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Abstract 

Dye sensitized solar cells (DSSCs) being third generation photovoltaics are 

inexpensive renewable energy resource and recently been a hot topic of research. 

The objective of the present research work was to develop photoanode materials 

for low cost efficient DSSCs. This thesis presents some novel materials for the 

photoanode including semiconductor material with different nanostructures such as 

nanoparticles, nanoflowers and nanorods and new sensitizers. Synthesis method of 

titanium dioxide nanoflowers is reported here. Such hierarchical morphology led to 

the improved device performance due to greater absorption of light through 

scattering; a novel photoanode with one dimensional sandwich configuration of 

ZnO/Au/TiO2, incorporating plasmon resonance and charging effects of Au 

nanoparticles for enhanced efficiency in DSSCs. New metal free calixarene 

sensitizers with directed flow of electrons are also studied for DSSCs. 

Titania nanoflowers are highly desirable in light driven applications due to 

their large surface area and greater light absorption capabilities. Microwave 

synthesis of nanomaterials is an energy efficient and quick method. Microwave 

treatment of titania nanopowders under alkaline conditions is carried out to see the 

effect of treatment duration. An instant, simple, inexpensive and environment 

friendly method of preparing titanium dioxide nanoflowers or hierarchical 

nanostructures (HNSs) is thus achieved. Production of sub-micron sized HNSs 

without any surfactant or hydrofluoric acid is discovered. From FESEM and TEM 

analysis the titania nanoflowers are found to be made of few nanometers thick 

radially arranged nanosheets. XRD and Raman spectra reveal no phase change 

during the microwave treatment. The mechanism of formation of these hierarchical 

nanostructures involves sheet formation under strong alkaline conditions and their 

radial growth under the effect of microwave radiation. The hierarchical morphology 

provides huge surface area for maximum exposure for light driven reactions and 3 

D folding morphology allows further scattering of light to get its maximum 

utilization. This is evident in improved DSSC performance with synthesized 

nanoflowers. The HNSs produced in a time as short as 5 minutes show 

improvement in DSSC efficiency by about 216%. 
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One dimensional nanostructures of TiO2 and ZnO have also been vastly 

studied for application in DSSCs. As a novelty in configuration of 1D core/shell 

nanostructures, the effect of Au nanoparticles inclusion as a sandwiched layer is 

studied. The sputter coated gold nanolayers of various sizes are applied over ZnO 

nanorods grown by seed assisted route. 1D Au/ZnO nanoarrays are covered with a 

few nanometers thick spin coated TiO2 film to make TiO2/Au/ZnO sandwich 

nanorod arrays. The uniform morphology and dimensions of the nanorod arrays are 

studied by SEM. HRTEM studies depict the Au nanoparticle size and distribution 

within the sandwich nanorods and they are found to be embedded at the interface 

of ZnO/TiO2 coreshell nanorods. The UV/Vis spectra reveal the plasmon resonance 

effects due to Au nanoparticles, which are also improving the solar cell efficiencies. 

The observed enhancement in the photocurrent density is attributed to the Localized 

Surface Plasmon Resonance (LSPR) effects due to sputter coated Au layers. An 

increase in the open circuit voltage of DSSCs is also observed due to Fermi level 

alignment between the Au bridged ZnO and TiO2 in the photoanodes of devices. 

With 2nm sputter coated Au in TiO2/Au/ZnO 1D nanostructures, a relative 

efficiency enhancement factor of 2.05 is achieved. 

Further in search of new inexpensive materials for DSSCs, a new class of 

metal free Donor-π-bridge-Acceptor (D-π-A) dyes based on basket shaped 

molecules “calixarenes” is introduced for DSSCs. As in calixarenes the flow of 

electrons is directed along the length of the molecules by resonance and induction 

effects and there is no conjugation around the molecular cup. This fact can prevent 

the recombination of charge carriers to a great extent. p-(6-chloro-2-

benzothiazolylazo)calix[4]arene (pcb calix) and p-(1,3,4-thiadiazol-2-thiol-5-

ylazo)-calix[4]arene (ptt calix) are synthesized and after characterization by FTIR, 

UV/Vis, NMR spectroscopy and cyclic voltametry are employed in DSSCs to 

sensitize titania. The HOMO LUMO levels of the dyes are found consistent with 

the requirement of DSSCs. An efficiency of 0.3% and 0.47% is achieved with dyes 

pcb-calix and ptt-calix respectively. The attachment of better absorbing 

chromophores to calixarene can result in obtaining better efficiencies in DSSCs.   
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1.  Introduction 

Energy in the form of electricity provides us with everything from heat 

for our homes to power for our appliances, communications and computational 

capabilities. Thus electricity and energy allow us to run our modern society. 

Average Global electric power consumption is 15 TW [1]. Conventionally, 

natural energy resources are used to produce electricity. Almost 80% of the 

energy used worldwide is obtained from fossil fuels, including oil, coal and 

natural gas, solar energy in the form of biomass and hydropower supplies about 

15%, and nuclear energy supplies about 5%. Geothermal energy, tidal power, 

and forms of solar energy other than biomass or hydropower together make up 

less than 1% [2]. 

The supply of fossil fuels, a non-renewable energy resource, is limited 

and will run out some day. Besides harmful planetary or regional climatic 

changes including more severe natural catastrophes, such as hurricanes, 

droughts, flood etc. [3, 4] are mainly the consequences of use of fossil fuels as 

primary energy resource. Due to these reasons there is propensity worldwide to 

utilize renewable and benign energy resources to meet immense energy needs. 

 
Renewable energy is derived from natural processes that are replenished 

constantly. In its various forms, it derives directly or indirectly from the sun, or 

from heat generated deep within the earth. Included in the definition is 

electricity and heat generated from solar, wind, ocean, hydropower, biomass, 

geothermal resources, and biofuels and hydrogen derived from renewable 

resources [5].   

 
Among renewable energy resources, solar energy is the one which is 

unlimited and available everywhere. Besides, it offers inexpensive harness 

options. Solar energy comes from the nuclear fusion power from the Sun. The 

sun, an average star, is a fusion reactor that has been burning over 4 billion years 

and provides incredible amounts of energy. It can supply the world's energy 
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needs for one year in just one hour. It is also a fact that, "The amount of solar 

radiation striking the earth over a three-day period is equivalent to the energy 

stored in all fossil energy sources" [6]. 

 

The electricity from solar power can be generated in two ways thermal and 

photovoltaic. 

 Thermal generation of electricity from sun concentrates sunlight, 

converts it into heat, and applies it to a steam generator or engine. 

Electricity is generated when the heated fluid drives turbines or other 

machinery [6].  

 Photovoltaics or solar cells produce electricity directly without any 

moving parts. Power is produced when sunlight strikes a 

semiconductor material and creates an electric current. 

 
Photovoltaics is the field of technology and research related to the 

application of semiconductor based solar cells for energy by converting solar 

energy (including ultra violet radiation) directly into electricity [7] 
 These cells 

produce electricity by means of the photoelectric effect, i.e., the photons from 

sunlight are converted into electrical current [4, 7].  

1.4.1. History of photovoltaics: 

The physical effect which underlies photovoltaics (PV) was first 

observed by Alexandre-Edmond Becquerel in 1839 [8], when he obtained a 

current by exposing silver electrodes to radiation in an electrolyte. In 1877 

Adams and Day [9] observed that the exposure of selenium electrodes to 

radiation produced an electric voltage, thus allowing them to produce electric 

current. 

The effect was incomprehensible until the discovery of transistors and 

the explanation of the physics of the p-n junction by Shockley [10] and Bardeen 

and Brattain [11] in 1949, the year that marked the beginning of the 

semiconductor era. Then, in 1954 Chapin et a1. [12] at the Bell Laboratories in 

http://en.wikipedia.org/wiki/Ultra_violet


Chapter 1  Introduction 

 3 

USA developed the first solar cell based on crystalline silicon, which had an 

efficiency of 6%. This efficiency was increased to 10% within a few years. From 

this point onwards numerous research and development institutions were set up 

around the world. While most PV cells in use today are silicon-based, cells made 

of other semiconductor materials are expected to surpass silicon PV cells in 

performance and cost and become viable competitors in the PV marketplace. 

1.4.2. Photovoltaic generations: 

There is a challenge to obtain maximum amount of electrical energy 

from the available solar energy. As a result of extensive research and 

development in this field this challenge is shifting towards production of 

devices with higher efficiencies and lower costs. Different types of materials, 

which vary from each other in terms of light absorption efficiency, energy 

conversion efficiency, manufacturing technology and cost of production, have 

been evolved for use in photovoltaics [13]. Depending upon the material and 

period of its evolution the solar cell technology has been divided into three 

generations. 

1.4.2.1. First generation solar cells: 

 Crystalline Silicon Solar Cells are the most common in the PV 

industry. Single-crystal silicon has a uniform molecular structure, its 

high uniformity results in higher energy conversion efficiency. The 

conversion efficiency for single-silicon commercial modules ranges 

between 15-20% [14]. The record efficiency is 24.7% [15]. The 

disadvantage of Si solar cells is there high price. About half of the 

manufacturing cost comes from wafering to produce wafers with a 

thickness no less than 200 micrometers.  

 Gallium Arsenide Solar Cells are similar to that of silicon but have got 

relatively higher level of light absorptivity. Also, GaAs has much higher 

energy conversion efficiency than crystal silicon, reaching about 25 to 

30% [16]. Its high resistance to heat makes it an ideal choice for 

concentrator systems in which cell temperatures are high. Strong 

resistance to radiation damage and high cell efficiency make GaAs solar 

cells popular in space applications. The biggest drawback of GaAs PV 

cells is the high cost of the single-crystal substrate that GaAs is grown 
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on. Therefore it is most often used in concentrator systems where only a 

small area of GaAs cells is needed [16]. 

1.4.2.2. Second generation solar cells: 

 Amorphous Silicon Solar Cells: The band gap of amorphous silicon is 

approximately 1.7 eV, but varies between certain limits due to the 

hydrogen content [17, 18]. Only a thin layer of a-Si is sufficient for 

making PV cells (about 1 micrometer thick). a-Si still has two major 

roadblocks to overcome. One is the low cell energy conversion 

efficiency, ranging between 5-9%, and the other is the outdoor reliability 

problem in which the devices could lose 50% or more of their power 

output over the first hundreds of hours of exposure to light [19]. 

However, research and development has resulted in achievement of 

13% efficiency [20]. 

 Cadmium Telluride: As a polycrystalline semiconductor compound 

made of cadmium and tellurium, CdTe has a high light absorptivity level 

that only about a micrometer thick film can absorb 90% of the solar 

spectrum [14]. Another advantage is that it is relatively easy and cheap 

to manufacture by processes such as high-rate evaporation, spraying or 

screen printing. The best laboratory cells have achieved efficiencies of 

17-21% [16]. The instability of cell and module performance is one of 

the major drawbacks of using CdTe for PV cells. Another disadvantage 

is that cadmium is a toxic substance. Although very little cadmium is 

used in CdTe modules, extra precautions have to be taken in 

manufacturing process. 

 Copper Indium Gallium Selenide (CIGS): Polycrystalline 

semiconductor compounds of copper, indium gallium and selenium, CIS 

and CIGS represent major research areas in the thin film industry. CIGS 

has the highest research energy conversion efficiency of 20.4% in 2013 

[21]. CIS and related alloys offer a class of the most light-absorbent 

semiconductors 0.5 micrometers can absorb up to 90% of the solar 

spectrum. CIS is an efficient but complex material. Its complexity makes 

it difficult to manufacture. Also, safety issues might be another concern 
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in the manufacturing process as it involves hydrogen selenide, an 

extremely toxic gas. 

1.4.2.3. Third generation solar cells: 

The third generation solar cell technologies investigate photovoltaic 

conversion schemes with the potential to reach efficiencies substantially higher 

than the theoretical efficiency limit for traditional single-junction devices (31%) 

[22]. This generation is more or less in the research phase yet. Without going 

into the details, some of the approaches that come under this generation are:  

 hybrid solar cells (organic solar cells, dye sensitized solar cells), 

 multiple energy threshold process approach (multiple band and impurity 

solar cells),  

 multiple electrons per incident photon,  

 hot carrier solar cells (quantum dot solar cells) and  

 thermal effects approaches (thermophotonics etc.). 

Dye sensitized solar cells 

In third generation solar cells among others, the dye-sensitized solar 

cells (DSSC) have great potential to render solar energy as an economically 

attractive sustainable energy source. These solar cells are made of a dye infused 

wide bandgap semiconductor as the photoanode, a thin metal film as the cathode 

and an electrolyte between them to complete the photovoltaic cell. DSSCs have 

got numerous advantages. The highest efficiency of DSSCs is 13 % [23]. 

1.4.3. Advantages of photovoltaics: 

Solar energy is a free, inexhaustible resource. There are several 

advantages of photovoltaic solar power that make it one of the most promising 

renewable energy sources in the world.  

It is non-polluting, has no moving parts that could break down, requires 

little maintenance and no supervision, and has a life of 20-30 years with low 

running costs [24, 25]. 

It is especially unique because no large-scale installation is required. An 

average home has more than enough roof area to produce enough solar 

electricity to supply all of its power needs. With an off inverter, which converts 
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direct current (DC) power from the solar cells to alternating current (AC), solar 

cells can run most home appliances. In this way a solar home can look and 

operate very much like a home that is connected to a power line. Any excess 

electricity generated can be fed back to the electrical grid if connected. As 

communities grow, more solar energy capacity can be added.  

Photovoltaic power has advantages over wind power, hydel power, and solar 

thermal power. The latter three require turbines with moving parts that are noisy 

and require maintenance [25].  

Also if we compare PV characteristics to those of coal, oil, gas, or nuclear 

power, the choice is easy. Solar energy technologies offer a clean, renewable 

and domestic energy source. 

1.4.4. Disadvantages of photovoltaics: 

There are only two primary disadvantages to using solar power: amount 

of sunlight and cost of equipment.  

The amount of sunlight a location receives varies greatly depending on 

geographical location, time of day, season and clouds. Globally, areas receiving 

very high solar intensities include developing nations in Asia, Africa and Latin 

America. A storage system can be used to have electricity during nights. 

As the price of solar power lowers and that of conventional fuels rises, 

photovoltaics is entering a new era of growth and implementation. So much so, 

that solar power will remain an excellent energy option forever till life exists. 

 
The renewable energy potential is largely unutilized in Pakistan except 

hydel power generation [26]. The main reason behind this limited interest in 

renewable energy resources is the high costs associated with them. We are 

facing acute electricity shortages with increasing energy demands and the 

nuisance of load shedding is poorly affecting the progress of our country. We 

desperately need an inexpensive and reliable energy alternative. 

http://en.wikipedia.org/wiki/Intermittent_power_source#Solar_energy
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Photovoltaics can offer an utilizable energy alternative in the form of 

nanostructured dye sensitized solar cells as the materials are inexpensive like 

TiO2 and the redox electrolyte [24, 25]. We can find out a low cost and 

environment friendly dye sensitizer out of so many material options. The 

maximum efficiency obtained so far is 13% [23]. Even if these solar cells are 

not so efficient at energy conversion, for a country like ours where we obtain a 

plenty of sunlight throughout the year, we can overlook somehow the low 

efficiency for so many advantages like: 

 Low cost and ease of production 

 Performance increases with temperature narrowing the efficiency gap 

 Bifacial configuration 

 Efficiency less sensitive to angle of incidence 

 Transparency for power windows 

 Colour can be varied by selection of the dye, invisible PV-cells based on 

near-IR sensitizers are feasible 

 Payback time is only a few months as compared to years for silicon. 

 Outperforms amorphous Si 

 Flexibility 

 Light weight 

 Ease of integration 

The other materials are less suitable for us. For example if we consider 

silicon and other crystalline III-V semiconductors they are too costly [27]. Thin 

film cells offer less efficiency, the devices have complex structures, 

manufacturing is also complex and toxic by-products are formed [28-29]. 

Therefore it is intended that we may work to develop nanostructured dye 

sensitized solar cells to help with the mounting energy demands of our country.  

Based on above discussion, the present dissertation is a contribution 

towards developing efficient DSSCs. The research on the photoanode materials 

of the DSSCs is presented. Morphologies of the semiconductor material in the 

photoanode of DSSCs is varied and effect on the efficiency of DSSC is studied. 

Besides a study on new sensitizers is also carried out for the photoanode. 
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The 2nd chapter presents the detailed account of DSSCs and objectives 

of the present work. The 3rd chapter reveals the research on titanium dioxide 

nanoflowers and their application in DSSCs. 4th chapter is based on novel one 

dimensional (1D) sandwich nanorod arrays made of ZnO/Au/TiO2. The 5th 

chapter is about synthesis and application of new calixarene cup shaped dyes 

for DSSCs. 6th chapter is titled as the concluding remarks of this thesis, followed 

by future recommendation in the last chapter.  
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2. Dye Sensitized Solar Cells 

 
Dye Sensitized Solar Cells (DSSCs) or mesoscopic solar cells [1] as called 

by M. Gratzel based on the mesoporous morphology of the cell constituent(s). 

These photovoltaic cells came on the forefront of solar cells after attaining the 7.1% 

efficiency breakthrough in 1991 [2]. This was mainly due to the immense increase 

in the surface area available for the light absorber due to nanoparticulate nature of 

the semiconductor TiO2, imparting mesoporosity to the metal oxide layer. The 

mesoporosity is essential because a planar surface with a monolayer of a strongly 

absorbing sensitizer cannot absorb more than 1% of the light.  

As given in chapter 1, the DSSCs belong to the 3rd generation photovoltaics 

and have got a number of superiority points as compared to other solar cell 

generations including cheap, easy and low temperature fabrication procedures, 

improved performance with temperature rise, bifacial configuration, efficiency 

insensitive to incident angle, transparency for power windows, various color 

options, short payback time, flexibility etc. [1, 3]. The efficiency mark of DSSCs 

has reached 13% recently [4]. 

There is still more room to find out the best performing combination in dye 

sensitized solar cells. The pace of moving towards higher efficiencies is increasing 

and it is expected that soon this class of photovoltaics will cross the 20 % efficiency 

mark. 

 
Fig. 2.1 shows the configuration of a typical DSSC. This type of solar cells 

have introduced the concept of separate photon absorption and charge transport 

materials. This allows great flexibility in selecting materials for a better 

performance. Following is a description of the constituents of a DSSC. 
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2.2.1. The Photoanode 

The photoanode as the name indicates performs the function of light 

absorption in a DSSC.  It is composed of transparent conducting oxide (TCO) 

substrate, wide band gap semiconductor oxide and a sensitizer or dye to absorb 

visible light.  

2.2.1.1. TCO substrates: 

The electrodes are typically fabricated on glass substrate. However, flexible 

substrates like polyacrylonitrile (PAN), polyimide or metallic flexible substrates 

like Titanium foil, stainless steel (for back illuminated DSSCs) etc. have also been 

used [5]. The TCO is usually fluorine doped tin oxide or FTO. Indium doped tin 

oxide (ITO) is also common. The required properties for these electrode substrates 

are: 

• Low resistivity 

• High transparency 

• Chemical stability 

• Thermal stability 

2.2.1.2. Semiconductor: 

The semiconductor is typically a wide band gap metal oxide (MO) and 

should have: 

• Efficient charge injection from dye 

• High surface area 

• Suitable degree of porosity 

• Crystallinity and optimal film thickness 

The most commonly used wide band gap semiconductor is titanium dioxide 

(TiO2). TiO2 is used because of many advantages this material possess including its 

redox properties, chemical stability, availability, low cost, environment friendly 

nature and biocompatibility [6-9]. Some other oxide semiconductors used in DSSC 
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are ZnO, Nb2O5, WO3, Al2O3 etc. [10-12]. The thickness of the semiconductor layer 

is generally about 10 µm with a particle size around 20 nm. 

2.2.1.3. Sensitizer: 

The sensitizer over the MO in a DSSC performs the function of light 

absorption. The excited electrons produced as a consequence are injected into the 

semiconductor. The sensitizer is regenerated by the redox electrolyte. It is adsorbed 

on the surface of semiconductor by chemical linkage as a monolayer. Adsorption 

usually takes place upon over-night soaking in a dilute (~less than 1mM) solution 

of the sensitizer. A typical sensitizer for a DSSC should possess following 

properties: 

• Energy levels compatibility with semiconductor conduction band (CB) and 

the electrolyte, 

• strongly anchored onto the MO, 

• Unit quantum yield for the charge injection, 

• Capable of absorbing maximum visible light. 

Most widely used sensitizers are Ruthenium metal organic complex dyes 

[9, 13]. However these days donor-π-acceptor dyes are being widely used. Organic 

and inorganic dyes are also used to sensitize the MO [14-18].  

2.2.2. Counter Electrode (CE) 

The counter electrode in a DSSC performs degeneration of the electrolyte. 

It is typically composed of a conductor over glass or plastic. Most commonly used 

counter electrode is Pt on FTO [19]. However many other materials like graphite, 

can also be employed [20-22]. The counter electrode should be stable and possess 

good conductivity. 

2.2.3. Electrolyte 

The electrolyte performs the function of completing the electron deficiency 

in the sensitizer or dye as described in section 2.3. It should be: 
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 Transparent in the visible spectrum, if isn’t, must be efficient in electron 

injection, 

 Efficient in transfer of holes from the sensitizing dye, 

 Depositable in porous nanocrystalline semiconductor layer. 

The electrolyte in a typical DSSC is the I-/I3
- with tert-butyl pyridine in an 

organic solvent like acetonitrile [19, 23]. This liquid electrolyte has sealing issues 

so a lot of research is going on to find suitable solid state hole transporter [24]. One 

of the solid state hole conductor is spiro-OMeTAD which performs well in solid 

state DSSCs [25]. 

 

Figure 2. 1 Dye Sensitized Solar Cell (DSSC) Configuration and Working Principle. 

 
The working of a typical DSSC is illustrated in fig. 2.1. As stated earlier, it 

consists of a photo-anode, counter electrode made of a metal and an electrolyte in 

between the two. The electron in the dye moves to excited state on absorbing a 

photon (step 1 in fig 2.1), and is transferred to the conduction band of TiO2 (step 2). 

Then through the TCO (step 3) in the external wires does electric work and comes 

back to the cathode. From the cathode, electrolyte takes it (step 4) and completes 
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the deficiency in the dye (step 5). In this manner this is a regenerative process to 

produce electric power.   

Charge recombination with the oxidized sensitizer or the oxidized 

electrolyte species(dark current) is a common phenomenon in a DSSC. To reduce 

the  charge recombination excited electron’s lifetime should be longer. 

 
A typical plot for current density versus voltage measurement of a solar cell 

under illumination is shown in fig. 2.2. Various parameters are labeled on the plot 

required for the solar cell characterization. The measurement of the performance of 

a solar cell is made with incident photon to current conversion efficiency (IPCE), 

photocurrent efficiency (PCE), short circuit current density (Jsc), open circuit 

voltage (Voc) and fill factor (ff) which are explained below.  

 

Figure 2. 2 Illustration of current density vs. voltage characteristics of a solar cell in 

forward bias. 

2.4.1. Incident photon to charge conversion efficiency (IPCE): 

IPCE is also called the external quantum efficiency (EQE) and it is a 

measure of how efficiently the incident photons of a particular frequency have been 

converted to charge carriers. That is,  
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𝐼𝑃𝐶𝐸 =  
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑜𝑢𝑡

𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑖𝑛
 

The IPCE can be presented as a function of energy or wavelength (Fig. 2.3). 

If all the incident photons of a particular wavelength are absorbed and resulting 

charge carriers are collected then the quantum efficiency is unity at that wavelength. 

For photons having energy below band gap, quantum efficiency is zero. 

Recombination processes and parameters that can affect charge collection also 

affect EQE. IPCE can be considered as the integrated collection probability of the 

generation profile over the whole device thickness and wavelength spectrum, 

normalized to number of incident photons. 

 

Figure 2. 3 Representative external quantum efficiency plot of a solar cell. 

Mathematically, 

 (1) 

Where, LHE is the light harvesting efficiency (dependent upon the 

absorption capabilities of the photoanode), φinj is the efficiency of electron injection 
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from the excited dye into the CB of semiconductor, ηcol is the charge collection 

efficiency of the electrodes, ΦET is the electron transfer yield equal to the product 

of φinj and ηcol. For IPCE to be higher the absorption properties must be very good 

and the charge transport must be fast to prevent recombination of the generated 

charge carriers [26]. 

2.4.2. Short circuit current (Isc) and short circuit current density (Jsc): 

The superposition of IV characteristics of solar cell diode in dark with 

photogenerated current make up the IV curve of solar cell under illumination. 

Therefore photogenerated current shifts the IV curve down to fourth quadrant 

making the power extraction from device possible. Current voltage (IV) plots are 

drawn with inverted current axis to make a positive output power value. Generation 

and collection of photogenerated carriers results in short circuit current (ISC) so 

ideally short circuit current and photogenerated current are same. Thus the ISC is 

the maximum current that may be extracted from the solar cell and short circuit 

current density (JSC) is the current per unit area under condition of zero voltage 

applied through the solar cell under illumination (Fig. 2.2). Several factors affect 

the short circuit current of a solar cell like intensity & spectrum of the incident light, 

absorptivity, and charge transport between different components like 

semiconductor, dye and the redox electrolyte. 

Mathematically Jsc is given by: 

 (2) 

Here q is the electron charge, F(λ) is the incident photon flux density and 

IPCE( λ) is the incident photon to charge conversion efficiency [26]. 

2.4.3. Open Circuit Photovoltage (Voc) 

The voltage between the terminals when no current is drawn i.e. infinte load 

resistance (see fig. 2.2). It is the measure of inherent bias of solar cell arising from 

photogenerated current at solar cell junction. It is theoretically equivalent to the 
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potential difference between the Fermi level of the semiconductor under 

illumination and the redox potential of the electrolyte.  

Mathematically it is given by the following equation: 

 (3) 

Where, kB is the Boltzmann constant, T is temperature, q is the charge on 

electron, Ec is the conduction band (CB) level of the semiconductor, Eredox is the 

redox potential of the electrolyte, nc is the density of free electrons in the CB of the 

semiconductor under illumination and NC is the number density of the available 

energy states in the CB of the metal oxide [26]. 

2.4.4. Fill Factor (ff) 

Isc is maximum current output from cell while Voc is maximum potential 

from cell however at both of these operating conditions the power from cell is zero. 

 

Figure 2. 4 Fill factor calculation from IV curve. 

The “fill factor” (ff) is a parameter which in combination with open circuit voltage 

and short circuit current controls the maximum power from a device. The fill factor 

is the ratio of the maximum power from the cell to the product of short circuit 
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current density Jsc and the open circuit voltage Voc and measures the ideality of the 

solar cell. Graphically, ff is the degree of squareness of IV curve and the area for 

largest rectangle that can fit into the IV curve as shown in fig. 2.4.  

𝑓𝑓 =  
𝑃𝑚𝑎𝑥

𝐽𝑠𝑐 ×𝑉𝑜𝑐
 (4) 

2.4.5. Power Conversion Efficiency (PCE): 

The power conversion efficiency is the key parameter to compare the 

performance of one photovoltaic cell with another. It can be defined as the ratio of 

energy output from solar cell to the energy input (from sun) to the cell, so it reflects 

the performance of solar cell. PCE is dependent upon energy distribution 

(spectrum) & intensity of incident sunlight also on working temperature. Thus the 

working conditions under which efficiency is measured should be carefully 

monitored, controlled and reported in order to compare the devices with each other 

and literature. Globally PCE is computed at 25 °C under AM1.5 illumination 

conditions for solar cells to be used on Earth. AM 0 illumination conditions are 

used for solar cells intended for space applications. Power conversion efficiency of 

solar cell is computed as the fraction of incident power (Pin) which is converted to 

electricity and is defined as: 

𝑃𝐶𝐸 (𝜂) =  
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=  

𝐽𝑠𝑐 ×𝑉𝑜𝑐 ×𝑓𝑓

𝑃𝑖𝑛
 (5) 

The Pmax is the maximum power output from solar cell and is equal to the 

product of short circuit current density (Jsc), open circuit voltage (Voc) and the fill 

factor (ff) [26]. The input power for 1 Sun illumination is 1 kW/m2 or 100mW/cm2.  

 
Solar cell characteristics as mentioned in previous section are dependent or 

can be affected by some factors such as: 

2.5.1. Characteristic Resistance: 

It is the resistance of cell when it is working at its maximum power output. 

Maximum power can be transferred to load if the load resistance is equal to 
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characteristic resistance of solar cell and the device is said to be working at 

maximum power point (Fig. 2.5). 

 

Figure 2.5 Characteristic resistance of solar cell. 

2.5.2. Scrounging Resistances 

Solar cell performance can be affected adversely due to resistive effects by 

power dissipation. Main scrounging resistive effects are because of series and shunt 

resistances as represented in fig. 2.6. These resistances mainly affects the fill factor 

to reduce the maximum power output (Pmax). Cell configuration, geometry and 

materials selection are main factors that control these scrounging resistances. 

Ideally for a perfect solar cell shunt resistance (Rsh) must be infinity while series 

resistance (Rs) equals to zero ohms (Fig. 2.7) 

 

 

Figure 2.6 Solar cell equivalent circuit diagram indicating shunt and series resistances. 



Chapter 2  Dye Sensitized Solar Cells 

 22 

 

Figure 2.7 Effect of Parasitic resistances on IV curve (Rsh is fixed in (a), Rs is fixed in 

(b)). 

 

Figure 2.8. Temperature effect on solar cell characteristic parameters. 

2.5.3. Temperature 

Operating temperature has significant effect on solar cell performance and 

key parameters. Rise in temperature causes decrease in band gap so open circuit 

voltage also decrease as shown in figure below. This decrease in Voc will result in 

lower fill factor and efficiency as elaborated in fig. 2.8. 

2.5.4. Light Intensity 

Light intensity usually mentioned with respect to sun light intensity can 

alter all the cell performance parameters. 1 sun intensity is taken as 100 mW/cm2 

or as AM1.5 standard illumination. Both Voc and Jsc change with changes in light 
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intensity during the day and increases when light intensity increases as represented 

in fig. 2.9.  

 

Figure 2. 9 Variation of open circuit voltage (VOC) (a), short circuit current (JSC) (b) of 

the solar cell device under different light intensity from 1.2 to 100 mW cm−2. 

 
For a multicomponent device like DSSC, it is challenging to find new 

materials that can prove to work well with all the other material components of the 

cell. A lot of research is going on in this field that can be broadly classified as 

follows: 

 Advanced nanostructures for the semiconductor layer, 

 New sensitizers, 

 Redox mediators to replace the triiodide/iodide couple, 

 New solid electrolytes, 

 Alternatives to Pt as electrocatalyst for the counterelectrode. 

2.6.1. Advanced nanostructures for semiconductor layer: 

Active research is going on for finding advanced nanostructures of metal 

oxides for the semiconductor layer with improved light absorption as well as huge 

surface area for greater dye coverage and thus light harvesting. Advancement in 

semiconductor layer includes variation in the morphology or improving the 

required properties by incorporating other materials. 

Examples:  
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 Nanorod/nanoparticle composite architecture for improved performance in 

DSSC [27], 

 TiO2/ ZnO core/shell rice grain nanostructures for better efficiency [28], 

 MgO-hybridized TiO2 interfacial layers assisting efficiency enhancement 

of DSSCs [29], 

 Mesoporous microbeads made of titania for DSSCs [30]. 

2.6.2. New sensitizers: 

The preferred choice for the sensitizer in DSSCs have been the Ru based 

metal complexes for over two decades since nineties. Many other types of dyes 

have also been reported including natural dyes. Fairly recently, a surge of interest 

has emerged for organic donor-acceptor or push pull dyes that contain an electron 

donor group bridged with a conjugated moiety with an electron accepting group for 

efficient transport of electrons that is directed too. Another group of sensitizers, 

called perovskites based on CH3NH3PbX3 have emerged as high performers with 

efficiency of 15 % [31]. Some examples of sensitizers are listed below: 

Examples: 

 Porphyrin based new dye with 13 % efficiency [4], 

 Zinc Phthalocyanin based dyes [32], 

 Squaraine based organic dyes [33], 

 Calixarene based dyes [34]. 

2.6.3. Redox mediators to replace the triiodide/iodide couple 

With the advent of new sensitizers and variations/additions in the 

semiconductor materials new redox mediators are required which are less corrosive 

as compared to the iodide based redox couple. An example of new redox mediator 

is as follows: 

 Co based redox mediators [31, 35]  

2.6.4. New solid electrolytes 

Some examples of new solid electrolytes are following: 
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 Solid state organic hole conductor made of Poly(3,4-ethylenedioxypyrrole) 

(PEDOP) [36], 

 Iodine based polyaniline containing gel electrolyte [37, 38]. 

2.6.5. Alternatives to Pt as electrocatalyst for the counterelectrode: 

Some of the interesting alternatives to Pt as the counter electrode are as 

follows: 

 Polypyrole SWCNT complex as the counter electrode in DSSC [39], 

 Core/sheath CNT/Graphene nanoribbon wire as the counter electrode in a 

wire shaped DSSC [40]. 

 
As stated above the advancement in DSSCs while working on the 

semiconductor material can be made by altering the configuration or morphologies 

of the semiconductors. This area is relatively less challenging than finding 

altogether new materials for a multicomponent device like DSSCs. So, it is intended 

to study the efficiency of these devices by altering the morphology of the 

semiconductor material. For example nanoparticles, nanoflowers and 1D 

nanostructures can be employed. Besides addition of other materials (like metal 

nanoparticles) into the semiconductor to improve the light harness capabilities can 

also be studied. 

It was also intended to work on developing new natural or synthetic 

sensitizers for the photoanode of DSSCs. An out of the box idea of employing 

calixarene basket shaped molecules was intended to work on. 

This thesis presents research on advanced nanostructures of semiconductor 

material and a small contribution towards finding new sensitizers for the DSSCs 

and application of the designed materials in the dye sensitized solar cells. 
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3. Hierarchical Nanostructures of Titanium 

Dioxide: Synthesis and Application 

 

Nanoflowers are desirable in light driven applications like Dye Sensitized 

Solar Cells (DSSCs) due to their large surface area and greater light absorption 

capabilities. An instant, simple, cheap and environment friendly method of 

preparing titanium dioxide nanoflowers or hierarchical nanostructures (HNSs) is 

presented. A low temperature microwave synthesis of HNSs of titania in DI water 

is carried out. A great advantage of this method is the production of sub-micron 

sized HNSs without any surfactant or hydrofluoric acid.  The hierarchical 

morphology provides huge surface area for maximum exposure for light driven 

reactions and 3 D folding morphology allows further scattering of light to get its 

maximum utilization. FESEM, TEM, XRD, BET surface area measurement, 

UV/Vis and Raman spectroscopy are utilized to understand the structures. 

Mechanism of formation of nanostructures is also discussed. The nanostructures 

are employed in Dye Sensitized Solar Cells for performance comparison. The 

HNSs are produced in a time as short as 5 minutes in aqueous conditions without 

the use of hazardous hydrofluoric acid or organic surfactants at 1 atm pressure and 

low temperature of 100 °C.  

 

Titania, a wide band gap semiconductor, is the most suitable material for 

use in the photoanode of DCCSs [1, 2]. Titania nanostructures being thermally and 

chemically stable, cheap and nontoxic [3, 4] offer their potential for use in various 

applications besides photovoltaics, such as: photocatalysis [5-7], gas sensors [8, 9],  

adsorbents, supports and many others [10]. Among various nanostructures of 

titania, the synthesis of nanoparticles/spheres [1, 11], nanobelts [12], nanorods [2, 

13], nanowires [14] and nanotubes [15] can be found in a number of reports in the 
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literature but relatively few reports can be found on the synthesis of hierarchical 

nanostructures(or nanoflowers) of titania [9, 14, 16-19]. 

3.2.1. Hierarchical nanostructures/nanoflowers of Titania: 

It is proven that the three dimensional hierarchical morphology demonstrate 

excellent properties. A hierarchical morphology consists of flower like 

superstructure or a three dimensional self-assembly of a primary structure in 

nanoscale e.g. nanoparticles, nanowires or nanosheets (Fig. 3.1) [4]. The 

hierarchical morphology offers large specific surface area (enabling greater 

generation and migration of photo carriers from adsorbed species on the surface), 

light absorption improvement and high refractive index (enabling higher light 

absorption and refraction), hence they offer high photocatalytic efficiency [4].  

 

Figure 3.1. Hierarchical nanostructures of TiO2 (taken from reference: [4]) 

3.2.2. HNS Synthesis and drawbacks of reported methods: 

The literature on the synthesis of HNSs of titania include 

hydro/solvothermal, microemulsion synthesis, sol gel method, hydrolysis/alkolysis 
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and electrodeposition oxidation methods [4, 9, 14, 16-19]. Generally, the synthesis 

of titania HNSs makes use of organic/inorganic salts of Ti, surfactants, highly toxic 

hydrofluoric acid, high temperature and pressures. Most of the reported HNSs 

produced by the said methods have diameters in the micron ranges, except the 

microemulsion (using surfactants) and hydrolysis/alkolysis methods (produce 

smaller nanoflowers) but these methods have issues of difficult control due to many 

parameters governing the process [4].  

3.2.3. Microwave synthesis of HNSs: 

Microwave synthesis of nanomaterials is a relatively new technique with lot 

of advantages. The microwave synthesized nanostructures possess high specific 

surface area, good photo catalytic and redox properties [20]. Also the microwave 

synthesis of nano titania with different architectures including nanoparticles [6, 21], 

nanotubes [7, 12, 20], nanorods [22, 23], nanospheres [23, 24]; has evolved as an 

instant, efficient and cheap fabrication route. However, there are only a few reports 

on microwave synthesis of titania HNSs [14, 17]. For example. Rahal et al. have 

reported the microwave synthesis of titania nanoflowers using TiF4, template 

CTAB and urea at a temperature of 120 °C in water, although they have not used 

the hydrofluoric acid but the surface directing agent plays the main role in the 

formation of nanoflowers [17]. Similarly, Huang et al. report the formation of 

titanate nanoflowers on microwave treatment of titania nanopowder under 8 M 

aquous NaOH at 240 °C for 45 minutes [14]. 

3.2.4.  Objective/Specialty of present work: 

The objectives of the present work is to develop efficient materials for 

DSSCs using easily available materials and techniques. Titania semiconductor is 

subjected to microwaves to evolve photoactive material without sacrificing the high 

surface area of the nanoparticle by incorporation of heirarchy. Regarding 

nanoflowers of titania, there is still need for a synthesis method which may have 

easily controllable parameters as well as environmentally safe ingredients. This 

chapter presents synthesis of titanium dioxide nanoflowers in a safe and instant 



Chapter 3                HNS of Titanium Dioxide: Synthesis and Application 

34 

 

manner using microwaves at 1 atm and 100 °C in as less as 5 minutes. The method 

is simple, easy to control and environmentally safe.  Titanium dioxide nanoflowers 

with sizes less than a micron are prepared under environment friendly conditions 

with no hydrofluoric acid, organic additives and surfactants.  

 

3.3.1. Synthesis of HNS: 

0.625 g of titanium dioxide nanopowders (P25 and sol gel reflux 

synthesized anatase (T1)[11]) were dispersed in 50 ml of 10M aqueous NaOH 

solution using ultrasonic bath and were treated with microwaves of frequency 2.45 

GHz at 200 W for different durations of 5, 10, 15 and 20 minutes. The treated 

powders were washed several times with DI water using centrifuge and dried at 60 

°C in drying oven. The powders were then annealed at 450 °C for an hour.  

 

Figure 3.2 Schematic illustrating the experimental setup for microwave treatment of 

different samples. 

All the microwave reactions were carried out in a domestic oven under 

refluxing using the assembly shown in the schematic (Fig 3.2). The commercial 

microwave reactor cannot be used for highly alkaline media due to exploding 

hazard of the sealed pressurized reactor vessel. 
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3.3.2. Fabrication of DSSCs employing HNSs: 

The synthesized HNS were employed in DSSCs in comparison with the 

starting material. FTO coated glass slides were cleaned and a blocking layer of 

titania was fabricated by spin coating a 2% solution of titanium tetraisopropoxide 

in isopropanol. Pastes of the synthesized titania powders and T1 were made and 

films were fabricated by doctor blade method. A monolayer of N719 dye was 

infused on titania films by overnight soaking of the titania coated FTO glass slides 

in the dye solution. Pt counter electrodes were used. Liquid iodide/triiodide 

electrode was filled in between the two electrodes.  

3.3.3. Characterization: 

The hierarchical nanopowders were subjected to electron microscopy using 

JEOL JSM 6460 electron microscope, X-ray diffraction analysis using Stoe  D-

64295  Darmstadt, UV/Vis absorption spectroscopy using unico UV-2800 UV/Vis 

spectrophotometer and Raman spectroscopy using Renishaw 2000 laser Raman 

microscope equipped with a 514 nm argon ion laser for excitation. JV measurement 

of DSSCs was obtained under 1 sun illumination with Biologic VSP potentiostat. 

 

Table 3.1 presents the sample designation of starting materials and the 

microwave treated powders. 

Table 3. 1 Sample designation with respect to the microwave treatment durations. 

Microwave 

treatment duration 

(Minutes) 

Sol-gel reflux 

synthesized 

anatase 

Commercial P25 

TiO2 nanopowder 

Untreated T1 P1 

5  MT2 MP2 

10 MT3 MP3 

15 MT4 MP4 

20 MT5 MP5 
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For ease of understanding the results and discussion for the two series are 

explained in separate sections: 

3.4.1. HNSs synthesis from T1: 

3.4.1.1. XRD Analysis: 

As stated earlier, the starting material is anatase phase of titania. The titania 

quantum dots with crystallite size around 5 nm was prepared by sol gel reflux 

synthesis by our group [11]. The small crystallite size has resulted in the formation 

of small HNSs (nanoflowers) in all the samples after microwave treatment without 

use of any surfactant. The small sized HNSs are advantageous for offering huge 

surface area and retaining the light trapping effects for better efficiencies in 

photocatalytic devices.  

 

Figure 3.3. XRD plots of starting material T1 and microwave treated samples MT2 (5 

min), MT3 (10 min), MT4 (15 min) and MT5 (20 min) after annealing at 450oC for 1 

hour. 

The XRD plots as shown in fig. 3.3 reveal that the anatase phase is the major 

crystalline phase in all the samples with different microwave treatment durations. 

All peaks match with those of tetragonal anatase phase with space group I41/amd 
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and are indexed (reference code: 01-071-1168). Table 3.2 presents the crystallite 

sizes calculated from XRD plots using Scherer equation and degree of crystallinity 

calculated using XRD peak areas.   

Table 3. 2. Crystallite sizes and degree of crystallinity of titania HNSs MT2-MT5 in 

comparison to the starting material T1. 

Sr. 

No. 

Sample  Crystallite 

size (nm) 

(XRD) 

Degree of 

crystallinity 

 

1. T1 5.6 0.85 

2. MT2 7.2 0.62 

3. MT3 10.1 0.79 

4. MT4 13.0 0.79 

5. MT5 13.8 0.66 

From the table 3.2, it can be seen that the crystallite size is increasing with 

increasing microwave treatment duration. The crystallite size is increasing due to 

increased growth with longer microwave treatment. The variation of crystallinity 

with exposure time will be explained later under the growth mechanism section. It 

is indicated that the crystallinity decreases after 5 minutes microwave exposure. 

Then increases till 15 minutes treatment. On 20 minutes exposure, although the 

crystallite size has increased, the decrease in crystallinity can be explained by 

considering random orientation of the planes in the rolling sheets of HNSs, with 

respect to the incident X-rays and the crystallinity is decreasing due to increased 

hierarchy with increased microwave treatment duration (also see section 3.3.1.7) 

3.4.1.2. UV/Vis spectroscopy: 

The UV/Vis spectra of the samples were obtained using unico UV-2800 

UV/Vis spectrophotometer and are shown in fig. 3.4. The band gap values of the 

samples (Table 3.3) are calculated by E=hc/λ from the absorption onset wavelength 

values which are marked in the fig. 3.5. 
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Although anatase phase of titania has a band gap of 3.2eV, the high band 

gap values obtained here for all the samples can be attributed to the small crystallite 

size of the starting material [25]. The band gap values are decreasing as the 

microwave treatment time increases due to increase in the crystallite size with 

increased growth with longer microwave treatment. 

 

Figure 3.4. UV/Vis absorption spectra of samples T1, MT2, MT3 and MT4 

 

Figure 3.5. Absorption onset values for band gap estimation for the samples T1, MT2, 

MT3, MT4. 
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Table 3. 3. Band gap values and the BET surface area values for sample T1, MT2, MT3, 

MT4 and MT5. 

Sr. No. Sample  Band Gap 

(eV) 

BET surface area  

(m2/g) 

1. T1 3.83 191 

2. MT2 3.75 82 

3. MT3 3.7 68 

4. MT4 3.67 25 

5. MT5  18 

 

3.4.1.3. BET Surface area measurement: 

The surface area of the samples was measured using Brunauer, Emmett and 

Teller surface area measurement technique using nitrogen adsorption and 

desorption. As we can see in the table 3.3, the surface area is decreasing with 

increased microwaves exposure. The starting material has huge surface area i.e. 191 

m2/g which upon microwave treatment starts decreasing. Upon 5 minutes  

 

Figure 3.6. Variation of band gap, crystallite size and surface area with microwave 

treatment duration of 0, 5, 10, 15 and 20 minutes 
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exposure to microwaves the surface area reduces to 82 m2/g which further reduces 

to 68, 25 and 18 m2/g with 10, 15 and 20 minutes microwave treatment due to  

increase in the crystallite and particle sizes.  

Fig. 3.6 presents the effect of microwaves treatment duration on surface 

area, crystallite size and band gap in the form of a plot.  

3.4.1.4. SEM Analysis: 

FESEM images for the starting material and the treated samples are shown 

in fig. 3.7. Titania HNSs of sizes around 500nm can be observed. The HNSs are  

 

Figure 3.7 FESEM images of titania nanostructures T1 (a) MT2 (b), MT3 (c), MT4 (d), 

MT5 (e) 
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made of nanosheets which are radially arranged. With increase in the microwave 

treatment from 5 minutes to 20 minutes the morphology is gradually becoming 

sharper with ends of the nanosheets being folded with increased exposure to 

microwaves. There is little or no effect on the sizes of the HNSs. 

3.4.1.5. TEM Analysis: 

Fig. 3.8 shows the TEM images of MT2 and MT5. Here we can observe 

that the HNSs are made up of somewhat radially arranged nanosheets. With the 

increase in the treatment time the nanosheets have twisted and rolled along their 

sides. This can be related to the formation mechanism of nanotubes with same 

contents under hydrothermal conditions [26]. It should be mentioned here that 

although the synthesis conditions are similar to the formation of nanotubes under  

 

Figure 3.8 TEM images of Hierarchical nanostructures of Titania MT2 (a) and MT5 (b) 
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hydrothermal treatment but the HNSs are stable as the results shown here are all 

obtained after annealing of the treated samples at 450 °C for 1 hour. The formation 

mechanism of these HNSs will be discussed later. From TEM the crystallite size is 

not quantifiable. The crystallite size calculated from XRD plots using the Scherer 

equation maybe called the effective crystallite size of the corresponding samples. 

3.4.1.6. Raman Spectroscopy: 

Fig 3.9 shows the Raman spectra for the samples. These have peaks 

corresponding to the anatase phase of titania. The anatase phase of titania is found 

with following Raman modes: three Eg modes at 169 (Eg (1)), 196 and 641 cm-1, 

two B1g modes at 397 and 518 cm-1. A1g mode at 513 cm-1 seems to be embedded 

in peak at 518 cm-1 [27]. The variations in the Raman intensity can be related to the 

variation in the surface roughness of the starting material and those after microwave  

 

Figure 3.9 Raman spectra of titania HNSs MT2, MT3, MT4, MT5 and the starting 

nanopowder T1. 
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treatment. The starting sample has ~5nm sized crystallites with ~20 nm particles 

and shows maximum intensity among the Raman spectra as small crystallite size 

give large shift and broadening of the Raman band [28]. After microwave treatment 

the surface roughness gradually increases from 5 min to 20 minutes treatment 

duration and the Raman intensity also increases with the increase in treatment 

duration due to formation of distinct few nanometer thick sheets of the HNSs. 

3.4.1.7. Growth Mechanism: 

The growth mechanism maybe related to the reported mechanism for the 

formation of titania nanotubes under hydrothermal conditions using titania 

nanoparticles in 10 M NaOH solution, i.e. on dissolution of the starting titania 

nanoparticles under highly alkaline medium and under hydrothermal atmosphere, 

nanosheets are formed which afterwards roll over to make titania nanotubes [26]. 

In the present case, the situation is somewhat different in that a small duration 

exposure to microwaves is provided for the same contents at atmospheric pressure. 

In this situation, it is speculated that the surface of the starting titania nanoparticles 

begins to dissolve. Subsequently, regrowth occurs on the particles in the form of 

sheets giving rise to hierarchical morphology. A schematic illustrating the 

speculated growth mechanism is given in fig. 3.10. 

In light of the above paragraph, the increase in crystallite size and 

consequent decrease in surface area and band gap values upon evolution of the 

HNSs with increasing microwave exposure is justified. The crystallinity [29] values 

are calculated using XRD peak areas and are given in the table 3.2. It is indicated 

that the crystallinity decreases after 5 minutes microwave exposure owing to more 

dissolution than regrowth. Then increases till 15 minutes treatment due to increased 

regrowth of the sheets in the HNSs. On 20 minutes exposure, although the 

crystallite size has increased, the decrease in crystallinity can be explained by 

considering random orientation of the planes in the rolling sheets of HNSs, with 

respect to the incident X-rays. We can see from SEM (Fig. 3.7) that the morphology 

of the HNSs seems to be going to the depth on increasing the microwave treatment 

duration from 5 minutes to 20 minutes. Also the TEM images (Fig. 3.8) can reveal 
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that the MT2 sample seems to have some unchanged central zone while for the 

sample MT5 the conversion seems to be nearly completed. 

 

Figure 3.10 Schematic for the growth mechanism of titania HNSs. 

3.4.1.8. Role of microwaves in making HNSs: 

It should be mentioned that under the microwave treatment of titania 

nanoparticles, the 3D morphology is thought to be the result of a role played by 

microwaves specifically. Titania particles start to dissolve and due to polarization 

effects of the radiation they regrow three dimensionally in the form of sheets giving 

nanoflowers like structures. With increase in the treatment duration the depth of the 

twisted nanosheets seems to be increased due to more and more dissolution of 

starting material and growth of the sheets as evident from the TEM images (Fig. 

3.8). 
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In order to check the role of microwaves; an experiment, in which reflux 

condensation at 100 °C, was carried out for the same contents but outside the 

microwave oven for a duration of 20 minutes (Fig 3.11a). In another experiment 

titania powder in 10M NaOH was heated in a sealed vessel at 100 °C for 20 minutes 

i.e. under hydrothermal conditions (Fig. 3.11b). The treated powders were washed 

several times with DI water and annealed at 450 °C for one hour. HNSs were not 

formed in both these experiments. This reveals that microwave treatment under 

atmospheric pressure is playing main role in producing HNSs without using any 

template and hazardous chemicals like HF or H2O2. Also note that the microwave 

synthesis method utilizes minimum energy among the above three methods. 

 

Figure 3.11. FESEM images for test experiments. (a) 20 minutes heated sample at 100 °C 

under refluxing without microwaves. (b) 20 minutes hydrothermally treated sample at 

100 °C. 
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3.4.1.9. JV measurement: 

Fig. 3.12 shows the JV curves for the DSSCs having T1, MT2, MT3 and 

MT4 as the semiconductor layer. Table 3.4 gives the fill factor, open circuit voltage, 

short circuit current density and efficiency values for the devices. Maximum 

efficiency of 0.1% is achieved with the sample MT2 i.e. HNSs produced after 5 

minutes microwave exposure. 

 

Figure 3.12. JV curves for DSSCs employing T1, MT2, MT3 and MT4 as semiconductor 

layer. 

The open circuit voltage is maximum for device with T1 and is decreasing 

for MT2, MT3 and being minimum for MT4. This decrease can be explained 

considering the decrease in band gap of the samples with increasing microwave 

exposure. Voc for DSSCs is dependent on the difference between the redox potential 

of the electrolyte and the conduction band of titania [30]. With decrease in band 

gap of titania powders the conduction band seems to be lowered resulting in the 

decrease in Voc in DSSCs. The current density is exhibiting an increase with 

evolution of hierarchical morphology upon microwave treatment. But as the surface 
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area is also decreasing with increased microwave exposure the net current density 

is decreased after 5 minutes. The sample MT2 has reasonably high surface area i.e. 

82 m2/g (table 3.3) with a morphology that is a mix of nanoparticles contributing in 

surface area and radially arranged nanosheets for greater light absorption giving 

maximum current density among all. Samples MT3 and MT4 have low surface 

areas of 24 m2/g and 18 m2/g (table 3.3) so these are showing low current densities 

in DSSCs. These samples may perform better when used in combination with 

nanoparticles to combine the light scattering effects of hierarchical morphology and 

huge surface area of the nanoparticles. 

Table 3.4 Photovoltaic parameters determined from JV curves of DSSCs employing 

synthesized hierarchical nanostructures and starting titania. 

Sr. No. Sample ff Voc (Volts) Jsc 

(mA/cm2) 

Ƞ (%) 

1. T1 0.49 0.5174 0.1915 0.0489 

2. MT2 0.48 0.4739 0.4647 0.1055 

3. MT3 0.53 0.4748 0.1356 0.03395 

4. MT4 0.51 0.4036 0.0461 0.00955 

 

3.4.2. HNSs synthesis from P25: 

Below is a detail of the characterization performed for the microwaves 

treated P25 nanopowders under alkaline conditions at 100 °C and 1 atm. 

3.4.2.1. XRD Analysis: 

Fig. 3.13 shows the XRD plots for the nanopowders before and after the microwave 

treatment. As we know the P25 contains both anatase and rutile phases of titanium 

dioxide in a ratio 3:1. The XRD plot for P25 shows rutile and anatase peaks. The 

treated powders are also identified to contain anatase and rutile phases of titanium 

dioxide. The peaks in the XRD plots are labeled for anatase as (*) and for rutile as 

(#). Thus the microwave treatment under the given medium has no effect on the 

phase of the powders up to 15 minutes. 
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Figure 3.13. XRD plots of P25 nanopowder and microwave treated P25 nanopowders: 

MP2 (5min treated), MP3(10 min treated), and MP4 (15 min treated). 

3.4.2.2. SEM Analysis: 

Fig. 3.14 shows the SEM images for the starting material (P25) and the 

microwave treated samples MP2, MP3, MP4 and MP5.  The starting material has a 

particle size around 20 nm as evident from the SEM image for the P25 nanopowder 

(Fig. 3.14a). 

The 5 minutes microwave treated sample, MP2 (Fig. 3.14b) consists of 

HNSs or nanoflowers made of radially arranged nanosheets. The size of the 

nanoflowers is less than 500nm. The 10 minutes microwave treated sample, MP3 

(Fig 3.14c) also shows nanoflowers which are similar in dimensions and 

morphology to the 5 minutes treated sample. However upon longer treatment of 15 

minutes we can observe that radially grown 1 D nanostructures are formed (sample 

MP4 Fig 3.14d). For 20 minutes treated sample (MP5 Fig 3.14e) the 1 D 

nanostructures seem to be grown radially and have attained the form of clusters. 

(

b) 
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From SEM analysis, the mechanism of formation of (both nanoflowers and 

1D) nanostructures is consistent with the explained mechanism. 

 

Figure 3.14. SEM images for Titanium dioxide nanopowder and microwave synthesized 

nanostructures: a: starting P25 TiO2 nanopowder, b: MP2 (5min.), c: MP3 (10min), d: 

MP4 (15min) and e: MP5 (20min). 

3.4.2.3. Raman Spectroscopy: 

Anatase belong to space group I41/amd and rutile belongs to P42/mnm so 

their Raman spectra are different from each other. As mentioned earlier, anatase 

has following Raman modes 143 (Eg), 199 (Eg), 396(B1g), 514 (A1g) and 636 cm-
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1 (Eg) while rutile shows Raman peaks centered at 235 (second-order Raman 

scattering), 443 (Eg) and 608 cm-1 (A1g)[31]. Fig. 3.15 shows the Raman spectra 

for starting P25 and the HNSs produced on 5 minutes microwave treatment (MP2). 

The anatase Raman peaks at 145, 170, 196, 396, 514 and 637 are present. Only Eg 

mode of rutile is visible in the Raman spectra as A1g peak at 608 gets embedded in 

the anatase Eg peak at 636 cm-1. The peak positions are identical in both the samples 

as already seen from XRD that there is no effect on the phases present. The 

difference is in the intensity of the peaks with MP2 having significantly higher 

intensity than the P25 sample. The increase in intensity is attributed to the increase 

in the roughness of the sample due to presence of a large number of a few 

nanometers thick sheets making the nanoflowers [11]. 

 

Figure 3.15. Raman shifts for the starting material P25 and TiO2 nanoflowers produced 

after 5minutes microwave treatment. 

 

We have presented an environment friendly instant microwave method of 

making hierarchical nanostructures of titania with sizes less than 1 micron. HNSs 
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are produced on the microwave treatment of titania, both anatase (T1) and the 

commercial P25 nanopowders in 10 M NaOH aqueous solution at 1 atm and 100 

°C for small durations ranging from 5 minutes to 20 minutes. The specialty of this 

work is to present a method of making titania HNSs without using hazardous 

chemicals and high temperatures and pressures. XRD, FESEM, TEM and Raman 

spectroscopy are utilized for understanding the structures. The sub-micron titania 

hierarchical nanoflowers produced from T1 are then employed in DSSCs for 

performance comparison with the starting material. The sample after 5 minutes 

microwave treatment having a surface area of 82 m2/g, a mixture of nanoparticles 

and hierarchical morphology show maximum efficiency of 0.1 %. The samples with 

longer microwave treatment have relatively low surface areas due to conversion to 

hierarchical morphology and hence are unable to give better performance when 

used alone. A mix nanoparticle and hierarchical morphology is beneficial for 

scattering and thus greater absorption of light with large surface area for better 

performance of the DSSCs. This titania HNSs synthesis method is unique in being 

instant and environmentally safe as well as employing low temperatures and 

pressures. 
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4. 1D TiO2/Au/ZnO Sandwich Nanoarrays: 

Synthesis and Application 

 
Plasmon resonance enhancement in 1D nanostructures in a unique sandwich 

configuration is worked on. The sputter coated gold nanolayers of various sizes are 

applied over ZnO nanorods grown by seed assisted route. 1D Au/ZnO nanoarrays 

are covered with a few nanometers thick spin coated TiO2 film. UV/Vis 

spectroscopy, XRD, FESEM and TEM techniques are used for the apprehension of 

the nanostructures. These hybrid 1D nanostructures are then employed in the 

photoanodes of dye sensitized solar cells in comparison with core/shell TiO2/ZnO 

nanorod arrays and JV measurement in 1 sun is measured. N719 dye, Pt counter 

electrode and I-/I3
- electrolyte are used in DSSCs. The observed enhancement in the 

photocurrent density is attributed to the Localized Surface Plasmon Resonance 

(LSPR) effects due to sputter coated Au layers. An increase in the open circuit 

voltage of DSSCs is also observed due to Fermi level alignment between the gold 

bridged ZnO and TiO2 in the photoanodes of devices. With 2 nm sputter coated Au 

in TiO2/Au/ZnO 1D nanostructures, an efficiency enhancement factor of 2.05 is 

achieved.  

 
One dimensional nanomaterials including nanorods, nanotubes, 

nanoribbons and nanowires possess great interest due to their favorable properties 

for new generation nanostructured devices like solar cells [1, 2], sensors [2, 3], 

optoelectronics [4], photocatalysis [5, 6], piezoelectronics [3], microfluidics [7] etc. 

In dye sensitized solar cells (DSSCs) TiO2 and ZnO one dimensional structures are 

widely used. Their main advantage being provision of path with minimal grain 

boundaries while traveling through the photoanode to the collecting FTO, along 

with sufficiently large surface area. Some literature examples for 1 D 

nanostructures used in DSSCs are TiO2 nanorod/ nanoparticle composite for 
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improving DSSCs performance [8] and pine tree like titania nanotube for DSSCs 

[9]. ZnO 1 D structures are fabricated by simple routes as compared to the TiO2 

nanorods/tubes. This chapter is based on the study of 1 D nanostructures for DSSCs. 

4.2.1. ZnO in DSSCs: 

After titania, the semiconductor material of choice for DSSCs is ZnO [10, 

11]. It has many advantages including being environment friendly, having high 

electron mobility [3, 7], easy fabrication methods [3, 7], and diverse morphologies 

[3, 5, 12]. It has a band gap of 3.37 eV [13]. ZnO 1D nanostructures are of particular 

importance for possessing high electron mobility [14] (1000 cm2Vs-1). 1D 

nanostructures of ZnO cover a big part of the literature on using 1D nanostructures 

in DSSCs [6, 7, 12, 15]. 

4.2.1.1. Drawbacks of using ZnO: 

ZnO has the drawback of low photo-corrosion resistance in electrolytic 

media. The stability problem of ZnO in DSSCs therefore needs much attention. 

Also, the as grown ZnO nanorod arrays generally have surface defects that serve as 

charge recombination centers and thus affecting the device efficiencies [7, 16, 17]. 

4.2.1.2. Surface Passivation as a remedy: 

One way to overcome these problems is surface passivation, it can help to 

reduce charge recombination as well as the stability is improved. Moreover, when 

ZnO is coupled with another nanostructured material, the unique properties that 

emerge as a consequence can be tuned as desired [18]. Coating a wide band gap 

semiconductor as a shell is one of the favored options [7]. Among wide band gap 

semiconductors titania is the material of choice because of numerous advantages 

[19], such as eco-safety, low cost, abundance, suitable bandgap, stability, low 

electrical resistance etc. The anatase phase of titania has a band gap of 3.2 eV and 

it has similar conduction band levels and physicochemical properties [3, 7] 

compared to ZnO. There are many reports in the literature for TiO2 and ZnO 

core/shell nanostructure [20-29]. 
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4.2.2. ZnO/TiO2 core/shell nanostructures: 

Extensive research is underway to make ZnO and TiO2 based core/shell 

structures for application in a variety of different fields, such as catalysis [6, 7], 

photovoltaics [24, 25], sensors [3, 30], optics etc. Many different fabrication routes 

are reported for different composite architectures. For example, Wang et al. have 

fabricated TiO2/ZnO core–shell nanostructure on glass substrates by a sequential 

plasma deposition and post-annealing process for dye sensitized solar cells 

applications [27]; Coaxial electrospinning of TiO2/ZnO core-shell nnaofibres is 

reported by Du et al. [25]; RF magnetron sputtering of TiO2 shell on ZnO core by 

Duo et al. [7];. In another report TiO2 layer is deposited by atomic layer deposition 

over ZnO nanorods grown by seed assisted chemical method [29]. Some other 

methods include seed assisted ZnO nanowires growth and dip coated TiO2 shell [6], 

hydrothermal growth of ZnO nanorod arrays and coating of TiO2 shell by 

atmospheric pressure chemical vapor deposition method [32]. 

Most of the above methods of fabricating ZnO/TiO2 nanocomposites 

require careful control of the process parameters such as current flow, choice of 

electrolyte etc. in the electrochemical method. The most simple method of growing 

1D ZnO/TiO2 core shell structures is by seed assisted aqueous chemical method and 

subsequent deposition of TiO2 by spin coating from an alcoholic solution of 

titanium tetraisopropoxide [3]. This is the method adopted for the present work. 

4.2.3. Plasmon Resonance of metal nanoparticles: 

The noble metal nanoparticles like Au and Ag bear wonderful electronic 

and optical properties that can potentially improve the performance of 

photovoltaics. Following three mechanisms can be utilized for solar cells [33]: 

i. Scattering from the metallic particles (far field effect),  

ii. The near field enhancement and  

iii. Generation of charge carriers in the semiconductor material in contact. 

The irradiated light excites the localized surface plasmons on the surface of 

metal nanoparticles and an evanescent wave with a strong electromagnetic field is 

produced. These localized surface plasmons cause scattering and absorption of light 
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on the surface.  The LSPR remain on the surface at a distance of about the diameter 

of the metal nanoparticles. Depending upon particle size, particle shape, dielectric 

constant, distance and wavelength of incident light [34], the LSPR produces effects 

like enhanced light absorption and Raman scattering, thus improving photo current 

generation in DSSCs. So, the combination of materials is important for LSPR 

effects for enhancement of required properties. The generation of charge carriers 

takes place if the metal nanoparticles are in contact with the dye infused TiO2 

nanofilm, it can accept electrons and the Fermi level equilibration can take place. 

An increase in the open circuit voltage of the DSSCs is the result of these charging 

effects, by shift of apparent Fermi level to more negative potential [35]. In the past 

decade, many reports have emerged in the literature with enhanced light absorption 

(and thus better efficiencies in DSSCs), due to LSPR or charging effects of noble 

metals incorporated in the semiconductor layer of the DSSCs [5, 34-42]. But to the 

best of our knowledge, the effect of incorporation of metal nanoparticles in 

core/shell TiO2/ZnO composites is not present in literature. 

4.2.3.1. Problems with bare metal nanoparticles: 

The major technological hurdle in employing metal nanoparticles in the 

semiconductor layer of DSSCs is the corrosion and the facile charge recombination 

caused by the bare metal nanoparticles present in the layer [39]. So a design with 

insulated metal nanoparticle with active surface plasmon resonance enhancement 

is required for improved performance [5]. To overcome this hurdle a few 

researchers have employed insulator/metal core/shell nanoparticles within the 

semiconductor layer of DSSCs [5, 37, 43]. Using an insulator inhibits the electrical 

transport. TiO2 coated metal nanoparticles have also been incorporated in the 

mesoporous titania film.  

 
The objectives of the present work are as follows: 

 Using ZnO nanorod arrays to provide a directed path to the charge 

carriers. 
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 Using TiO2 shell to inhibit the recombination due to ZnO surface defects 

as well as corrosion of metal nanoparticles caused by the electrolyte. 

 Employing gold nanoparticles to incorporate Localized Surface Plasmon 

Resonance in a unique configuration for the first time. 

The design offers completely covered yet active metal nanoparticles for 

enhanced efficiency in DSSCs with LSPR/charging effects without using insulator 

passivation as well as any danger of corrosion and charge recombination from the 

metal surface. 

4.3.1. TiO2/Au/ZnO Sandwich nanostructures: 

The surface plasmon resonance of completely covered gold nanoislands is 

combined with the advantages of 1D composite nanostructures of wideband gap 

semiconductors. We have worked on ZnO/Au/TiO2 sandwich nanorod arrays for 

improved efficiency in DSSCs. The sandwiched metallic layer is imparting surface 

plasmon resonance enhanced light absorption in dye infused TiO2 top layer without 

the danger of corrosion and carrier recombination caused by interaction with the 

electrolyte in the DSSCs when bare metal particles are employed. The reported 1D 

hybrid nanostructures design is suitable to overcome the major drawbacks of 

inefficient charge transport due to great number of grain boundaries and surface 

trap sites in the mesoporous architecture of core/shell structures. The ZnO nanorods 

offer directional transport of charge carriers with minimal grain boundaries and 

sufficiently large surface area.  

 

4.4.1. ZnO nanorod arrays:  

4.4.1.1. Seed Layer:  

5 mM zinc acetate solution in absolute ethanol was prepared by stirring at 

room temperature. The slides were dipped in the solution and dried. The step was 

repeated 3-5 times. The seed layer was then crystallized at 350 °C for 20 minutes. 

4.4.1.2. ZnO nanorod growth:  

Zinc nitrate (25 mM, 0.0941 g) and hexamethylenetetramine (25 mM, 0.07 

g) were dissolved in 20 ml DI water. The mixture was heated to 90 °C and bT/ITO 
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slides with seed layer were suspended in the solution for 3 hours. Afterwards the 

slides were washed with DI water and ethanol and dried in air. Annealing was 

performed at 350 °C. 

4.4.2. Au sputtered layer: 

Au layers of thickness 2, 4, 6, 8 and 10 nm were sputter coated using JEOL 

automatic sputter coater.   

4.4.3. TiO2 layer over Au coated ZnO nanorod arrays: 

Spin coating of TiO2 sol was made from 2 wt% solution of titanium 

tetraisopropoxide at 1800 rpm for 30 seconds to make a few nanometers TiO2 film 

over the gold coated ZnO nanorod films. TiO2 spin coating was also carried out on 

samples without the Au coating. The slides are called TiO2/xnmAu/ZnO, where x 

is the thickness of the gold layer ranging from 0 to 10 nm viz. 0, 2, 4, 6, 8 and 10 

nm. Annealing was carried out at 400 °C for an hour in air. A schematic for the 

fabrication of the sandwich nanorod arrays is given in fig. 4.1. 

 

Figure 4.1.  Schematic for the fabrication of TiO2/Au/ZnO nanorod arrays and the DSSC 

based on photoanode made of TiO2/Au/ZnO sandwich arrays 

4.4.4. Fabrication of Solar Cells: 

The ITO slides with blocking layer were used for the photoanodes of the 

DSSCs. All TiO2/xnmAu/ZnO samples were soaked overnight in 0.3 mM N719 
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ethanolic dye solution to make a monolayer of dye on top of TiO2 film. Then to 

assemble the device, the dye infused samples were sandwiched with Pt counter 

electrode using a hot melt spacer. The space between the two electrodes was filled 

with an I-/I3
- electrolyte. The devices were testes as soon as assembled. 

4.4.5. Characterization: 

X-ray diffraction analysis was carried out using Stoe D-64295 Darmstadt 

X-ray Diffractometer to obtain the structural identification. Morphological 

characterization was carried out by FESEM using Philips XL30 FEG SEM and 

TEM using JEOL JEM-2100F Field Emission Transmission Electron Microscope. 

UV/Visible spectroscopy using unico UV-2800 UV/Vis spectrophotometer was 

carried out for optical characterization. PL spectroscopy was carried out using Lab 

Ram III, DongWoo, Optron PL spectroscope, with wavelength of 345nm. The 

assembled DSSCs were subjected to current density-voltage (JV) measurement 

under 1 sun illumination (100 mW/cm2) with Biologic VSP potentiostat.  

 
The nanostructures were successfully fabricated and employed in the 

DSSCs for their performance analysis. Following is a detail of analyses on the 

sandwich nanostructures: 

4.5.1. XRD Analysis:  

A representative XRD plot taken for TiO2/2nmAu/ZnO is shown in fig. 4.2. 

The TiO2 being minor component show low intensity peaks. TiO2 anatase (101) 

major peak is present at 25 degree as labeled. ZnO is identified as the major 

component with (100), (002), (101) indexed peaks for the wurtzite hexagonal ZnO 

phase (JCPDS 00-36-1451) and preferred orientation along [001] direction. Au 

being in minute quantity has not shown a peak in XRD. 
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Figure 4.2. XRD plot of TiO2/2nmAu/ZnO sandwich nanorod arrays. 

4.5.2. Raman Spectroscopy: 

Fig. 4.3 is the Raman spectra for the core/shell ZnO/TiO2 nanorod array in  

 

Figure 4. 3. Raman shifts for the core/shell ZnO/TiO2  and ZnO nanorod arrays. 
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comparison with ZnO nanorod arrays. TiO2 can be clearly identified with the peaks 

marked as (#) at 142 cm-1, 396, 515 and 638 cm-1. The Raman peak of ZnO is 

present at 437 cm-1 marked with an asterisk in the figure. The Au being a metal 

does not show a Raman band, however, the amount of Au present in various 

samples can affect the intensity of the peaks due to TiO2 and/or ZnO. 

4.5.3. FESEM analysis:  

The morphological studies from FESEM reveal uniformly distributed ZnO 

nanorod arrays covered with a uniform TiO2 film. A representative FESEM  

 

Figure 4. 4: FESEM image of TiO2/ZnO core/shell nanorod arrays, inset shows cross 

section of the arrays. 

image for the core/shell nanorod arrays is shown in fig. 4.4 with an inset for the 

cross section of the nanorod arrays. All samples were similar in dimensions. From 

the image, the length of the nanorods is 1.00±0.05 μm and the average diameter is 

63±5 nm. 

Fig 4.5 presents the FESEM images for different samples. (Fig.4.5a) is the 

ZnO/TiO2 coreshell nanorod arrays view at 45° tilt, fig. 4.5b,c and d are low and 

high magnification view of overall TiO2/6nmAu/ZnO nanorod assembly,  
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Figure 4.5. FESEM images of (a) TiO2/ZnO coreshell nanorod arrays, (b-d) 

TiO2/6nmAu/ZnO sample, (e, f) TiO2/8nmAu/ZnO sample and (g, h) sample 

TiO2/10nmAu/ZnO. 

individual nanorod with top TiO2 layer scratched/peeled off and top-view showing 

detachment of top TiO2 layer at some of the nanorods tips respectively, fig 4.5 e 
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and f show an individual nanorod from the TiO2/8nmAu/ZnO sample and fig. 4.5 

g and h are low and high magnification images showing degree of alignment among 

nanorods in the array and TiO2 layer morphology at and near the nanorod tip in 

sample TiO2/10nmAu/ZnO. The samples were fabricated on soda lime glass so 

there may be a difference of adherence to the substrate in comparison to the samples 

prepared on the FTO coated glass substrates. 

4.5.4. TEM Analysis:  

An HRTEM image of TiO2/2nmAu/ZnO sample from near the tip of the 

nanorod is shown in fig. 4.6 for the qualitative analysis of various phases. The d 

spacing for the visible lattice is measured and indexed to be wurtzite ZnO (002) 

plane in upper region, Au fcc (111) with d spacing of 0.23 nm in lower right portion 

and (004) plane of anatase TiO2 with d spacing 0.24 nm at lower left are identified 

and labeled. 

 

Figure 4.6. HRTEM image of a tip of a sandwich nanorod of sample TiO2/2nmAu/ZnO 

(scale bar = 2nm). 

TEM reveals interesting results for the morphology and distribution of the 

different phases in the sandwiched structures. Due to annealing of the samples, the 

Au layer has transformed into metal islands. This transformation seems to be 
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beneficial for the intended application as upon aggregation of Au islands, TiO2 top 

layer has come in direct contact with the ZnO nanorods. With all the benefits of 

metal layer incorporation, the electrons can be transferred to ZnO even directly 

from TiO2 as the CB of TiO2 lies below CB of ZnO [44, 45]. 

 

Figure 4. 7: TEM images of TiO2/2nmAu/ZnO (a) and (b); TiO2/6nmAu/ZnO (c) and (d) 

and TiO2/10nmAu/ZnO (e) and (f). 
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Table 4.1:  Au deposit volume on samples TiO2/2nmAu/ZnO, TiO2/6nmAu/ZnO and 

TiO2/10nmAu/ZnO and Au nanoparticle diameter and number density as calculated from 

TEM images. 

Sr. 

no. 

Sample Sputtered 

Au 

thickness 

(nm) 

Volume 

of gold 

deposit 

(cm3) 

Nanoparticle 

diameter 

(nm) 

Number 

density 

(NP/cm2) 

1. TiO2/2nmAu/ZnO 2nm 4e-8 6.7±2.5 1.0e11 

2. TiO2/6nmAu/ZnO 6nm 1.2e-7 9.8±3.5 1.4e11 

3. TiO2/10nmAu/ZnO 10nm 2e-7 12.9±2.6 3e11 

The size and spatial distribution of aggregated Au nanoparticles are evident 

from the TEM images. TEM images for TiO2/2nmAu/ZnO (Fig. 4.7 a, b), 

TiO2/6nmAu/ZnO (Fig. 4.7 c, d) and TiO2/10nmAu/ZnO (Fig. 4.7 e, f) are 

presented at two different magnifications to reveal the overall distribution of Au 

nanoparticles in the sandwich nanorods (Fig. 4.7 a, c and e) and a close view from 

the edge of the sandwich nanorods to observe the position/thickness of Au and top 

TiO2 layer (Fig. 4.7, d and f). The Au nanoparticles are distributed uniformly over 

the nanorod structures. The particle size and the number density is calculated from 

TEM images and is given in table 4.1. The sample TiO2/2nmAu/ZnO has small Au 

nanoparticles with low density. With increase in the sputtered thickness the average 

size as well as the density of the Au nanoparticles is increasing as can be seen in 

TEM images for TiO2/6nmAu/ZnO and TiO2/10nmAu/ZnO nanostructures and 

Table 4.1. TEM images also reveal that as the Au layer thickness increases from 2 

nm to 10 nm, the thickness of TiO2 film over the Au nanoparticles also decreases. 

4.5.5. UV/Vis Absorption Spectroscopy:  

UV/Vis absorption spectra are given in fig. 4.8a for samples with 0, 2, 4, 6, 

8 and 10 nm sputter coated Au layers. The localized surface plasmon resonance 

occurs in the vicinity of 500-600 nm in the case of Au [5]. So, the broad peak 

centered at 590 nm is ascribed to Au layer in the sandwich structures. The peak  
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Figure 4.8. UV/Vis absorption spectra of ZnO/TiO2 core shell nanorod arrays (0nm Au) 

and with 2, 4, 6, 8, and 10 nm Au sandwiched TiO2/Au/ZnO nanorod arrays (a) with 

actual absorbance scale for all (b) background adjusted to make LSPR peak prominent. 

position is same for all the samples because it is independent of the metal 

nanoparticle size less than 20 nm[5]. Generally, the near filed plasmon resonance 

enhancement increases with decreasing metal particle size [46]. This trend is 
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observed in present results. If we compare the height of the absorption at 590 nm 

and below 400 nm, we can clearly see that the localized surface plasmon resonance 

peak is being enhanced as the Au layer size is decreasing, and the maximum 

intensity is observed with 2 nm sputter coated Au, i.e., smallest particle size of 6.6 

nm in the sandwich nanostructures. To make it clear a plot with adjusted 

background is shown in fig. 4.8b with onset, peak and offset positions marked by a 

straight line. 

The other parameter playing its part here is the thickness of the top TiO2 

film covering the Au layers [47]. As the LSPR effects in the proximal 

semiconductor material are also dependent upon the distance from the metal 

nanoparticles and are maximum at a distance equal to the diameter of the metal 

particle [34, 42]. The thickness of TiO2 film being 5 - 10 nm is such that the Au 

nanoparticles in TiO2/2nmAu/ZnO are seen embedded at a distance similar to their 

diameter, i.e., 6.6 nm. With increasing sputtered Au thickness, the metal 

nanoparticle size is increasing while TiO2 film thickness is not altered. This results 

in decreasing the thickness of TiO2 film covering the metal nanoparticles, thus 

decreasing the LSPR effects as also observed from TEM images (Fig. 4.7). 

4.5.6. Photoluminescence (PL) Spectroscopy: 

For application in DSSCs the study of rate of recombination of generated 

charge carriers is very important and PL spectroscopy is a valuable tool to examine 

the charge carrier generation and transfer. PL spectra of ZnO/TiO2 core shell 

nanorod arrays and the 1D sandwiched arrays are shown in fig. 4.9. The inset shows 

stacked PL spectra to reveal the individual spectra. Two PL peaks can be observed 

for all the samples, one in the UV region with greater intensity and one with low 

intensity in the visible region. The PL peak in the UV region is attributed to the 

recombination of electrons and holes in conduction and valence bands respectively. 

While that in the visible region is related to defect related states in ZnO such as 

oxygen vacancies. These transitions take place from states closer to conduction 

band to those near the valence band [48]. From the spectra it is observed that the 

intensity of PL is decreased in all the Au nanoparticle sandwiched nanorod arrays 

compared to the ZnO TiO2 core shell arrays. From UV Vis plots (fig 4.8) it is 
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revealed that the light absorbing capability of the sandwich nanorod arrays is 

improved owing to the plasmon resonance effects of Au nanoparticles. So decrease 

in PL is attributed to decrease in the rate of radiative recombination of charge 

carriers or their transfer to the Au nanoparticles. The decrease in the oxygen 

vacancies on ZnO nanorod surface with increase in the number density of Au 

nanoparticle is another factor of successive decrease in the PL intensity of the peak 

in visible region. This is because Au nanoparticles favorably occupy the Oxygen 

vacancies during ZnO/Au interface buildup. The reason for relatively higher PL 

intensity from sample TiO2/2nmAu/ZnO can be the lower concentration of Au 

nanoparticles. 

 

Figure 4.9: Photoluminescence spectra of ZnO/Au/TiO2 sandwich nanorod arrays with 0, 

2, 4, 6, 8 and 10 nm Au layer thickness. 
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4.5.7. Solar Cell Testing:  

The JV curves obtained for the devices incorporating hybrid nanostructures 

TiO2/x-nmAu/ZnO are shown in fig. 4.10. The DSSC parameters are given in the  

Table 4. 2: Solar cell parameters for DSSCs employing TiO2/xnmAu/ZnO sandwich 

nanorod arrays as photoanodes. 

Sr. No. Sample Jsc 

(mA/cm2) 

Voc 

(V) 

ff η 

(%) 

1. ZnO/TiO2 0.96 0.63 0.34 0.20 

2. TiO2/2nmAu/ZnO 1.70 0.643 0.38 0.41 

3. TiO2/4nmAu/ ZnO 1.61 0.64 0.37 0.38 

4. TiO2/6nmAu/ZnO 1.25 0.655 0.41 0.33 

5. TiO2/8nmAu/ZnO 1.12 0.66 0.41 0.30 

6. TiO2/10nmAu/ZnO 1.06 0.65 0.41 0.28 

Figure 4.10: JV curves of DSSCs employing TiO2/xnmAu/ZnO sandwich nanorod arrays 

with 0, 2, 4, 6, 8 and 10 nm thick Au layers. 
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table 4.2. It can be seen that the current density, Open circuit voltage and hence 

efficiency is increased upon incorporation of metal nanoparticles between ZnO core 

and TiO2 shell. The increase in the current density is attributed to the LSPR of the 

Au nanoparticles. The maximum increase in the current density is observed with 

the Au nanoparticles of average size 6.6 nm in sample TiO2/2nmAu/ZnO. The 

LSPR absorption peak is also highest for this sample (Fig. 4.8a) 

Plots of Jsc vs. Au particle size and density for three samples with 2 nm, 6 

nm and 10 nm sputtered Au are given in fig. 4.11. The current density is maximum 

for smallest Au nanoparticle size and lowest number density and is decreasing with 

increase in the Au nanoparticle size and density. The trend is almost linear with the 

Au nanoparticle size and is steep with the number density of Au nanoparticles (Fig. 

4.11). 

 

Figure 4.11. Plots of Au nanoparticle size and number density vs. current density for 

samples TiO2/2nmAu/ZnO, TiO2/6nmAu/ZnO and TiO2/10nmAu/ZnO marked by 2, 6 and 

10 respectively. 
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There is a minor increase in the open circuit voltage, when Au nanoparticles 

are employed. The reason for the increase in Voc can be the result of Fermi level 

alignment between the ZnO, Au and TiO2 layers as depicted in the fig. 4.12. When 

Au nanoparticles are in contact with the semiconductor material they can accept 

electrons from the semiconductor and Fermi level equilibration takes place. This 

results in apparent shift of Fermi level to more negative potential reflecting higher 

open circuit voltage of the solar cell [35]. Now, as the Au nanoparticles are present 

between ZnO nanorods and the TiO2 film. There are two possibilities: either they 

are embedded in TiO2 only (Fig. 4.12A), or they are in contact with ZnO and TiO2 

both (Fig. 4.12B). The chances of being completely in ZnO are rare as ZnO 

nanorods are grown as single crystal while TiO2 has been crystallized after 

annealing. The Voc increases upon addition of Au nanoparticles between TiO2 and 

ZnO.  

 

Figure 4.12. Fermi level equilibration due to charging of Au nanoparticles embedded in 

the ZnO/Au/TiO2 sandwich nanostructures A: Au nanoparticle embedded in TiO2 only; B: 

Au nanoparticle in contact with both ZnO and TiO2.(Adapted from [35]) 



Chapter 4  1D TiO2/Au/ZnO Sandwich Nanoarrays: Synthesis and Application 

75 

 

 
Unique sandwich nanorod arrays of TiO2/Au/ZnO with various Au layer 

thickness (from 2 nm to 10 nm) are presented for efficiency improvement in 

DSSCs. ZnO nanorod arrays are prepared by seed assisted wet chemical method. 

Au is sputter coated and TiO2 film is spin coated to obtain the nanostructures. XRD, 

FESEM, HRTEM and UV/Vis spectroscopy are utilized for analyzing the prepared 

1D sandwich nanoarrays. These are then employed as photoanodes in DSSCs and 

JV measurement is carried out in comparison with core/shell TiO2/ZnO nanorod 

arrays. There is device efficiency enhancement in all the samples where Au is 

sandwiched between TiO2 and ZnO. A maximum improvement by a factor of 2.05 

is achieved when 2nm Au is sputter coated. The localized surface plasmon 

resonance as well as the charging of the incorporated metal nanoparticles have 

contributed in the improvement of efficiencies of the Dye Sensitized Solar Cells. 

The current density is improved due to the LSPR effects of metal nanoparticles. 

Also the charging effect due to metal nanoparticles has resulted in an increase in 

the open circuit voltage in the devices due to Fermi level equilibration. The 

assembly has got increased dye adsorption and thus better light harness quality due 

to effects of sandwiched Au film as well as better transport of the charge carriers 

due to 1D morphology. 
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5. Calixarene basket dyes: Synthesis and 

application in DSSCs 

 

A new class of dyes based on basket shaped molecules “calixarenes” is 

introduced for Dye Sensitized Solar Cells (DSSCs). These new Donor-π-bridge-

Acceptor (D-π-A) type of dyes possess great potential of improving DSSCs 

efficiency to a great extent with suitable selection of chromophores. In calixarenes 

the flow of electrons is directed along the length of the molecules by resonance 

or/and induction effects and there is no conjugation around the molecular cup. This 

fact can prevent the recombination of charge carriers to a great extent. As one of 

the first examples for DSSC employment of this class of compounds, p-(6-chloro-

2-benzothiazolylazo)calix[4]arene (pcb calix) and p-(1,3,4-thiadiazol-2-thiol-5-

ylazo)-calix[4]arene (ptt calix) are used here to sensitize titania. An efficiency of 

0.3% and 0.47% is achieved with dyes pcb-calix and ptt-calix respectively. 

 
The sensitizer in DSSCs has a great role in improving the efficiency as 

revealed form the literature. After the landmark discovery by M. Gratzel’s group in 

1991 [1] the typical DSCs were mostly reported employing Ruthenium based metal 

organic complex sensitizer (N3, N719, N749) [2-6]. In 2008 the 10% breakthrough 

was observed by improvements in device fabrication using N719 Ru based metal-

organic complex sensitizer (black dye) [7]. Inorganic quantum dots as sensitizer 

have also revealed quotable efficiencies by many research groups including Nozik 

[8], Hodes et al. [9], Gerischer et al. [10, 11] and others [12-14]. Metal free organic 

sensitizers have also been applied in sensitization of the oxide semiconductor [15-

18].The Ruthenium complexes with suitable anchoring ligands have been the 

material of choice for sensitization of wide band gap semiconductor in DSSCs for 

almost two decades. However, in 2011, 12.3% efficiency was reported by A. Yella 
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et al. with a Zn porphyrin sensitizer and Co (II/III) electrolyte [19] marking a 

paradigm shift in sensitizers for DSSCs. This year, S. Mathew et al. have reported 

13% efficient DSSCs using porphyrin dye [20], marking maximum efficiency for 

typical DSSCs. Recently 15% efficiency is reported by a new class of sensitizers 

i.e. perovskites by Bruschka et al. [21].  

5.2.1. Donor- π Bridge-Acceptor dyes:  

The advanced organic sensitizers are D-π-A (Fig. 5.1), such dyes are 

promising for highly efficient DSSCs [6, 22]. These consist of three parts; the 

‘donor’ is the light absorbing chromophore that produces excited electrons upon 

absorption of light, which are passed to the ‘π-bridge’ a conjugated bridge from 

where the ‘acceptor’ part of the molecule collects and transfers the electrons to the 

semiconductor layer of the photoanode. 

 

Figure 5.1. A schematic of D-π-A dye with multiple D and A groups. 

This chapter will focus on a detailed account of calixarenes, synthesis of calix dyes 

and application in the DSSCs. The calixarenes are also desirable to have a multiple 
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number of chromophores and the anchoring groups; or donor and acceptor groups 

respectively. 

5.2.2. Calixarenes 

Basket molecules of calixarenes are fascinating molecules extensively 

studied in supramolecular chemistry. Calixarenes are cyclic oligomers made of 

benzene units as cyclodextrins are made up of glucose units [23]. These molecules 

are formed via a phenol-formaldehyde condensation reaction [24] and exist as 

basket shaped molecules with a defined upper and lower rims and a central annulus 

[25]. Fig. 5.2(a) shows a structural formula of calix[4]arene tetrol where 4 is the 

number of benzene rings in the cyclic oligomer and Fig 5.2 (b) presents a side view 

of the steric ball model of p-tert butyl calix[4]arene to show the characteristic basket 

conformation. 

 

Figure 5.2. Chemical structure of calix[4]arene (a) structural formula, (b)steric ball 

model of tert-butyl calix[4]arene. 
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The rigid conformation of calixarenes enable these molecules to act as host 

molecules for various guests in applications where their cavities play central role 

[24]. Furthermore the calixarene cavity can recognize the size of guest molecules 

on the basis of the cavity size selectivity to form host-guest complexes in solution 

[23]. The diameter of the upper rim of calix[4]arene is about 3.8 Angstrom in size 

[23]. The calix[4]arene can adopt four different conformations depending upon the 

relative orientation of the substituents at the para positions and the hydroxyl groups. 

These are cone, partial cone, 1,2-alternate, and 1,3-alternate [26]. The upper and 

lower rims of these molecules can be functionally modified to make various 

derivatives according to the intended application.  

5.2.3. History of Calixarenes 

The beginning of calixarene chemistry takes us all the way back to late 

nineteenth century, when Adolph von Baeyer’s reaction of mixing phenol with a 

very rare compound of those times ‘formaldehyde’ resulted in a black resinous tar 

that defied all the characterization options available at that time. Baeyer did not 

proceed further for comprehension of the product and pursued other work for which 

he was awarded 1905 Nobel Prize. Thirty years later Leo Baekland discovered 

production of a hard brittle solid upon heating the Baeyer’s resinous tar. He 

patented this discovery and named it as “bakelite”, which led to the establishment 

of first plastic industry in the world. 

This bakelite process inspired many researchers and scientists to acquire the 

insight of the chemistry of this process. In early 1940s Alois Zinke condensed 

formaldehyde with p-alkylated phenols under basic conditions in linseed oil (very 

high boiling solvent) to obtain high melting colorless solids [27]. Zinke and Ziegler 

discovered the compounds as cyclic tetramers [28]. Major work was done in the 

understanding of calixarenes by David Gutshe and his co-workers at Washington 

University. Gutsche was the first scientist to emphasize the potential use of 

calixarenes as molecular receptors for enzyme mimics. In 1978, he proposed the 

name calixarene based on the recognized calix or cup like shape of the cyclic 

tetramer [27]. In 1990s these compounds were presented briefly with emphasis on 
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their chemical separation capabilities [26]. After this period there is immense 

activity in the calixarene research and unlimited publications, based on synthesis of 

numerous calixarene derivatives and their application in a number of different 

fields, have appeared in the literature. 

5.2.4. Functionalization of Calixarenes 

Calixarenes can be functionalized in various ways and numerous calixarene 

derivatives have been synthesized in the past two decades. The modification of 

calixarenes can be carried out at two places phenolic hydroxyl groups and para-

positions (Fig 5.2). Functional groups introduced in one step can be modified 

further by subsequent reactions including migration.  

 

Figure 5.3. Functionalization of calixarene molecules (from[29]). 

5.2.4.1. Upper rim functionalization: 

Usually upper rim substitution of calixarene is carried out by de-t-butylation 

of p-tert-butyl group followed by subsequent reactions. A number of methods are 

possible to functionalize the upper rim of the calixarenes (Fig. 5.3). P-tert butyl 

calixarenes can be converted to p-acyl derivatives by single step, one-pot 

procedure. Similarly introduction of functional groups like hydroxamic acid group, 

bromination under a variety of reaction parameters have been observed from 

literature [30].  
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5.2.4.2. Lower rim functionalization: 

The hydroxyl groups at the lower rim can be easily substituted with other 

groups to provide different anchoring groups which can also be electron 

withdrawing in nature for application in DSSCs. For example carboxylate group. 

The lower rim functional groups of calixarenes are usually responsible for physical 

properties of calixarene molecules [26]. Fig. 5.3 illustrates the possible 

modification ways for the lower rim of calixarene molecules. 

5.2.5. Applications of calixarenes 

Calixarene baskets lend themselves very well to various applications due to  

 

Figure 5.4. (a) Chemical structure of calixarene derivative and cartoon illustration of 

formation of unimolecular capsules and bis-heterodimers. (b) Schematic illustration of 

the complex-induced aggregation of BPTA-PBI by p-sulfonatocalix[5]arene (from [35]). 
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the multiplicity of options for their structural modification. The cavity of the 

calixarene molecules can accommodate small molecules/metal ions etc. that is the 

reason they have got immense interest for application where these can act as hosts. 

Some applications are as follows: sensors [25, 31, 32], enzyme mimics [26, 33] as 

supports in chromatography [34] e.g. in GC and HPLC [26], electrochemical 

impedance spectroscopy [26, 36], photoluminescence [37], catalysis [24, 26], phase 

transfer[26], transport across membranes[26], ion channels[26], self-assembling 

monolayers [26]  and many biological applications [27, 38]. Calixarene dyes have 

also been used for dyeing of fibers [39]. The calixarene dyes have not been used 

for the sensitization of the semiconductor material in DSSCs before 2014. The 

utilization of calix dyes in photosensitization of semiconductors is being added to 

the long list of calixarene applications as another promising field fig 5.4 presents 

some examples of application of calixarene derivatives. 

5.2.6. Objectives of the present work 

David Gutshe says in a book entitled ‘calixarenes in the nanoworld’:  

“Little did our limited imaginations foresee the degree to which they would 

become important players in so many other fields of research. Little could we know 

that they would someday provide materials for the then barely nascent world of 

nanochemistry which now occupies a prominent place in today’s arena of 

research” [27].  

Here is the addition of another field of application for versatile calixarenes, 

i.e. to employ multi anchoring calixarenes for sensitization of semiconductor layer 

in the DSSCs. The upper rim of the calixarene can be modified with light absorbing 

functional groups which could absorb light for excitation of electrons. The excited 

electrons, through π-bridge and the electron withdrawing anchoring groups at the 

lower rim, are injected into the titania. The structure of the calixarene molecules is 

such that the cone configuration and multi functionalization can result in efficient 

sensitizers for the DSSCs. 

 In the present work two calixarene dyes p-(6-chloro-2-

benzothiazolylazo)calix[4]arene (pcb-calix) and p-(1,3,4-thiadiazol-2-thiol-5-
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ylazo)-calix[4]arene (ptt-calix) are employed as sensitizers in DSSCs for the first 

time. These D π A dyes are synthesized by diazo coupling reaction according to the 

literature [40]. The synthesized dyes were employed in Dye Sensitized Solar Cells. 

To the best of our knowledge, this is second report about employing calixarene 

based basket molecules in DSSCs as sensitizers. The first one is a recent report by 

Tan et al. with calixarene dyes with different functional groups [41](published after 

we had started working on the present idea). Previously, p-sulfo calix[4]arene was 

used as a linker between N719 and titania for photochemical hydrogen production 

[42]. 

 
The dyes pcb-calix and ptt-calix were synthesized by diazo coupling of 

calixarene with respective amines according to the procedure given below [40].  

5.3.1. Synthesis of p-(6-chloro-2-benzothiazolylazo)calix[4]arene (pcb calix): 

2-Amino-6-chlorobenzothiazole (1.85 g, 10 mmol) was dissolved in 10 mL 

hot glacial acetic acid. The solution was rapidly cooled in an ice-salt bath to -5 °C. 

It was then added in portions to a cold solution of nitrosyl sulphuric acid in half an 

hour. The nitrosyl sulfuric acid was prepared from sodium nitrite (0.69 g) and 

concentrated sulphuric acid (15 ml) at 70 °C. The above mixture was stirred for 

another hour at 0 °C to complete the diazotization. In another beaker calix[4]arene 

(1 g, 2.36 mmol) was vigorously stirred in 26 mL DMF:H2O (8:5 v/v) solvent. The 

diazo liquor was slowly added in the calixarene solution at 0 °C. During this process 

the pH was maintained at 7-8 by adding NaHCO3 in portions. The reaction mixture 

was stirred for 1 hour at 0-5 °C.  

Thin Layer Chromatography (TLC) was utilized to check the progress of 

the reaction, where silica gel coated on aluminum sheet was the stationary phase 

and DMF : Water (8:5 v/v) was the solvent. The obtained product was filtered and 

washed with cold water. Recrystallization was carried out from DMF-H2O to give 

a brown product.  
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5.3.2. Synthesis of p-(1,3,4-thiadiazol-2-thiol-5-ylazo)calix[4]arene (ptt calix):  

5-Amino-1,3,4-thiadiazole-2-thiol (10 mmol, 1.33 g) was dissolved in 10 

mL hot glacial acetic acid. The solution was rapidly cooled in an ice-salt bath to -5 

°C. It was then added in portions to a cold solution of nitrosyl sulphuric acid in half 

an hour. The nitrosyl sulfuric acid was prepared from sodium nitrite (0.69 g) and 

concentrated sulphuric acid (15 ml) at 70 °C. The above mixture was stirred for 

another hour at 0 °C to complete the diazotization. In another beaker calix[4]arene 

(1 g, 2.36 mmol) was vigorously stirred in 26 mL DMF:H2O (8:5 v/v) solvent. The 

diazo liquor was slowly added in the calixarene solution at 0 °C. During this process 

the pH was maintained at 7-8 by adding NaHCO3 in portions. The reaction mixture 

was stirred for 1 hour at 0-5 °C.  

Thin Layer Chromatography (TLC) was utilized to check the progress of 

the reaction, where silica gel coated on aluminum sheet was the stationary phase 

and DMF : Water (8:5 v/v) was the solvent. The obtained product was filtered and 

washed with cold water. Recrystallization was carried out from DMF-H2O to give 

a maroon product. 

5.3.3. Fabrication of DSSCs 

For fabrication of DSSCs, the FTO coated glass slides were cleaned using 

soap solution, DI water, Ethanol and acetone by subsequent ultrasonication for 10 

minutes each. A blocking layer of TiO2 was spin coated at 1500 rpm using 0.2 % 

solution of 1:1 mixture of Titanium tetraisopropoxide and acetylacetone in 

isopropanol. Then TiO2 mesoporous films were fabricated by doctor blading using 

a paste of P25 TiO2 nanoparticles. The films were dried in air and annealed at 450 

°C for an hour, a ramp rate of 1.5 degrees per minute was applied. The annealed 

TiO2 coated FTO slides were immersed in 0.3 mM ethanolic solution of the dyes 

pcb-calix and ptt-calix to make a monolayer of dyes on top of TiO2. The photoanode 

comprising of FTO/TiO2/dye were joined with a Pt counter electrode using a 60μm 

thick hot melt spacer, and the space between the two electrodes was filled by I-/I3
- 

electrolyte. 



Chapter 5          Calixarene basket dyes: Synthesis and application in DSSCs 

91 

 

5.3.4. Characterization: 

UV/Vis spectroscopy, cyclic voltammetry (CV) and NMR were carried out 

to characterize the dyes pcb-calix and ptt-calix. The solar cells were subjected to 

current density-voltage (JV) measurement under 1 sun illumination (100 mW/cm2). 

 
The calixarene based dyes are promising for efficient charge flow in DSSCs 

because there is directional conjugation in these molecules i.e. from top to the 

bottom and the electrons cannot delocalize along the ring of the molecule due to 

absence of conjugation (alternate double bonds). When employed in DSSCs, the 

bottom or the Acceptor (A) part of the D-π-A basket dye molecules is chemically 

linked with the TiO2 nanoparticles while the upper part or the donor part (D) is 

directed towards the electrolyte. In this configuration the electron flow is directed 

as desired at the molecular level with greater prevention of charge recombination. 

If electron donating groups and efficient light absorbers (donor groups) are attached 

at the upper rim and electron withdrawing groups (acceptor groups) are attached at 

the lower rim an efficient sensitizer can be obtained. 

 

Figure 5.5. Structures of dyes pcb-calix and ptt-calix. 
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The present work is based on synthesis of calixarene dyes that could be 

easily prepared in one pot procedure. Calix[4]arene tetrol is the starting material 

and only the upper rim is functionalized by diazo coupling reactions, so that these 

molecules may be tested for their applicability in the DSSCs. The choice of 

chromophores i.e. upper rim substituents may then be further explored. In the 

following is a detail of analyses for the synthesized dyes and their application in 

the DSSCs. 

The dyes were synthesized and were employed in DSSCs after 

characterization. Fig. 5.4 shows the chemical structures of the dyes pcb-calix and 

ptt-calix. 

5.4.1. NMR Spectroscopy: 

The H1 NMR spectra of pcb-calix and ptt-calix are given in fig. 5.6 and 5.7 

respectively. The peaks for the two compounds match to the peaks given in 

literature for these two compounds [40]. The aromatic protons show peaks in the 

region from 6.5 to 8 ppm. The aliphatic hydrogens have shown peaks in the region 

from 1.2 to 3.0 ppm. The OH and SH hydrogens appear at around 11 and 13 ppm 

respectively. 
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Figure 5.6 H1 NMR spectrum of pcb-calix.  
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Figure 5.7 H1 NMR spectrum of ptt-calix  
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5.4.2. UV/Visible spectroscopy: 

 

Figure 5.8. UV/Vis spectra (a) pcb-calix and ptt-calix solutions in ethanol and (b) on 

mesoporous titania films in comparison with mesoporous titania film alone. 

Fig. 5.8 shows the UV/Vis spectra of the dyes pcb-calix and ptt-calix in 

ethanol (Fig 5.8 a) and infused on mesoporous titania(mT) film in comparison with 

the TiO2 film alone (Fig. 5.8 b). We can observe the red shift in the onset of 

absorbance with both pcb-calix and ptt-calix covered mesoporous titania films due 

to the chemical bonding of the dyes with the TiO2. 
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5.4.3. Electrochemical analysis 

The electrochemical measurements were carried out on “CHI 600 

electrochemical work station” with a three electrode configuration. The working 

electrode was dye infused TiO2 film on FTO glass, Pt was the counter electrode and 

Ag+/AgCl was the reference electrode. The measurements were obtained in 0.1 M 

solution of ammonium hexaflourophosphate in acetylacetone. The scan rate was 

100 mVs-1. The ferrocene/ferrocenium (Fc/Fc+) was used as an external standard. 

The energy level of Fc/Fc+ is located at -4.8 V with respect to the vacuum [43]. The 

half wave potential of Fc/Fc+ w.r.t. Ag/Ag+ is 0.05 V [43]. The HOMO energy 

levels of the dyes were estimated by equation:  

EHOMO= – (4.8 – (VFc,Fc+)+ Eox, onset) 

   = – (4.75 + Eox, onset) eV, 

Where Eox, onset is the onset oxidation potential relative to the Ag/Ag+ 

reference electrode. The LUMO levels were calculated using: 

Eg= ELUMO- EHOMO 

 

Table 5. 1 Optical and Electrochemical properties of dyes pcb-calix and ptt-calix 

Sr. 

No. 

Sample  λmax 

(nm) 

Absorption 

onset 

(nm) 

Eg Onset 

oxidation 

potential 

(V) 

HOMO 

(V) 

LUMO 

(V) 

1. pcb-

calix 

269 394 3.15 1.68 -6.43 -3.28 

2. Ptt-

calix 

283 397 3.12 1.12 -5.87 -2.75 

Absorption maximum in ethanol solution at room temperature, Absorption onset on TiO2 film, 

HOMOs were measured in acetylacetone with 0.1 M ammonium hexafluorophosphate (APF6) 

as electrolyte (working electrode: FTO/TiO2/dye; reference electrode: Ag/AgCl; calibrated with 

ferrocene/ferrocenium (Fc/Fc+) as an external reference, Counter electrode: Pt),Eg was estimated 

from the absorption thresholds from the absorption spectra of dyes adsorbed on the TiO2 films, 

LUMO is estimated by subtracting E0–0 from HOMO 
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Figure5. 9 (a) CV curves obtained for dyes pcb-calix and ptt-calix on titania films; (b) 

Energy levels of conduction and valence bands of TiO2, HOMO and LUMO levels of dyes 

pcb-calix and ptt-calix and the redox potential of I-/I3
-. 

The voltammograms are given in Fig. 5.9 a. Table 5.1 shows the values 

obtained for the absorption onset and the excitation transition energy (Eg) values 

from UV/Vis spectra [44], onset oxidation potential and the calculated HOMO and 

LUMO levels for the dyes pcb-calix and ptt-calix. 

Fig. 5.9b illustrates the positions of the energy levels of TiO2 and the two 

dyes. We can see that the CB of TiO2 lies below the LUMO levels of both dyes. So 

the dyes are suitable to be used in DSSCs. 
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5.4.4. Solar cell Testing 

The current density-voltage (JV) measurement of the fabricated DSSCs was 

carried out under 1sun illumination at 100mW/cm2. The JV curves for the dyes pcb-

calix and ptt-calix are given in fig. 5.10 a and b respectively. The device parameters 

for the JV measurement are labeled in the plots of fig. 5.10 and are also given in 

table 5.2. There is a minor difference in the performance of the two dyes, pcb-calix 

gives an efficiency of 0.3 % in DSSC and ptt-calix gives an efficiency of 0.47 %, 

the fill factor is 0.63 and 0.68 respectively. 

 

Table 5.2 DSSC parameters with pcb-calix and ptt-calix as sensitizers. 

Sr. No. Sample Voc (volts) Jsc 

(mA/cm2) 

ff η (%) 

1. Pcb-calix 0.52 0.95 0.63 0.3 

2 Ptt-calix 0.58 1.2 0.68 0.47 
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Figure 5.10.  Current density and power density vs. voltage plots of DSSCs fabricated 

using pcb-calix (a) and ptt-calix (b) sensitizers. (Jsc, Voc, ff and PCE are also labeled 

within the plots). 

 
The present work introduces new class of D-π-A dyes for DSSCs. p-(6-

chloro-2-benzothiazolylazo)calix[4]arene (pcb-calix) and p-(1,3,4-thiadiazol-2-

thiol-5-ylazo)-calix[4]arene (ptt-calix) are employed as sensitizers in DSSCs and 

current density-voltage measurement is made. Efficiencies of 0.3 % and 0.47 % are 

obtained with dyes pcb-calix and ptt-calix respectively. The calixarene dyes are 

promising for highly efficient DSSCs with proper selection of donor 

(chromophores) and acceptor groups. In this work the donor groups are based on 

benzothiazol and thiadiazol. The light absorbing capabilities of these groups are not 

very good. Besides OH group is the anchoring group which is not a good electron 

withdrawing group, in future COOH group will be incorporated. Further work on 

these dyes with better chromophores will help in improving the performance of the 

devices. This is a new class of D-π-A dyes and possess great potential to produce 

high efficiencies in DSSCs. 
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6. Concluding Remarks 

For a multicomponent device like DSSC, design of different components is 

a very challenging task. There are a number of factors need to be kept in mind. One 

well performing parameter can lead to the downfall of another property so 

compromises need to be made to get maximum out of a particular device design. 

Our country lies in a region with a plenty of sunlight almost throughout the 

year, so keeping our climate conditions in mind, research in the area of solar cells 

is highly beneficial. DSSCs is an inexpensive class of solar cells but needs much 

improvement in efficiency/stability issues before it can be made commercial in 

Pakistan. The present research is carried out on materials of the photoanode. This 

thesis is a small contribution towards finding some new configurations of existing 

materials. Also a new class of compounds i.e. calixarenes are applied as dyes in 

DSSCs to open up new options of research in this active area.  

Titanium dioxide is the most widely used metal oxide as the semiconductor 

in DSSCs. We have discovered a novel synthesis method of titanium dioxide 

hierarchical nanostructures or nanoflowers.  Titanium dioxide nanoparticles when 

treated under alkaline aqueous conditions with microwaves for as less as 5 minutes, 

nanoflowers of sizes less than a micron are produced. Both anatase nanopowders 

and P25 (anatase and rutile mix) nanopowders were treated under identical 

conditions to produce nanoflowers. These when applied in the DSSCs give greatly 

improved performance in comparison with the untreated powders. An efficiency 

improvement by a factor of 2.12 is obtained when nanoparticles replaced by 

nanoflowers. This is because the hierarchical morphology of the nanoflowers 

allows greater absorption of light by scattering as well as large specific surface 

areas.  

Further, a new configuration for plasmon resonance enhancement in DSSCs 

is studied. One dimensional sandwich nanostructures consisting of zinc oxide 

nanorods, gold nanoparticles and titanium dioxide are fabricated and tested in 
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DSSCs. The variation of sandwiched gold layer thickness was studied with respect 

to the plasmon resonance effects. It is also found that the sandwich layer of gold 

also enhances the open circuit voltage of the DSSCs employing these sandwich 

nanorod arrays by charging effects. The TiO2/Au/ZnO sandwich nanorod arrays 

were compared with TiO2/ZnO coreshell nanorod arrays. The incorporation of 2 

nm Au layer resulted in device efficiency improvement by 205 %. 

While exploring new ideas for the DSSCs a new class of compounds with 

3 dimensional cup shaped structure called calixarenes are employed as dyes in the 

DSSCs. Two dyes are synthesized and employed to sensitize the mesoporous titania 

in photoanode of DSSCs and their photovoltaic performance is studied. The cup 

shaped dyes possess the potential to produce highly efficient DSSCs as they allow 

charge flow only along the length of the molecules. These D-π-A dyes have great 

potential for DSSCs with suitable chromophores and anchoring groups. However a 

lot of research is needed to make a suitable calixarene dye for the DSSCs. 

DSSCs is a very interesting research field and this kind of solar cells have 

got the ability to make a large impact on society. However, there are still many 

challenges that need to be faced, and a lot of improvements within the field have to 

be done. 

 



 

 

7.  Future Recommendation 

The source of improvement lies in understanding of the problems. The solar 

cells research with passage of time would be refined at our lab with attainment of 

specialized equipment for example: EQE measurement would help to better 

understand the performance of our devices which can lead to diagnosis and cure of 

deficiencies.   

For the ZnO/Au/TiO2 1-D sandwich nanorod arrays, the very thin Au layer 

is to be grown in a more controllable manner to achieve better control on size and 

number distribution of Au nanoparticles. There is a plan to use BLAG technique in 

collaboration with CIIT to control the size and density of Au nano particles 

(keeping the amount of Au fixed). Also other semiconducting compositions having 

suitable band energy position in energy band diagram shall be explored for similar 

studies in core shell form. There is a need for further optimization of relative 

thicknesses of components, initial diameter and number density of ZnO nanorods 

arrays for improved device characteristics.   

As the calixarene dyes are considered, although the molecular configuration 

of calixarenes are highly beneficial for electronic flow in DSSCs, the main 

limitation lies in the absorption of visible solar spectrum by the present 

chromophores, in other words, the absorption of benzothiazolylazo and thiadiazol 

thiolylazo is not good in visible region. To overcome this problem, there is a need 

to design a synthesis route to make a donor-π-acceptor calix dye that may absorb 

near IR region so that most of the visible light may be absorbed. This can be 

achieved by attaching highly absorptive chromophores on the upper rim of 

calixarene molecule. These dyes are promising for high efficiency in DSSCs. 

Hope to achieve the goal of developing inexpensive DSSCs while working 

in a devoted team.  
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