lowest 

band gap material (TiO2) is attained by doping with 4% Cu, 4% Ni and 2% Cr.  

The comparison of direct band gap values obtained for 4% Cu, 4% Ni and 2% Cr is 

displayed in Fig. 4.25 where a minimum band is obtained for 4% Cu followed by Ni and 

Cr respectively. The Urbach energies obtained for these samples are also compared 

demonstrating maximum defect energy for 4% Cu. (ref. Fig. 4.26).   

 

Fig. 4.25. Band gap modulation for 4% Cu, 4% Ni and 2% Cr doped TiO2 using direct 

Tauc plot. 

The maximum Urbach energy is obtained for Cu doped samples followed by Cr and Ni.  

These compositions of the doped nanoparticles were therefore employed for fabricating 
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hybrid bulk heterojunctions solar cell using P3HT as electrolyte in order to investigate 

the effect of tuning of band gap of TiO2 for absorption in the visible region on the 

efficiency of the device.  

 

Fig. 4.26. Comparison of Urbach energies obtained for 4% Cu, 4% Ni and 2% Cr doped 

TiO2. 

The devices were fabricated using an active blend consisting of 70:30 wt. % of TiO2/M-

TiO2 and P3HT as explained in section 2.3. The results of current-voltage measurements 

of the fabricated devices are displayed in Fig. 4.27. P3HT-TiO2 blend in the dark shows 

zero current as indicated by the solid line. However illuminating the cell with the light of 

1 sun resulted in a short circuit current (Isc) of 1.42 mA/cm2 with a fill factor (FF) value 

of 0.40 giving an overall efficiency of 0.24%. The short circuit current further increased 

to 1.83 mA/cm2 for P3HT-TiO2 (2% Cr) (dash dot). However the value of FF was 

reduced to 0.34 and therefore the efficiency remained the same i.e. 0.24%. For P3HT-

TiO2 (4% Ni doped) composition a short circuit current density of 2.01 mA/cm2 was 

recorded with a FF of 0.32 giving an overall efficiency of 0.24%. Maximum current 

density of 2.20 mA/cm2 was obtained for P3HT-TiO2 (4% Cu doped) sample (dash dot 
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dot) and efficiency was increased to 0.27 % as compared to 0.24% for pristine titania 

blended with P3HT.  

 

Fig. 4.27. I-V graph of P3HT-TiO2 and P3HT-M-TiO2 displaying changes in Isc and Voc 

of the devices. 

Thus it can be concluded that doping increases the short circuit current but on the other 

hand it reduces the FF of the device and therefore a little increase in the efficiency of the 

device is observed only for Cu doped material.  

Table 4.3. Parameters obtained from the current voltage measurement of TiO2 and M-

TiO2 blended with P3HT. 

Device 

composition 

Isc 

(mA/cm2) 

Voc 

(V) 

Mpp FF Efficiency 

(%) 

P3HT-TiO2-light -1.42 0.42 0.24 0.40 0.24 

P3HT-TiO2 

(2% Cr doped) 

-1.83 0.38 0.24 0.34 0.24 

P3HT-TiO2 

(4% Ni doped) 

-2.01 0.37 0.24 0.32 0.24 

P3HT-TiO2 

(4% Cu doped) 

-2.20 0.38 0.27 0.32 0.27 
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No doubt that the bathochromic shift of doped materials resulted in an enhanced visible 

light absorption but the lower band gap values can also increase the chances of charge 

recombination resulting in poor device performances (ref. Table 4.3). 

The variation of short circuit current density and FF with the device composition is 

displayed in Fig. 4.28. The current density is increased linearly for Cr, Ni and Cu doped 

TiO2 giving maximum current for 4% Cu-TiO2. The values of FF follow the opposite 

trend i.e. it decreases continuously as we move from Cr, Ni to Cu doped titania. This also 

manifests the dependence of FF on the band gap of material i.e. lower the band gap, 

lower will be the fill factor of the device. 

Considering that the doping has little influence on the efficiency of device the effect of 

grafting and co-grafting of selected dyes on TiO2 was investigated which is explained in 

the forthcoming section. 

 

Fig. 4.28. The variation of Isc and FF values with the device composition for 2 % Cr, 4% 

Ni and 4% Cu doped titania. 
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4.3. Characterization of TiO2 and M-TiO2 grafted with Ni-

Phthalocyanine (Ni-Pc) 

 4.3.1. Electrochemical & Optical characterization of Ni-Pc 

TiO2 and M-TiO2 were grafted with Ni-metallated phthalocyanine as mentioned in 

section 2.2.3.  

First of all cyclic voltammetry of 1 mM dye (pure dye) was performed in ethanol solvent 

using Tetrabutylammonium phosphate (TBAP) as an electrolyte (ref. Fig. 4.29).  

. 

Fig. 4.29. Cyclic voltammogram of 1mM Ni-Pc using TBAP as an electrolyte in ethanol 

solvent at a scan rate of 100 mV/s. 

The electrochemical characterization aided in the determination of HOMO and LUMO 

energy levels of Ni-Pc predicting the possibility of electron transfer from dye to the 

conduction band of titania in the nano-hybrid assembly (TiO2-Pc). A negative scan from 

0 to -1.5 V displayed a single reduction peak at -0.91 V. On reversing the scan direction 

two anodic peaks were observed at -0.85 and -0.06 V respectively. The half wave 

reduction potential is therefore found to be -0.87 V calculated from the cathodic (-0.91 V) 
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and anodic (-0.85 V) peak potentials which was employed to determine the LUMO and 

HOMO  energy levels of the dye using Eq. 6 and 7 mentioned in chapter 3: 

ELUMO = -e (-0.88 V+ 4.40 V) 

ELUMO = -3.52 eV 

EHOMO = -3.52 eV–1.74 eV 

EHOMO  = -5.25 eV 

Where 4.40 V is the standard reduction potential of ferrocene and 1.74 eV is the optical 

band gap (Eg ) obtained from the  absorption spectrum of the dye. Using these formulae 

the values of ELUMO and EHOMO were found to be -3.52 and -5.26 eV respectively. The 

energy level diagram of the components of the nano-hybrid assembly (TiO2-Pc) is shown 

in the Fig. 4.30. The values of valence and conduction band of TiO2 are taken from the 

literature.  

-5.26

-3.52

-7.5

-4.2

Ni-PhthalocynineTitania

VB

CB

HOMO

E (eV)

e

e

LUMO

 

Fig. 4.30. Energy level diagram demonstrating the electron transfer in a nano-hybrid 

assembly composed of TiO2 grafted with Ni-Pc. 

The LUMO level of Ni-Pc lies above the CB of titania allowing the excited electrons to 

enter into the conduction band of TiO2 nanoparticles from where they can travel through 

the external circuit generating photocurrent.  
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The optical absorption spectra of Ni-Pc at different concentrations, used for purpose of 

grafting are displayed in Fig. 4.31. The spectra show two Q-bands in the visible region 

and a Soret band at 335 nm originating as a result of л→л* transitions in the molecule. A 

higher energy Q-band at 598 nm is attributed to aggregated dye molecule while the low 

energy Q band at 664 nm is assigned to the monomeric form of Ni-Pc [83, 84].  

Higher intensity of the monomer peak suggests that the major portion of dye is existing in 

the non-aggregated form.  The blue shift of aggregated dye peak is due to higher 

transition dipole moment resulting in an increased excitation energy [85]. In addition a 

little shoulder at 633 nm is attributed to the molecular distortions as a result of 

aggregation [86, 87]. 

 

Fig. 4.31. UV-visible spectra of Ni-Pc from 5 to 25 μM in ethanol solvent. 

4.3.2. Optical characterization of TiO2 grafted with Ni-Pc (TiO2-Pc)  

The nano-hybrid assembly (TiO2-Pc) synthesized by grafting 5-25 μM Ni-Pc with fixed 

amount of TiO2 (0.05 mg/ml) was first of all characterized by electronic absorption 
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spectroscopy. Fig. 4.32 compares the spectra of bare TiO2, Ni-Pc and grafted Ni-Pc 

(TiO2-Pc) at 10 μM concentration. In the grafted sample (TiO2-Pc) no visible change is 

noticed in the position of Q-bands of the dye however, their intensity is appreciably 

decreased but the Soret band is completely disappeared. Such disappearance of Soret 

peak is also reported for the related compounds such as star porphyrazines due to meso 

pocket binding of these molecules [36].  

The disappearance of Soret band could also be attributed to the peripheral metallation of 

Ni-Pc with Ti4+ within the meso-pockets. The negatively charged oxygen atoms of the 

sulfonate groups and nitrogen atoms of phthalocyanine can coordinate with titanium ion 

resulting in the peripheral metallation of the dye. In addition it can be seen that the 

intensity of the monomer peak is much reduced as compared to dimer peak which shows 

that somehow in the grafting procedure the monomer molecules are consumed.  This can 

also be explained by considering that the monomer dye molecules are preferentially 

meso-binded and hence a sharp decrease in the intensity of peak is observed. 

 

Fig. 4.32. Electronic absorption spectra of pure Ni-Pc (solid line), TiO2–Pc (dotted line) 

and TiO2 (dash line) in ethanol solvent. 

The degree of self-aggregation is also reduced by peripheral metallation. However dimer 

or trimer formation can be favoured among the grafted dye molecules due to peripheral 
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metal ion (titanium ion) which can help in coordination. This will be explained later in 

the fluorescence emission spectroscopy of the grafted material. 

The UV-visible spectra of grafted phthalocyanines at different concentrations on the 

surface of TiO2 are displayed in Fig. 4.33 which exhibit similar features that is the 

disappearance of Soret peak and decrease in intensity of Q-bands. However it can be seen 

that at higher dye concentrations (20 and 25 μM) the soret peak is reappearing. This is 

attributed to the un-grafted dye molecules left in the solution at higher concentrations. 

 

Fig. 4.33. Electronic absorption spectra of different phthalocyanine concentrations 

grafted on the surface of TiO2 nanoparticles in ethanol. 

Fluorescent properties of the nano-hybrid assemblies (TiO2-Pc) were checked by exciting 

the samples at 500 nm. Fig. 4.34 displays the emission spectra of the samples. It is clear 

that pure Ni-Pc at 10 μM concentration has a very little fluorescence quantum yield 

however the hybrid sample has appreciable fluorescence intensity. Pure dye shows two 

emission peaks at 664 and 710 nm. The fluorescence peaks are observed as a result of to 
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the transitions from S1 to S0 state due to the rapid internal conversion between S1 and S2 

states.  

The grafted sample exhibits a large bathochromic shift of these two peaks. An additional 

peak is also seen at 651 nm. These spectral features are interpreted as follows. Once 

grafted, the meso-binded phthalocyanine molecules form a network of grafted dye over 

TiO2 nanoparticles. The excited electrons in the grafted material easily enter into the CB 

of titania from where they can return back to the HOMO of Ni-Pc. The energy of the 

emitted light is decreased in this way resulting in an apparent red shift of the peaks.  The 

origin of the additional peak is not explored in this dissertation. 

 

Fig. 4.34. Comparison of the emission spectra of Ni-Pc (dotted line, 10 μM ), TiO2-Pc  

(solid line) in ethanol excited at 500 nm. 

FT-IR spectra were recorded for the pure dye and grafted samples in order to get a deeper 

insight into the interaction between the two components of the nano-hybrid assembly. 
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Fig. 4.35 shows the FT-IR spectra of grafted and un-grafted dye. In the grafted sample 

the peaks due to C-N and C-C stretching vibrations are diminished. In addition to it, 

vibration peaks attributed to sulfonated groups in the dye molecules are diminished in 

intensity and shifted to the higher wavenumber suggesting the interaction of sulphonic 

acid groups with TiO2 nanoparticles. Thus FT-IR spectra confirms the successful 

interaction of the dye molecules with titania. This supports the observations of absorption 

and fluorescence emission spectroscopies. The interaction of the nitrogen atoms and 

sulphonic acid group enables the peripheral binding of the dye with Ti4+ incorporating 

these ions into the meso pockets of the dye molecules as reported in literature for star 

porphyrazines [36]. 

Based on the optical studies the interaction mechanism of phthalocyanine with TiO2 was 

proposed (scheme 4.1). The monomer dye molecules are peripherally bonded with 

phthalocyanine resulting in the meso-pocket binding with Ti4+. This is evidenced by the 

disappearance of Soret peak in UV-visible spectra. 

 

Fig. 4.35. Overlaid FT-IR spectra of pure phthalocyanine dye and TiO2 grafted with 

phthalocyanine. 
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Sulphonic acid groups and nitrogen atoms in the dye act as an anchoring sites owing to 

the lone pairs of electrons which can interact with titanium ions as suggested by the FT-

IR analysis of the grafted material. The grafted molecules then combine to form dimers 

and trimers. This is assisted by titanium ions as indicated in the fluorescence emission 

and absorption spectra of the samples. 
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Scheme 4.1. Interaction mechanism of Ni-Pc with TiO2 nanoparticles resulting in the 

meso-pocket binding through Ti4+. 
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Fig. 4.36. Absorption spectra of (A)Cu-TiO2-Pc (B)Cr-TiO2-Pc (C)Ni-TiO2-Pc and 

(D)Fluorescence emission spectra of doped grafted samples (M-TiO2- Pc)in ethanol 

excited at 500 nm. 

Doped TiO2 nanoparticles (4% Cu, 4% Ni and 2% Cr) were also grafted with 

phthalocyanine using different dye concentrations in ethanol solvent in order to 

investigate the combined effect of doping and grafting on the efficiency of DSSCs. UV-

visible spectra of doped grafted samples are displayed in Fig. 4.36 A, B and C. 

Disappearance of the Soret peaks and decrease in the intensity of Q-bands is observed 

similar to that of TiO2-Pc samples. In addition a slight red shift of the dimer peak of the 

Q-bands is also seen. The bathochromic shift is maximum for Ni doped samples at 15 μM 

dye concentration followed Cr and Cu doped samples indicating different enhanced 

interaction of M-TiO2 with phthalocyanine molecules. The intensity of the doped grafted 
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samples is also lower as compared to un-doped grafted samples at various dye 

concentrations. 

Emission spectra were recorded for doped grafted samples by exciting them at 500 nm. 

The comparison of emission spectra of M-TiO2-Pc (M= Cu, Ni, Cr) at 10 μM 

concentration of the dye is displayed in Fig. 4.36 D. 

A bathochromic shift of the peaks is observed with the appearance of an additional peak 

at 651 nm in all the doped grafted samples. The red shift of the emission peaks 

correspond to the peripheral metallation of phthalocyanine as explained earlier for pure 

TiO2 grafted with Ni-Pc. 

4.3.3. Morphological characterization of the grafted material (TiO2-Pc) 

In order to investigate the effect of grafting on the morphology of nanoparticles, SEM 

images of thin films of TiO2 and TiO2 grafted with phthalocyanine were taken. The thin 

films were prepared by spin coating at a rate of 2000 rpm on ITO coated glass. The 

analysis of the thin films of pure titania and grafted samples confirmed that the 

morphology of the nanoparticles was not affected by grafting (ref. Fig. 4.37). 

 

Fig. 4.37. SEM images of the thin films of TiO2 (left) and TiO2-Pc (right). 

4.4. I-V Characterization of the fabricated devices using TiO2-Pc and 

M-TiO2-Pc 

The grafted materials with different dye concentrations ranging from 5 to 25 μM was 

subjected to I-V measurement. The reference cells were also fabricated using TiO2-P3HT 
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(70:30 wt. %) blends. The grafted materials were first centrifuged and washed so that the 

un-grfated dye molecules were removed. They were than mixed with P3HT solution in 

chloroform to maintain the aforementioned ratio of TiO2 and the hole conductor P3HT. 

The active material thus forms was spin coated on already cleaned and etched ITO coated 

glasses previously coated with PEDOT:PSS to enhance the hole conduction. After 

annealing Al cathode was deposited in the form of strips using thermal evaporator.  

 The I-V plots obtained for the fabricated devices are shown in Fig. 4.38. The values of 

Isc, Voc, Mpp, FF and efficiency calculated from these plots are listed in Table 4.4. The I-

V curve for reference cell consisting of TiO2 and P3HT only was first recorded in the 

dark which shows zero current. When the light of 100 mW/cm2 was shined over the 

surface of reference solar cells made up of TiO2 and P3HT, it displayed a short circuit 

current of 1.42 mA/cm2. The I-V curve provided the FF value of 0.40 giving an overall 

efficiency of 0.24%.  

 

Fig. 4.38. Current-Voltage plots of the nano-hybrid materials consisting of TiO2 grafted 

with Ni-Pc compared to the reference cell. 

The solar cells prepared using phthalocyanine grafted TiO2 blended with P3HT resulted 

in higher short circuit currents which increased continuously upto 15 μM concentration of 

the dye attaining a maximum value of 3.5 mA/cm2. 
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Consequently the efficiency of the device was increased from 0.24% to 0.76% i.e. a 3 

times increase in the efficiency was attained. However when the dye concentration was 

increased to 20 μM the Isc decreased to the value of 1.75 mA/cm2 and became 0 at 25 μM 

concentration of the dye (phthalocyanine) grafted on TiO2. The decrease in the current 

density at higher dye concentrations is attributed to the aggregation of dye molecules 

leading to self-quenching, charge recombination and hindrance of electron transfer to 

TiO2. This shows that the self-aggregation of dye reduces the efficiency of the device.  

Table. 4.4. The characteristic parameters of solar cells calculated from the I-V plots of 

nano-hybrid material shown in Fig. 4.38. 

Device Isc 

(mA/cm2) 

Voc 

(V) 

Mpp FF Efficiency 

(%) 

P3HT-TiO2-light -1.42 0.42 0.24 0.40 0.24 

P3HT-TiO2-Pc 5 -2.32 0.42 0.46 0.34 0.33 

P3HT-TiO2-Pc 10 -2.65 0.42 0.52 0.47 0.52 

P3HT-TiO2-Pc 15 -3.50 0.42 0.76 0.52 0.76 

P3HT-TiO2-Pc 20 -1.75 0.42 0.37 0.50 0.40 

 

 

Fig. 4.39. The variation of Isc and FF with increasing concentration of Ni-Pc on the 

surface of TiO2 in the fabricated devices. 



67 
 

The variation of Isc and FF with increasing concentration of Ni-Pc on the surface of TiO2 

in the fabricated devices is displayed in Fig.4.39. It can be seen that fill factor is reduced 

at first compared to the reference cell. However, both FF and Isc increase with the 

increasing concentration of dye until they attain maximum values at 15 μM concentration 

of phthalocyanine 

The current-voltage measurements were also performed for the doped grafted samples 

using 15 μM of Ni-Pc. The cells were fabricated using the same procedure as earlier. The 

results are displayed in Fig. 4.40. For P3HT-Cr-TiO2-Pc the short circuit current was 

increased from 1.42 to 3.22 mA/cm2 resulting in an overall efficiency of 0.43%. The Isc 

was found smaller than the pristine titania grafted with the same dye concentration. The 

reason for this might be the increased charge recombination owing to the low band gap of 

the doped material.   

 

Fig. 4.40. Current-Voltage curves of cells fabricated using P3HT-M-TiO2 grafted with 15 

μM phthalocyanine. 

When the solar cells were fabricated out of Ni doped grafted samples the current was 

further enhanced to 3.55 mA/cm2, which was greater than P3HT-TiO2–Pc combination, 

however the value of FF was reduced resulting in an overall efficiency of 0.43% as 

opposed to 0.76% for pristine titania grafted with the same dye concentration. Similarly, 
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with 4% Cu doped grafted samples we observed the maximum short circuit current 

density of 3.80 mA/cm2 with a FF value of 0.37 giving an overall efficiency of 0.52%.  

Table. 4.5. The performance of P3HT-M-TiO2- Pc solar cells under the conditions of AM 

1.5. 

 

Device 

Isc 

(mA/cm2) 

Voc 

(V) 

Mpp FF Efficiency 

(%) 

P3HT-TiO2-light -1.42 0.42 0.24 0.40 0.24 

P3HT-Cr-TiO2-Pc 

15 

-3.22 0.38 0.43 0.35 0.43 

P3HT-Ni-TiO2-Pc 

15 

-3.55 0.37 0.43 0.33 0.43 

P3HT-Cu-TiO2-Pc 

15 

-3.80 0.37 0.52 0.37 0.52 

 

 

Fig. 4.41. The variation of Isc and FF values of devices based on doped grafted samples. 

The variation of short circuit current density and fill factor values of the devices based on 

doped grafted samples is shown in Fig. 4.41. 

Despite high photocurrent density the efficiency of this composition remained lower than 

un-doped TiO2 grafted with 15 μM phthalocyanine. The lower efficiencies are attributed 
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to the low FF values which in turn are the consequence of reduced open circuit voltage 

(Voc) of the doped materials. The values of Voc are dependent on the band gap of the 

material. Therefore it can be concluded that low band gap is not an essential feature to 

obtain high efficiency hybrid bulk heterojunctions solar cells. Various characteristic 

parameters of solar cells based on the aforementioned I-V plots have been summarized in 

Table 4.5. 

4.5. Characterization of Co-Grafted TiO2 (TiO2-Por-CA) 

This co-functionalization (co-grafting) of TiO2 with two visible light absorbing dyes is 

aimed at enhancing the spectral range of the semiconducting nano titania. Co-grafting 

was done by adsorbing carminic acid and porphyrin on the surface of nano titania to 

develop a novel photo-active nano-hybrid material. It is also intended to suppress the 

recombination processes which lower the efficiency of hybrid bulk heterojunction solar 

cells. Titania nanoparticles synthesized by sol-gel method constitute the inorganic core 

while carminic acid and porphyrin act as organic photo sensitizers. Both the organic 

constituents anchor to the surface of titania using carboxylic and sulphonic acid 

functionalities respectively [11]. Chemical structure of carminic acid and porphyrin used 

for photosensitization of TiO2 are given in Table 2.1. The organic moieties not only 

photosensitize the material but also provide a multi-step channel to the flow of electrons 

towards TiO2. These sensitizers can also help in the direct injection of electrons in the 

conduction band of TiO2 and thus contribute their individual shares in charge transfer in 

the desired direction. This has been discussed with details in the forthcoming section 

using different instrumental techniques[11]. 

4.5.1. Electrochemical and optical characterization of dyes (Por and CA) 

Cyclic voltammetry of 1 mM porphyrin was carried out in ethanol solvent using glassy 

carbon as working electrode and TBAP as an electrolyte. A reduction peak (Ecathodic) was 

observed at -1.06 V with a corresponding anodic peak (Eanodic) at -1.11 V. A second 

anodic peak was also observed at -0.21 V which is ascribed to the oxidation of the 

reduced product of porphyrin (see Fig. 4.42). The second scan of  CV shows two more 

peaks at less negative potentials which corresponds to the reduction of product species 

and not the porphyrin therefore 1st reduction potential was employed to determine the 
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ELUMO of dye molecules. EHOMO was then calculated using ELUMO and optical band gap 

(Eg) (ref. Table 4.6). Cyclic Voltammetry of 1 mM carminic acid in ethanol solvent is 

displayed in Fig. 4.43. The first scan shows a reduction peak at -1.13 V with a 

corresponding reverse peak located at -1.22 V. A second anodic peak was also observed 

at 0.04 V attributed to the oxidation of the reduction product of the compound.  

 

Fig. 4.42. CV of 1 mM porphyrin in ethanol solvent at 100 mV/s using TBAP as an 

electrolyte at glassy carbon electrode. 

 

 

Fig.  4.43. CV of 1 mM carminic acid in ethanol solvent at 100 mV/s using TBAP 

electrolyte at glassy carbon electrode. 
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The half wave reduction potential obtained from the first reduction and the corresponding 

anodic peak potential was employed to calculate the ELUMO of dye molecule as they 

represent the reduction of the carminic acid.  ELUMO and Eg (2.16 eV) was then employed 

to work out the EHOMO of carminic acid (ref. Table 4.6). 

 

Table 4.6. Parameters obtained from electrochemical characterization of porphyrin 

(Por) and carminic acid (CA). 

Compound Ecathodic Eanodic E1/2red ELUMO EHOMO 

 

Free base Porphyrin 

(Por) 

 

-1.06 V 

 

-1.11 V 

 

-1.08 V 

 

-3.31 eV 

 

-5.06 eV 

Carminic acid (CA) -1.13 V -1.22 V -1.17 V -3.23 eV -5.36 eV 

 

-5.36

-3.2

-5.06

-3.31

-7.5

-4.2

Carminic Acid
Porphyrin

Titania

HOMO

LUMO

VB

CB

HOMO

LUMO
E

  (h
v

)

e-
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Fig. 4.44. Energy level diagram of the components of nano-hybrid assembly. 

The energy level diagram was constructed based on the results of cyclic voltammetry (see 

Table 4.6) as shown in Fig. 4.44. It can be seen that lowest un-occupied molecular 

orbitals (LUMO) of both carminic acid and porphyrin lie at higher level than the 

conduction band (CB) of TiO2. This favors the electron transfer from photosensitizers to 
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titania upon irradiation with the sun light following a cascade route from carminic acid to 

TiO2 [11].  

The positions of conduction and valence bands of TiO2 and energy levels (HOMO/ 

LUMO) of both photosensitizers were taken from literature [88]. These levels permitted 

the injection of electron from carminic acid and porphyrin to the conduction band of 

titania nanoparticles [11]. 

The optical absorption spectra of sulphonic acid functionalized free base porphyrin 

recorded at different concentrations are depicted in Fig. 4.45. The dye shows a sharp 

Soret peak at 414 nm and four Q-bands located at 512, 545, 590 and 644 nm in the visible 

region of the absorption spectrum (Fig. 4.45)[11]. The absorption characteristics of 

porphyrins are explained by a well-known Gouterman four orbital model according to 

which porphyrin molecules have two highest occupied π molecular orbitals and two 

lowest unoccupied π* molecular orbitals. The absorption band arises as a result of 

transitions between these two HOMOS and LUMOs and are highly affected by the 

central metal atom and substituents on the ring system  

 

Fig. 4.45. Electronic absorption spectra of sulphonic acid functionalized free base 

porphyrin ranging from 0.5 to 0.9 μM in ethanol solvent. 
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[89]. The HOMOs are referred as a1u and a2u whereas the LUMOs are represented by 

degenerate eg orbitals (ref. Fig. 4.46). Two excited states are produced as a result of 

excitation between these orbitals. The mixing of these two states result in the formation 

of a higher energy state (S2) with a larger oscillator strength and a low energy state (S1) 

with a smaller oscillator strength. Excitation from ground state S0 to S1 give rise to Q-

bands whereas Soret band or a B band is produced as a result of S0→S2 electronic 

transitions [89-91]. This is known as Gouterman four orbital model and is critical in 

explaining the absorption and emission spectra of porphyrin and related compounds. The 

emission spectra of these compounds shows peaks as a result of transition between S1 to 

s0 state due to rapid internal conversion between S1 and  S2 states of these molecules. 

The peripheral substituents have a little influence on the characteristic absorption spectra 

of porphyrins however the insertion or removal of metal in the center of macrocyclic ring 

profoundly affects the absorption characteristics. Again the central metalation is divided 

in two types depending on the size of metal. Large ions results in sitting a top (SAT) 

model whereas smaller ions which can fit in to the central cavity will result in the 

insertion of ion increasing the symmetry of dye molecules. The later kind of  metallation 

of free base porphyrin increases the symmetry of the molecule resulting in the 

simplification of the Q-band structure.  

a1u a2u

eg

S0

S1

S2

 

Fig. 4.46.  Molecular orbital diagram for the possible transitions in porphyrin molecules 

resulting in soret and Q-bands. 

The Q-band simplification is the basis of  spectral characterization  and differentiation of  

metallated and free base porphyrin. The effect of metallation on the electronic absorption 

spectra of free base porphyrin will be discussed later in detail.  
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The optical absorption spectra of carminic acid were also studied at different 

concentrations. The electronic absorption spectra show a broad absorption band in the 

visible region centered at 497 nm which is assigned to n→π* transitions and a sharp peak 

in the UV region at 278 nm attributed to π→π* transition of aromatic moieties (see Fig. 

4.47). The broad absorption range of carminic acid shows its utility to enhance the visible 

light absorption of the nano-hybrid assembly. In 2008 Gawęda reported the photo 

sensitization of nano crystalline titania with carminic acid to enhance the absorption in 

visible region [92]. He did not observe any charge transfer effect. Co-adsorption (co-

grafting) of porphyrin and carminic acid on the surface of nano titania in this work led to 

charge transfer complexation because LUMO levels of porphyrin and carminic acid were 

found quite suitable for the stepwise flow of electrons from these potential 

photosensitizers to the conduction band of titania. These levels also permitted direct 

transfer of electrons from either of these photosensitizers to titania [11]. 

 

Fig. 4.47. Optical absorption spectra of carminic acid (CA) in ethanol at varying 

concentration. 
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4.5.2. Optical characterization of grafted & co-grafted TiO2 synthesized 

using Por & CA 

TiO2 nanoparticles were first functionalized or grafted with sulphonic acid functionalized 

free base porphyrin (Por) as explained in section 2.2.3. Dye concentrations in the range 

of 0.5 to 0.9 μM were employed. Increasing the porphyrin concentration above 0.9 μM 

resulted in the aggregation of molecules which was evidenced by the electronic 

absorption spectra. Fig. 4.48 shows UV-visible spectra of porphyrin and TiO2 grafted 

with porphyrin (TiO2-Por). The former shows a sharp Soret band positioned at 414 nm 

and four Q-bands extending over the region 500-700 nm [41, 93, 94]. When it was 

chemisorbed on titania, strong interaction took place which could be justified by the red 

shift of Soret peak. At the same time, the four Q-bands were reduced to two only (ref. 

inset of Fig. 4.48). Such a shifting of Soret peak and disappearance of two out of the four 

Q-bands has already been attributed to the conversion of free base porphyrin to its 

metallated form (which has low oxidation potential and hence better donor) [11]. The two 

Q-bands located at 556 and 593 nm are termed as α and β. The greater intensity of α band 

represents the formation of a stable square planar complex  

 

Fig. 4.48.  Electronic absorption spectra of free base porphyrin (dot) and TiO2-Por 

(solid) in ethanol. 
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[95]. The metallation of free base porphyrin can be represented by the following 

equation; 

Ti4+ + H2Por  →  TiPor2+ + 2H+ 

The metallation of free base porphyrin can result in the formation of regular metallo-

porphyrins or sitting-atop (SAT) metallo-porphyrins depending upon the ionic size of the 

incorporated metal. The central cavity can incorporate a variety of metals ranging in sizes 

from 55-80 pm. 

When the ionic size of metal ion is such that is fits into the macrocyclic central cavity, a 

regular metallo-porphyrin is produced. This results in the removal of two diagonally 

located protons changing the symmetry of porphyrin molecule from D2h to D4h. In this 

way the symmetry of metallated porphyrin is increased which results in the degeneration 

of vibrational levels responsible for the splitting of Q-bands. As a consequence the Q-

bands structure is simplified giving two peaks instead of four.  

The metal ions having ionic sizes in the range of 80-90 pm are unable to fit into the 

centre and therefore they are located out of the plane forming SAT metallo-porphyrins 

[96]. The ionic size of Ti4+ (74.5 pm) is well suited to form regular metallo-porphyrins 

resulting in a square planar complex. The change of symmetry as a result of metallation is 

reflected in UV-visible spectroscopy where the disappearance of two out of four Q-bands 

takes place. Thus the electronic absorption spectra clearly point out the formation of 

regular metallo-porphyrin as a result of incorporation of Ti4+ in the central cavity of 

macrocyclic ring. The simplification of the Q band structure is associated with the 

degeneracy of the vibrational states as a result of a increase in the symmetry of the 

molecule.  

A probable interaction mechanism is proposed on the basis of these results, which is as 

follows. The four negatively charged oxygen atoms of the sulphonic groups of porphyrin 

after deprotonation could strongly anchor to TiO2 nanoparticles. The porphyrin molecules 

are strongly chemisorbed and lie flattened on the surface of titania and the titanium ions 

interact with the central cavity of porphyrin. The nitrogen atoms of the porphyrin have 

lone pair of electrons which can also be donated to the empty 3d orbital of Ti4+ of TiO2. 
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As a result of these interactions two protons are removed from the central nitrogen atoms 

while two coordinate covalent bonds can also form by the remaining nitrogen atoms of 

the porphyrin.  

Thie interaction mechanism is illustrated in scheme 4.2. 
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Scheme 4.2. Interaction mechanism of sulphonic acid functionalized free base porphyrin 

with Ti4+. 

The optical absorption spectra of grafted samples (TiO2-Por) at different concentrations 

of porphyrin are presented in Fig. 4.49.  

 

Fig. 4.49. Overlaid electronic absorption spectra of pure porphyrin and TiO2–Por in 

ethanol at increasing porphyrin concentrations from 0.5 to 0.9 μM. 
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The intensity of Soret peak in the metallated porphyrin increases linearly with 

concentration upto 0.8 μM however at 0.9 μM dye concentration the intensity of peak is 

reduced and the Soret peak is split to form a doublet with one peak located at 423 nm 

indicating grafted dye molecules and the other one at 414 nm suggesting the presence of 

un-grafted dye in the solution. 

Fluorescence emission spectra of pure dye and the grafted samples were recorded by 

exciting the samples at 414 nm. Pure free base porphyrin has two peaks in the emission 

spectrum located at 601 (low intensity) and 645 nm (high intensity). Due to rapid internal 

conversion from S2 to S1 fluorescence is only detected from S1 to the ground state (ref. 

Fig. 4.46). The emission spectra of grafted samples show a bathochromic shift of both the 

peaks to 604 and 651 nm respectively. In addition to this a new emission peak is seen at 

571 nm (Fig. 4.50) which is associated with the metallation of the dye [97]. As the 

concentration of porphyrin is increased in the grafted samples the intensity of second 

peak starts decreasing. Complete grafting is indicated at 0.8 μM of the dye as represented 

by the maximum peak intensity at 571 nm. 

 

Fig. 4.50. Fluorescence emission spectra of free base porphyrin (solid) and TiO2-Por in 

ethanol excited at 414 nm. 
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Emission spectra of 0.9 μM porphyrin grafted on TiO2 shows the presence of free dye 

molecules which is also evident by the emission intensity of the second peak relative to 

that of pure porphyrin. The peak at 571 nm is attributed to the metallation of porphyrin 

and its intensity increases with the extent of metallation [90, 97]. Results of emission 

spectroscopy confirms the findings of UV-visible spectroscopy. 

Further evidence of the interaction of TiO2 and porphyrin was obtained through Fourier 

transform infra-red spectroscopy of the grafted materials. Overlaid FT-IR spectra of 

porphyrin and TiO2-Por in the range of 750 to 1450 cm-1 are displayed in Fig. 4.51. The 

S=O stretch of the sulphonic acid groups in free base porphyrin is associated with 

stretching vibration located between 1245-1155 cm-1[98]. In the grafted sample these 

peaks are disappeared. This is attributed to the limited vibration of S=O group as a result 

of interaction of oxygen atoms with TiO2 nanoparticles. Thus FT-IR spectroscopy 

confirms the interaction of porphyrin with TiO2 nanoparticles via sulphonic acid groups. 

 

Fig. 4.51. FT-IR spectra of free base porphyrin and TiO2-Por in the range of 750 to 1450 

cm-1. 
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The nano-hybrid material obtained by the adsorption of carminic acid (CA) on TiO2 

nano-particles was also characterized using absorption, fluorescence and FT-IR 

spectroscopy. Fig. 4.52 shows electronic absorption spectra of pure CA and the 

chemisorbed sample (TiO2-CA).  

 

Fig. 4.52. Optical absorption spectra of TiO2-CA as compared to carminic acid (CA) and 

titania. 

 

 

Fig. 4.53. Absorbance spectra of TiO2 (dash), carminic acid (solid), TiO2-CA (dot) and 

the plot obtained by subtracting the sum of experimental spectra of TiO2 and CA from the 

experimental spectrum of TiO2-CA (dash dot). 
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Dramatic changes were noticed in the spectrum of the nano-hybrid material. The 

absorption band of CA in the visible region was strongly diminished in intensity and was 

significantly red shifted. This could be ascribed to the easy availability of lone pair of 

electrons for interaction with nano titania. Most interestingly, a new wide absorption 

band centered at 585 was appeared [11].  

This band could be related to the charge transfer from CA to TiO2. In order to ensure the 

presence of this new band, the sum of absorbances of pure carminic acid and bare TiO2 

nanoparticles was subtracted from the absorbance of the hybrid sample, TiO2-CA [11]. 

Consequently, the new absorption band became more prominent extending over the 

region 550-650 nm (ref. Fig. 4.53).  No such band was seen in the absorption spectrum of 

bare TiO2 nanoparticles or pure carminic acid. All these changes signified strong 

interaction between CA and TiO2[11]. 

The effect of increasing concentration of dye on grafting was also investigated by varying 

the concentration of carminic acid from 8 to 15 μM. The UV-visible spectra of grafted 

samples are displayed in Fig. 4.54. 

 

Fig. 4.54. The electronic absorption spectra of TiO2-CA in ethanol at increasing 

concentration of CA from 8 to 15 μM. 
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As the concentration was increased the peak at 279 nm, attributed to the π→π* transitions 

of aromatic moieties overlapping with the peak of TiO2, was also bathochromically 

shifted in grafted samples. However when the concentration of CA reached at 12 μM the 

peak was slightly shift to the lower wavelength again which showed the presence of un-

grafted carminic acid in the solution at this concentration. Thus it can be concluded that 

we can observe complete grafting below 12 μM concentration of carminic acid. This was 

also verified from the fluorescence emission spectra of TiO2-CA at different 

concentrations of the dye.  

 

Fig. 4.55. The fluorescence emission spectra of TiO2-CA in ethanol. Samples were 

excited at 497 nm. 

The emission spectrum of pure carminic acid was recorded by exciting it at 479 nm. A 

high intensity peak was observed at 577 nm with a shoulder at 622 nm. The emission 

spectra were than recorded for grafted samples at various concentrations of carminic acid 

ranging from 8 to 15 μM. The emission intensity was largely diminished in the grafted 

samples with the minimum intensity at 10 μM CA functionalized titania. In addition the 

peak was also shifted to the higher wavelength. However at 12 μM concentration of 
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carminic acid an increase in intensity and a simultaneous blue shift in the emission peak 

was noticed which continued upto 15 μM concentration of CA. The increase in intensity 

is attributed to the free dye molecules at higher concentrations and validates the 

experimental findings of UV-visible spectroscopy. The emission spectra of nano-hybrid 

assembly are displayed in Fig. 4.55.  

 

Fig. 4.56. The emission spectra of TiO2 grafted with carminic acid in ethanol solvent 

from 665 to 750 showing extra emission at 700 nm. 

The formation of charge transfer complex between TiO2 and CA is also evident from the 

emission spectra of the nano-hybrid material. The grafted samples show weak emission 

and broad emissions at 700 nm which is related to the charge transfer absorbance band 

observed at 585nm in UV-visible spectra. This emission peak is not present in case of 

pure carminic acid.  The spectrum has been magnified in Fig. 4.56 for better elucidation. 

Further evidence of charge transfer complexation was obtained from FT-IR spectra of 

pure carminic acid and the nano-hybrid material. Fig.4.57 illustrates the vibrational 

spectra of pure carminic acid. O-H stretching vibration for alcoholic and carboxylic 

groups are located separately in the range of 2550 to 3454 cm-1. In the grafted samples 
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the absorbance intensity due to carboxylic O-H stretch is reduced indicating that it is 

involved in bonding with TiO2. The C=O stretch at 1711 cm-1 is disappeared in the 

grafted sample. This is possible if the oxygen of the C=O is strongly involved in bonding 

with TiO2 so that its vibration is vanquished. In addition to this the C-O stretch intensity 

is also greatly reduced and its peak is shifted to the higher wavenumber in the nano-

hybrid material. This also establishes the association of carminic acid molecules with 

TiO2 via oxygen atoms. The results of FT-IR spectroscopy complement the results of 

electronic absorption and fluorescence emission spectroscopy. This justifies strong 

interaction between the components of nano-hybrid material and the formation of charge 

transfer complex.  

 

Fig. 4.57. Comparison of the FT-IR spectra of pure carminic acid with TiO2-CA nano-

hybrid assembly. 

A probable interaction mechanism between carminic acid (CA) and TiO2 nanoparticles is 

developed based on the results of optical characterization which is as follows. A ligand to 
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metal charge transfer (LMCT) complex is formed by the donation of electrons from 

carminic acid to the empty 3d orbitals of Ti4+. This is accomplished by the lone pairs of 

oxygen atoms present in CA molecules. In this way a charge separation is developed 

holding the two moieties together resulting in a LMCT complex. This complex formation 

is associated with a new charge transfer band at 585 nm in absorption spectra as indicated 

in our results, with a corresponding color change (ref. Fig. 4.58) 

                                                        

Fig. 4.58. Color change due to charge transfer complexation between CA and TiO2 

nanoparticles (1) Pure CA (2) TiO2-CA. 

After studying the adsorption of porphyrin and carminic acid separately on TiO2, the 

effect of co-adsorption (co-grafting) of these two dyes was also investigated. The co-

adsorbed nano-hybrid material (TiO2-Por-CA) was synthesized (For details see 

experimental section) by following three routes. TiO2 was first grafted with porphyrin 

using a fixed concentration and the grafted materials were co-grafted with carminic acid 

by varying its concentrations. The sequence of grafting was also reversed in order to see 

if its affects the spectral characteristics of the materials. UV-visible spectra were also 

taken for the co-grafted materials prepared by the simultaneous addition of two dyes to 

the nanaoparticle’s solution. It was observed that the sequence of the dye does not affect 

the grafting of dyes on TiO2. However the concentration of two dyes was optimized to 

ensure the grafting of both dyes on the available surface area of TiO2 nanoparticles. The 

concentration of porphyrin was adjusted to 0.8 μM while the amount of carminic acid 

was varied. The co-grafted materials with this ratio were analyzed by absorption and 
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fluorescence emission spectroscopy to confirm the successful attachment of both dyes to 

the surface of nano titania. 

The purpose of co-grafting was to enhance the potential of nano-hybrid material to 

absorb in the visible region effectively. This could also help prevent the chances of 

charge recombination by introducing the concept of multistep electron transfer. The 

LUMO of porphyrin (Por) lies in between those of carminic acid (CA) and TiO2. It could 

therefore act as a mediator [11]. Fig. 4.59 shows the absorption spectrum of co-adsorbed 

sample. Chemisorption (grafting) of CA and porphyrin on titania not only induced charge 

separation but also increased the visible light absorption potential of the material. 

 

Fig. 4.59. Overlaid electronic absorption spectra of CA (solid), Por (dot) and TiO2-Por-

CA (Dash) in ethanol solvent. 

The broad band at 590 nm signified charge transfer effect because porphyrin 

functionalized titania (TiO2-Por) did not show any band at this position [11]. The red 

shift of CT band by 05 (from 585 TiO2-CA, to 590 nm TiO2-Por-CA) depicts some sort 

of additional interaction between CA and porphyrin in the co-adsorbed sample [11]. The 
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effect of increasing concentration of carminic acid in the co-adsorbed state was also 

investigated (ref. Fig. 4.60). 

The concentration of porphyrin was kept constant at 0.8 μM while CA concentration was 

varied from 8 to 12 μM. At higher concentration of carminic acid the peak of porphyrin 

at 423 nm is split giving a doublet at 414 and 423 nm. This is attributed to the free 

porphyrin molecules which are absorbing at 414 nm. High concentration of carminic acid 

(10 μM) caused desorption of porphyrin molecules. This could be ascribed to the stronger 

interaction of CA with titania as compared to porphyrin. Thus in order to have no un-

grafted dye molecules in the co-grafted materials, the concentrations of porphyrin and 

carminic acid were adjusted to 0.8 and 8 μM respectively. 

 

Fig. 4.60. The effect of increasing concentration of carminic acid on the absorption 

spectra of co-adsorbed assembly. 

The effect of reverse and simultaneous grafting of both the dyes was also investigated. 

The UV- visible spectra of the co-adsorbed assembly obtained by chemisorption 
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(grafting) of porphyrin over TiO2-CA nano-hybrid and the simultaneous addition of two 

dyes to TiO2 also provided similar results. This shows that changing the sequence of 

adsorption has no effect on the synthesis of co-grafted material. 

Fluorescence emission spectra were also recorded for co-grafted materials by exciting the 

samples at 414 and 497 nm to confirm the successful grafting of both the dyes. The 

emission spectra of co-grafted material at increasing CA concentration are displayed in 

Fig. 4.61 along with the emission spectra of pure porphyrin and carminic acid. Samples 

were excited at 414 nm. The figure reveals successful grafting of porphyrin on TiO2 

nanoparticles. The same solutions when excited at 497 nm confirmed the successful 

chemisorption of CA on titania in the co-grafted material. This is evidenced by the 

diminished emission intensity of CA peaks in the co-adsorbed samples. In addition broad 

and weak emission at 700 nm confirmed the formation of charge transfer complex (ref. 

Fig. 4.62). 

 

Fig. 4.61. Fluorescence emission spectra of co-grafted materials in ethanol at various 

concentration of CA, the samples were excited at 414 nm and overlaid with emission 

spectra of pure porphyrin and CA. 
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Based on the optical characterization the probable interaction mechanism of both the dyes 

in the co-adsorbed state is proposed. Sulphonic acid functionalized free base porphyrin 

interacts with titania via four sulphonic acid groups resulting in its metallation. 

Meanwhile a charge transfer complex is formed between CA and TiO2 due to the transfer 

of electrons from carminic acid to the 3d orbitals of Ti4+.  According to the energy level 

diagram of the co-grafted assembly the ELUMO of porphyrin lies in between those of CA 

and TiO2 acting as a mediator of electrons to titania (ref. Fig 4.63). Thus porphyrin is 

also involved in charge transfer complex formation in the co-adsorbed state.  This is 

indicated by the enhancement of the intensity of CT band in co-grafted material when it 

was excited at 497 nm. This is illustrated in Fig. 4.62. 

 

Fig. 4.62. Fluorescence emission spectra of co-grafted materials in ethanol at various 

concentrations of CA excited at 497 nm and overlaid with emission spectra of pure 

porphyrin and CA. 
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Fig. 4.63. Proposed electron transfer path in the supramolecular CT complex formed in 

the co-grafted assembly. 

4.5.3. Morphological characterization of grafted and co-grafted nano-

hybrid assembly 

Thin films of grafted (TiO2-por, TiO2-CA) and co-grafted (TiO2-Por-CA) materials were 

prepared on ITO coated glass by spin coating 10 mg/ ml dispersion of the nano-hybrid 

material at the rate of 2000 rpm for 50 s.. These prepared slides were analyzed using 

scanning electron microscopy to observe any morphological changes in the grafted ad co-

grafted samples. The SEM images of un-grafted TiO2 and TiO2-Por assembly are 

compared in Fig. 4.64. 

 

Fig. 4.64. SEM images of thin films of TiO2 nanoparticles (left) and TiO2-Por (right). 
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Examination of the images show that the morphology of the nanoparticles is not changed 

upon grafting with porphyrin however color change can be seen. The grafted 

nanoparticles are darker due to the presence of adsorbed dye molecules on their surface. 

The comparison of un-grafted TiO2 and TiO2-CA nano-hybrid assembly is displayed in 

Fig. 4.65 which also reflects that the morphology of the nanoparticles is retained even 

after charge transfer complexation with carminic acid.  

Finally the thin films of co-grafted materials were subjected to scanning electron 

microscopy. The co-grafted materials display spherical shaped nano-particles however 

they appear to be more flattened and compact (ref. Fig. 4.66). This could be attributed to 

the co-adsorption of porphyrin and carminic acid covering the entire surface of 

nanoparticles. 

 

Fig. 4.65. SEM images of thin films of pure TiO2 (left) and TiO2 grafted with CA (right). 

 

Fig. 4.66. SEM images of thin films of un-grafted TiO2 (left) and co-grafted TiO2 (right) 

nanoparticles. 
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4.6. I-V characterization of the fabricated devices using TiO2-Por, 

TiO2-CA & TiO2-Por-CA 

In order to confirm the phenomenon of charge transfer complexation between the 

components of nano-hybrid assembly, hybrid bulk heterojunction solar cells were 

fabricated using CA-functionalized, porphyrin functionalized and co-functionalized 

titania in combination with P3HT as a photo-active blend of the device. TiO2 blended 

with P3HT was used as a reference photo-active material under identical experimental 

conditions. 

Fig. 4.67 shows the current voltage plots of solar cells fabricated with different 

compositions of active blends. The I-V plot of co-functionalized titania gives maximum 

values for short circuit current and overall efficiency of the device which could be 

assigned to the charge transfer interaction among the components. 

 

Fig. 4.67. I-V measurements of TiO2-Por/CA andTiO2-Por-CA blended with P3HT. 

These plots can be understood well by considering Table 4.7 which summarizes all the 

parameters characterizing solar cells [11]. The reference device consisting of P3HT and 

TiO2 gives short circuit current of 1.42 mA/cm2 and an overall efficiency of 0.24%. This 
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low efficiency could be associated with large number of hopping steps for electron while 

moving through nanoparticles. 

Table 4.7. Characteristic parameters of solar cells calculated from current-voltage plots 

in Fig. 4.67. 

Device Isc 

(mA/cm2) 

Voc 

(V) 

Mpp FF Efficiency 

(% age) 

P3HT-TiO2-light -1.42 0.42 0.24 0.40 0.24 

P3HT-TiO2-Por -1.50 0.37 0.25 0.45 0.25 

P3HT-TiO2-CA -2.97 0.42 0.55 0.44 0.52 

P3HT-TiO2-Por-CA -4.30 0.36 0.66 0.43 0.66 

 

 

Fig. 4.68. The variation of FF (square) and Isc (circles) for the fabricated devices. 

Using porphyrin functionalized TiO2 under the same conditions did not show significant 

increase in the Isc or efficiency because in this case no CT absorption or emission bands 

were noticed. When carminic acid functionalized TiO2 was used, Isc was raised to 2.97 

mA/cm2 and the overall efficiency of the device was increased by 2.2 times. This could 
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be interpreted in terms of charge transfer interaction between the components (CT 

absorption and emission bands were seen). When co-functionalized (co-grafted) TiO2 

was employed, once again a significant increase in the Isc and overall efficiency of the 

device was noticed ( ̴ 3.0 times) because porphyrin molecules were also involved in the 

charge transfer interaction [11]. In this case prominent CT absorption and emission bands 

were noticed. The variation of short circuit density and FF values for the devices is 

displayed in Fig. 4.68 

4.7. External Quantum efficiencies (EQE) of the fabricated devices 

using TiO2-Por, TiO2-CA & TiO2-Por-CA 

Incident photon to current conversion effeciency of the co-grafted material was evaluated 

in order to confirm the contribution of the each component toward the generation of 

photocurrent due to the charge transfer complexation of carminic acid, porphyrin and 

TiO2. It is used to estimate the amount of current which the device can produce upon 

irradiation by the photons of a particular wavelength. It provides us the information about 

the collected charge carriers when photons are directed to the solar cell. However the 

actual effeciency of the solar cell is less due to the charge recombination in the material. 

In order to investigate the influence of co-adsorption (co-grafting) on the generation of 

photocurrent, the nano-hybrid material was subjected to optical studies and external 

quantum efficiency measurements using cornerstone monochromator and a source of 

white light (tungsten halogen lamp). The spectral intensity was calibrated using reference 

silicon solar cell (details in the experimental section) [11]. 

Solid state electronic absorption spectra of the TiO2, TiO2-Por, TiO2-CA and TiO2-Por-

CA, all blended with P3HT (Poly(3-hexyl thiophene)) are depicted in Fig. 4.69. The 

material was deposited on quartz in the form of thin films [11]. 

EQE measurements of the fabricated devices are displayed in Fig. 4.70. Looking closely 

at the solid state absorption spectra and external quantum efficiency plots of the 

fabricated devices, it can clearly be noticed that all the components of the nano-hybrid 

assembly contribute to the generation of photocurrent. The absorbance of P3HT-TiO2 is 

shown by the solid line plot.  
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Fig. 4.69. Solid state absorption spectra of P3HT-TiO2 (solid), P3HT-TiO2-Por (dot), 

P3HT-TiO2-POr-CA (dash). 

 

Fig. 4.70. EQE % of fabricated solar cells of various combinations, P3HT-TiO2 (square), 

P3HT-TiO2-Por (triangle up), P3HT-TiO2-CA (circle) and P3HT-TiO2-Por-CA (triangle 

down). 
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This resembles the EQE plot of P3HT-TiO2. It means that both these components 

contribute to the generation of photocurrent. The plots representing the combination of 

P3HT-TiO2-Por in both figures (Fig 4.69 and 4.70) are also highly correlated and all the 

three components contribute their shares to the overall photocurrent [11].The EQE plot of 

the complete nano-hybrid assembly (P3HT-TiO2-Por-CA) is the most interesting one and 

differs from the other plots. It shows that all the four components not only contribute 

their individual shares to the photo-generated current but also signifies the combined 

effect of charge transfer complexation on the generation of photocurrent due to strong 

interaction between porphyrin and carminic acid in the co-adsorbed state. This effect of 

CT complex extends over the region 470-650 nm in the form of additional signals in EQE 

plots [11]. These signals were found lacking in case of P3HT-TiO2 and P3HT-TiO2-Por. 

4.8. Conclusions 

TiO2 nanoparticles were successfully doped with Cu, Cr and Ni using sol-gel method for 

application in bulk heterojunctions solar cells. The substitution of Ti4+ ions by dopant 

ions was confirmed from XPS spectroscopy indicating the presence of Cu2+, Cu1+, Ni2+, 

Ni3+ and Cr3+ in the oxygen containg environment. The results revealed that the oxidation 

state of doped metal ion in TiO2 varies with the concentration of the dopant. The XPS of 

the 2p region of doped titania also indicated the reduction of some Ti4+ to Ti3+ resulting in 

the shift of binding energy to lower values. A band gap (direct) reduction of TiO2 to 2.94, 

3.40 and 3.60 eV was achieved at 4% Cu-TiO2, 4% Ni-TiO2 and 2% Cr-TiO2. An 

apparent increase in the band gap induced at higher dopant levels was attributed to the 

increased charge carrier concentration and was explained by Burstein-Moss effect. X-ray 

diffraction spectroscopy revealed no phase transformation as a result of doping. 

TiO2 and M-TiO2 grafted with sulphonic acid functionalized Ni-phthalocyanine enhanced 

the visible light absorption potential of the material. Meso-pocket binding of Ti ions with 

Ni-Pc resulting in the peripheral metallation of the dye was evidenced by the 

disappearance of Soret band in the absorption spectra of nano-hybrid assembly. Moreover 

slight red shift and broadening of the Q-bands also supported the peripheral metallation 

of Ni-Pc. Sharp decline of monomer Q-band suggested that the peripheral metallation 

occurred profoundly with the monomer molecules resulting in decrease of monomer 
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concentration. In addition the decreased intensity of aggregate Q band indicated that the 

self-aggregation was reduced in the grafted samples. The current voltage measurement 

showed that maximum short circuit current was achieved at 15 μM concentration of the 

grafted dye on TiO2 nanoparticles. The efficiency of the hybrid bulk heterojunctions solar 

cell (HBHJSC) fabricated using TiO2-Pc at 15 μM concentration of dye was found 3 

times higher as compared to the pristine titania blended with P3HT. 

A co-grafted nano-hybrid material consisting of two visible light absorbing dyes i.e. 

carminic acid and porphyrin, chemisorbed on the surface of titania nanoparticles, was 

also synthesized successfully. The components of nano hybrid material formed a 

supramolecular CT complex which was confirmed by the appearance of broad charge 

transfer absorption and emission bands. Chemisorption converted free base porphyrin 

into metallated porphyrin. This conversion was confirmed by the shift of Soret peak of 

free base porphyrin by 09 nm, disappearance of two out of four Q-bands and a 

characteristic emission spectrum of metallated porphyrin. CT bands indicated strong 

interaction among the component species. CA grafted and co-grafted TiO2 gave better 

efficiencies when used as photo-active blends in hybrid bulk heterojunction solar cells 

(HBHJSC). Whereas porphyrin grafted titania did not perform well under the same 

conditions. This was ascribed to the charge transfer complexation in the former than in 

the latter case. The charge transfer complex formation was also confirmed by the 

correlation of the absorbance spectra of the nano-hybrid photoactive material with the 

external quantum efficiency plots of the fabricated devices. The nano-hybrid assembly 

can serve as an efficient light harvesting system owing to its strong absorption potential 

in the visible region and strong mutual interaction of its components. 

Future prospects 

The use of various visible light absorbing dyes to graft TiO2 resulting in multiple donor-

acceptor molecules can provide appreciable efficiencies in solid state HBHJSCs by 

increasing the charge separation and absorption range of the material. The efficiency 

enhancement of the device as a result of co-grafting has paved a way to test various 

combinations of donor and acceptor materials. In this regard the research work can be 

extended to utilize more than one donor and acceptor materials, investigate their mutual 
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interaction and the possibilities of various paths for the electron transfer in the desired 

direction. This search can help a lot in decreasing the chances of charge recombination, 

improving the morphology of artificial light harvesting systems and hence enhance the 

efficiency of hybrid bulk heterojunction solar cells effectively to compare other devices 

available in the market.  

In addition the synthesized material can further be investigated by using different 

fabrication techniques in order to optimize various characteristic parameters of solar cells 

i.e. Isc, Voc, and FF This can help improve the morphology of the active layer and hence 

overall efficiency of the device.  Bulk heterojunctions solar cell design was adopted in 

the present work. The fabrication process can be modified to prepare graded 

heterojunctions with gradual charge gradient and continuous heterojunctions consisting 

of a steady transition of electron from donor to acceptor material in a solar cell. 
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