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Six peripherally meso-modified Zn (II) porphyrin sensitizer dyes are designed and their J-

V performance in dye sensitized solar cell (DSSC) evaluated. Electron-donating groups including 

phenothiazine, carbazole and pyrene are used to modify the porphyrin macrocycle at the meso-

carbon position(s). To compare the effect of donor substitution on the performance of the cells 

in terms of short circuit current (Jsc), light harvesting efficiency (LHE) and power conversion 

efficiency (η), two sets of sensitizers with different degrees of substitution are synthesized. One 

set of dyes (mono-substituted) have one electron donor at trans-position to the acceptor, while 

the second set (tri-substituted) dyes have three of the same type electron donor groups at 5, 10 

and 15 meso-carbon positions making all the six dyes push-pull type sensitizers incorporating 4’-

carboxyphenyl as an electron-acceptor/anchor group. Different spectroscopic and 

electrochemical methods are used to study the photophysical and electrochemical properties 

of the dyes, while the photovoltaic performance of their cells under 1.5 A.M is studied using 

solar simulator. Meso-substitution of Zinc (II) porphyrin with these small donor molecules is 

shown to improve the light harvesting character of the Zinc (II) porphyrin macrocycle in the UV-

Vis absorption while at same time improving its fluorescence quantum yield, excited-state life 

time and electron donating potential. All these factors combined make these meso-modified 

dyes better sensitizers with suitable ∆𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖0  𝑎𝑎𝑎𝑎𝑎𝑎 ∆𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅0 , and much improved power conversion 

efficiencies (PCE) compared to unsubstituted Zn (II) porphyrin. In particular, as a result of the 

peripheral modification, a doubling in efficiency in the mono- substituted series (RA-200-Zn; η= 



4.2%, Jsc= -13.13 mA cm-2, Voc=0.54 ) and tripling in the tri-substituted series ( tri-phenothiazine 

Zn (II) Porphyrin;  η= 7.3%, Jsc= -18.15 mA cm-2, Voc= 0.55 ) compared to unsubstituted Zn (II) 

porphyrin (η= 2.11%, Jsc= -5.7 mA cm-2, Voc= 0.53 V) has been accomplished. 
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CHAPTER 1 

INTRODUCTION TO DYE SENSITIZED SOLAR CELLS 

1.1. Energy Demand and the Use of Renewable Energy Resources 

The rapid rise in world population, advancement in technology and transportation, and 

economic growth has led to an increasing in energy demand1. The energy in this world is classified 

into two categories, renewable and non- renewable. At this time, non-renewable energy sources, 

such as natural gas, nuclear, coal, and petroleum, are essential. Besides the fact that these 

sources are becoming depleted with time, the burning of fossil fuels leads to the emission of 

carbon dioxide and other harmful gases such as carbon dioxide, sulfur dioxide, nitrogen oxides, 

particulate matter, and heavy metals such as mercury. These gases which are known as 

greenhouse gases are believed to be the major reasons of health problems, global warming and 

climate change2. 

Reducing the use of non-renewable sources and using advanced technologies, which are 

based on renewable resources such as solar, wind, hydrothermal, geothermal, and biomass 

would help to  solve the above problems3. About 120,000 TW4 of solar energy reaches the surface 

of the earth every day. Based on reports from U.S. Energy Information Administration at this time 

the amount of energy used by the world is 19.23 TW per year1. Therefore, if solar energy can be 

effectively used, it can help to solve the energy demand and avoid the problems that arise due 

to the use of fossil fuels. 

1.2. Solar Photovoltaics 

The principle of converting solar photon energy into an electric current in solar 

photovoltaic devices, which are called solar cells, is based on the photovoltaic effect. The 
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photovoltaic effect, which was observed first by Alexandre-Edmond Becquerel in 1839, is the 

process in which an electric voltage is produced at the junction of two different materials in close 

contact when it is  struck by light or other radiant energy5, 6. The most widely used solar cells are 

silicon-based p-n junction solar cells. The first crystalline silicon (c Si) p-n junction was reported 

by Chapin, Fuller, and Pearson from Bell Labs, USA, in 19547. The power conversion efficiency of 

this cell was 6%. Currently, silicon based solar cells have a global market share of 90% and a 

record power conversion efficiency of 22.8% for a large-area crystalline silicon photovoltaic 

module8.  However, monocrystalline or polycrystalline silicon based solar cells have well known 

drawbacks such as their expensive price, which makes them not very competitive with fossil fuel-

based sources, as well as the tedious manufacturing process and the huge amount of energy 

required to produce pure crystalline silicon9. As a result, other alternative solar cell types are 

being explored to deal with the noted disadvantages of silicon solar cells. 

Recent developments in solar cells have been aimed at lowering their cost by using 

cheaper amorphous or nanocrystalline semiconductor materials instead of the expensive mono 

or poly crystalline silicon semiconductor. These photovoltaic technologies which are known as 

the second and third generation because they were developed after the silicon wafer based first 

generation silicon solar cells, (see Figure 1.1)10, come in different types. The second generation 

solar cells are thin film-based solar cells, and the most common are amorphous silicon (a Si) thin 

film and Cadmium telluride (CdTe) thin film solar cells, with efficiencies at 13.6% and 16.7%, 

respectively11-13.The most promising recent development have been achieved with third 

generation solar cells. The material composition of these cells can be nanocrystals, polymers, 

dyes, and perovskites. Each class has unique advantages and features. Besides the fact that they 
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are cheaper alternatives, the third generation solar cells can be multijunction cells, which enables 

them to overcome the Shockely-Queisser single junction limit of maximum power conversion at 

33%8. However, among the third generation solar cells, the dye sensitized solar cells (DSSCs) are 

the best alternatives for the following reasons: their cheaper raw material, low production cost, 

transparent and aesthetic design, light weight, flexibility, and better performance in diffuse light 

and in indoor applications14, 15. 

 
Figure 1.1: Schematic representation of the various solar cells. Adapted from reference 10. 

1.3. Dye Sensitized Solar Cells: History and Material Composition 

Dye sensitized solar cells were popularized at the beginning of the 1990s when Michael 

Grӓtzel and Brian O’Regan for the first time achieved a 7.1% Incident Photon-to-Current 

Efficiency (IPCE) under 1 sun illumination using mesoporous titanium dioxide (TiO2) thin films 

sensitized with a ruthenium complex as a working electrode16. Initially, ruthenium based dyes 

were the most studied sensitizer, achieving a record IPCE of 10%. However, later, other 

sensitizers such as porphyrins, phthalocyanines, and thiophenes appeared to be better 
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sensitizers, and currently the highest DSSC reported efficiencies, at 13% and 14%, are based on 

porphyrin and thiophene sensitizers, respectively17, 18.  

A typical DSSC has a configuration like that whose schematics are shown in Figure 1.2. The 

electrochemical cell is composed of a working electrode, a redox mediator, and a counter 

electrode. The working electrode consists of a transparent conducting glass, a semiconducting 

metal oxide, and a sensitizing dye. A thin layer of a mesoporous semiconducting oxide 

nanoparticles such as TiO2, which are sintered to achieve electronic conduction, is deposited on 

glass coated with a transparent conducting oxide (TCO) such as fluorine doped tin oxide (FTO). 

The typical film used in DSSC has a thickness of about 10 µm, with a porosity of 50 – 60%, and 

the particle size ranging between 10 and 30 nm in diameter. The high internal surface area with 

large pore sizes that is achieved by annealing the nanoparticle paste allows the deposition of a 

monolayer of the charge transfer dye or the sensitizer16, 13. 

On the other hand, the counter electrode is a platinized transparent conducting glass 

formed by depositing platinum nanoparticles on an FTO glass and sintering to form a thin film. In 

between the two electrodes is sandwiched a redox mediator that serves as a redox shuttle 

between the working and counter electrodes. As will be discussed later, even though there are 

different types of redox mediators, iodide/triiodide (I-/I3-) is the electrolyte most commonly used 

as a redox shuttle19. The working principle of the cell will be discussed later in section 1.4. 



5 

 
Figure 1.2: Schematic diagram of DSSC. Adapted from reference 19. 

1.3.1. The Working Electrode (Photoanode): Materials and Preparation 

The working electrode in DSSCs is composed of a dye sensitized mesoporous 

semiconducting metal oxide film deposited on a transparent conducting glass substrate20. The 

wide bandgap semiconducting oxide serves as the photoanode and a scaffold for loading the light 

harvesting dye (sensitizer). The using of dye molecules to harvest light in dye-sensitized 

photoelectrochemical cells was used prior to the popularization of DSSCs. However, the main 

drawback of these cells was their low power conversion efficiency, which was almost 1%. The 

main reason for their low performance was their low light harvesting efficiency. Because of the 

low specific surface area of the smooth semiconducting oxide thin films used, the incident 

monochromatic light absorbed was low. On a smooth surface, the incident monochromatic light 

absorbed by a monomolecular layer is less than 1%16.  
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The revolutionary concept introduced by O’Regan and Grӓtzel in their pioneering paper 

in 199116 was to apply a mesoporous film composed of small nanoparticles. The thin film of 

mesoporous TiO2, used with a thickness of 15 µm and a nanoparticle size of 15 nm as a scaffold 

for light harvesters, dramatically increased optical density and boosted the photoconversion 

efficiency up to 7%. Not only TiO2, but also various other wide bandgap metal oxides such as ZnO 

and SnO2 as well as other composite materials such as carbon nanotubes and graphene are used 

as photoanodes. Besides the material composition, the shape and size of the photoanodes and 

their effect on efficiency are studied. Different shapes of the semiconducting oxides such as 

nanoparticles, nanowires, and nanorods are studied. However, because of their ease of 

preparation, good electron mobility and conductivity nanoparticle anatase TiO2 paste are the 

most widely used photoanodes21, 22. 

In this thesis, anatase TiO2 nanoparticles are used for making the transparent and the 

scattering (opaque) layers of the photoanode. The size of the nanoparticles used for making the 

transparent layer are 20 nm, while the opaque layer is made of nanoparticles of size 20 nm23, 24. 

The preparation of the photoanode film is optimized in our lab for the best performance in the 

way it is annealed and the control for the thickness. The preparation of the film involves cleaning 

the FTO glass with soap and water followed by cleaning under sonication in a series of solvents 

including 0.1 M HCl, bulk acetone, and isopropanol, respectively, for 10 minutes each. Before the 

deposition of the transparent layer, the cleaned FTO glass is dried on a hot plate for 15 minutes 

at 250 0C before it is treated by being immersed and kept at 70 0C in a 40 mM TiCl4, which was 

prewarmed for 30 minutes at the same temperature. The excess TiCl4 is rinsed with Millipore 

water and ethanol consecutively, and it is dried for 15 minutes at 250 0C. Next, the FTO glass is 
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cooled at room temperature, and the surface is purged by nitrogen gas, at which point it is ready 

for the deposition of the transparent layer. 

The FTO glass is taped on a wooden support using a scotch tape, which is used to control 

the thickness of the transparent layer. After a doctor blade technique is used, the paste is allowed 

to dry on air for 15–20 minutes. Following this, the FTO glass is annealed through a series of 

temperatures for 10 minute each at 130 0C, 230 0C, 330 0C, 395 0C, 430 0C, and 515 0C for an hour. 

This procedure results in a transparent layer of mesoporous TiO2 which is cooled at 70 0C for 

about 30 minutes before the deposition of the scattering layer. The scattering layer is applied in 

the same way using a doctor blade technique on top of the transparent layer, and the paste is 

allowed to dry in the air for 15–20 minutes. The same procedure described above are followed 

to anneal the scattering layer. Overall the mesoporous TiO2 film is composed of the transparent 

and the scattering layer with a specific thickness. Finally, the film is treated in a (40 mM) TiCl4 

solution in the same way described earlier. After the excess TiCl4 is rinsed using both Millipore 

water and ethanol consecutively, the photoanode is kept for 15 minutes at (350 0C) and later 

cooled and kept at (70 0C), while the counter electrode and the electrolyte solution are prepared. 

1.3.2. Photosensitizers: Molecular Dye Sensitizers 

In DSSC, the photosensitizer is a key component that determines the light harvesting 

potential of the cell. An ideal photosensitizer needs to satisfy certain basic requirements. 

Primarily, it needs to have good optical absorption that covers most of the visible portion of the 

solar spectrum with a high molar extinction coefficient; dyes with absorption extending to the 

near IR are preferred. The dye needs to have an anchoring group that electronically couples the 

photosensitizer to the semiconducting metal oxide surface; the most common anchoring groups 
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used in DSSCs are based on carboxylate, phosphonate, and cyanoacrylic acid25, 26. In terms of its 

electronic and redox properties, to be able to inject electrons, the photosensitizer needs to have 

an excited state with energy higher than the conduction band of the n-type semiconductor, and 

its highest occupied molecular orbital (HOMO) should lie below the redox potential of the redox 

mediator for dye regeneration to occur. Finally, the dye sensitizer needs to be comparatively 

photo, thermally, and electrochemically stable to have a longer life time and better turn over 

numbers27. 

A great variety of photosensitizers have been studied for application in dye sensitized 

solar cells. Carella et al. in their recent review grouped the different photosensitizers studied so 

far into three types: ruthenium (II) polypyridyl complexes-based dyes, metal-free organic dyes 

and Zn-porphyrin derivatives based dyes27. Ruthenium(II) polypyridyl complexes were among the 

first sensitizers used in DSSCs. These sensitizers have interesting photophysical and redox 

properties. Their broad optical absorption with high molar extinction coefficient related to a 

metal to ligand charge transfer (MLCT) process, coupled with their well aligned ground and 

excited states are among the reasons for their better performance28. The pioneering work by 

O’Regan and Grӓtzel in 1991 used a ruthenium trinuclear complex, (dye 1 in Figure 1.3), with 

absorption all the way to 750 nm and achieved an efficiency of 7.1%. Soon synthetically more 

improved Ru (II) based dyes were reported and achieved higher efficiencies29.  

Nazeeruddin et al. in 1993 and 1999 reported very similar compounds based on a 

ruthenium (II) bipyridyl with two thiocyanate ligands and four carboxylate groups achieving red 

shifted absorption up to 800 nm.  The two dyes, well known by their reference codes as N3 and 

N719, (dyes 2 and 3 in Figure 1.3), with power conversion efficiencies of (10.0%) and (11.2%), are 
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well known and are used as reference dyes in DSSC studies30, 31. The high efficiencies achieved in 

both dyes are attributed to the very high JSC (18 mA/cm2) and high Voc (720 mV) for dye N3.  

 
Figure 1.3: Chemical structures of dyes 1-9. Adapted from reference 26. 
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Similarly, for dye N719, a JSC of (17.73 mA/cm2) and a Voc of (846 mV) is reported. A simple 

deprotonation of two of the four carboxylate groups in N3 leads to a significant increase in Voc in 

N719 because it minimizes the down shift in the conduction band observed in N3 due to 

protonation of the TiO2 surface that leads to lowering of the Voc.  The highest efficiency achieved 

so far in Ru(II) based complexes is the 11.7% achieved with dye 3 in (Figure 1.3) incorporating 

thiophene functional groups on one of the bipyridyl ligands23, 32. 

The second class of dyes, which are most important and attractive sensitizers are 

porphyrin-based dyes. Porphyrins are close in structure and optical properties to the light 

harvesting chlorophyll dyes in green plants. They are characterized by distinct absorption peaks 

in the visible region: an intense Soret band between 400- 450 nm and Q-bands between 500-700 

nm. Their panchromatic absorption in the Visible-NIR region with a high molar extinction 

coefficient (ε~ 105 1
𝑐𝑐𝑐𝑐𝑐𝑐

), appropriate redox potentials, easy synthesis, synthetic tunability, and 

high excitation energy makes them among the best candidates for DSSC applications33. Zinc-

porphyrin based dyes gained attention after Tachibanna et al. in 2000 reported the first 

tetrakis(4-carboxyphenyl)porphyrin, (dye 4 in Figure 1.327), based DSSC. Even though the 

reported efficiency was low, this work introduced better alternatives compared to Ru based dyes. 

Porphyrin sensitizers have come a long way in terms of their design and efficiency. 

To prevent and minimize energy loss due to aggregation, long alkyl chain groups on the 

macrocycle and also co-adsorbents such as chenodeoxycholic acid (CDCA) and hexadecylmalonic 

acid (HDMA) were used and helped to improve the power conversion efficiencies34. Moreover, 

synthetic designs that improve optical property such as broadening of the Soret band, and red 

shifting and intensifying of the Q-bands, as well as designs that improve the charge separation 
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and slow charge recombination were tested and resulted in efficiencies surpassing 10 %. Chang 

et al in 2011 reported meso alkoxyphenyl-substituted porphyrins with a meso ethynyl-benzoic 

acid anchoring group. In their report, (dye 5 in Figure 1.3), containing a dimethylanilino donor 

group showed the best performance with 10.17% efficiency because of the push-pull nature of 

the dye that helps to separate charge efficiently and facilitate charge injection to TiO2 while 

minimizing charge recombination35. Recent development in porphyrin based DSSCs has 

incorporated the various scientific knowledge gained through the years and designed the best 

performing D-π-A incorporating electron donating and withdrawing groups that create a push-

pull nature, secondary donors that move holes to avoid fast recombination, and long chain alkoxy 

bulky groups that prevent aggregation. These recent dyes reported by Grӓtzel et al., (dyes 6 and 

7 in Figure 1.3) have achieved record efficiency in porphyrin based DSSCs, with efficiencies at 

12% and 13%, respectively18. 

The third group of dyes is metal free dyes. These sensitizers are mostly modeled as D-π-

A where an electron rich donor is connected to an acceptor, the anchoring group, bridged by a π 

conjugation. Triphenylamine (TPA) and its derivatives are among the most explored donor 

molecules in combination with thiophene based bridges because of their broad spectral coverage 

and high molar extinction coefficient27. One of the first TPA based sensitizers that achieved 

promising efficiency was (dye 8 in Figure 1.3) containing a TPA donor, 3, 4-ethylendioxythiophene 

group (EDOT) bridge, and carboxylic acid acceptor; it achieved a power conversion efficiency of 

7.3%. Much work has been done on improving the spectral coverage of TPA based sensitizers by 

functionalizing them with thienothiophene or bis-thienothiophene; also, a combination of either 

of them with EDOT resulted in improving the molar extinction coefficient significantly and 
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broadening/red-shifting of the optical absorption36. For example, dye 9, a dihexyloxy-

triphenylamine (DHO-TPA) dye containing an electron rich cyclopentadithiophene is one of the 

TPA based dyes which show an efficiency above 10%37. Other improvements in  metal free 

sensitizers include, the use of bulky substituents to prevent aggregation such as hexyloxy and 

dihexyloxy in the TPA backbone38, the inclusion of an acceptor between the donor and the π 

bridge to give D-A-π-A39, and also the use of push-pull donor-acceptors40.  

1.3.3. Redox Mediator and Counter Electrode (Photocathode): Materials and Preparation 

In any electrochemical cell, two electrically conductive electrodes which are the anode, 

where the oxidation takes place, and the cathode, where the reduction reaction occurs, are 

needed for the electronic current to flow through the external circuit. In the DSSC, the anode is 

the transparent conducting glass (FTO) on which a dye sensitized mesoporous semiconducting 

metal oxide film is deposited, and it is also called a photoanode because the light usually enter 

the cell from this side. The cathode consists of transparent conducting glass (FTO) with a thin 

platinum film which serves as a catalyst, and it is called a “counter electrode” because it counters 

the photoanode to complete the cell41-43. 

In order to use a material as a counter electrode for DSSCs, there are certain requirements 

that must be met, for example, its charge-transfer resistance should be low, which means it 

should have high charge conductivity; its exchange current density of reducing the oxidized form 

for the redox mediator should be high; and it should have chemical and electrochemical stability 

in the electrolyte used in the DSSCs44, 45. The most commonly used counter electrode is FTO glass 

with an iodide/triiodide (I-/I3-) redox mediator. However, FTO is not a good counter electrode 

because of its high resistivity of about 106Ωcm2 and low electron-transfer kinetics for the 
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reduction of triiodide to iodide46. This problem can be mitigated by modifying the FTO glass by 

deposition of a thin platinum film which catalyzes the redox reaction at the surface16.   

In this study, a platinized FTO glass is used as a counter electrode, and it is prepared by 

drop-casting a thin platinum film from (H2PtCl6) hexachloroplatinic acid solution (2 mg Pt in 1 ml 

ethanol). The counter electrode is kept for 15 minutes at 400 0C and later cooled and kept at (70 

0C). In order to achieve high performance of DSSCs with a platinized FTO counter electrode, 

iodide/triiodide is used as a redox mediator, and it is prepared by dissolving (0.6 M) propyl methyl 

iodide (PMII), (0.05 M) Iodine (I2), (0.1 M) lithium iodide (LiI), and (0.5 M) tert-butylpyridine (TBP) 

in acetonitrile.   

1.4. Dye Sensitized Solar Cell: Working Principles 

There are a number of processes involved in converting photon energy into electricity in 

a DSSC operating under light illumination. For standardization and comparison purposes, DSSCs 

in lab research are tested under an input power of 1 Sun which is standardized to the AM1.5 solar 

spectrum having an integrated intensity of (100 mW cm-2)13. Understanding and optimizing the 

different computing processes in the operation of DSSCs is key in improving the efficiency, the 

material cost, and design. The schematics in (Figure 1.4) shows the different processes involved, 

which are numbered and color coded to show the desired processes (blue) and the undesired or 

energy loss processes (red)21.The primary step is light absorption and photoexcitation of the dye 

sensitizer (step 1). This exciton generation is followed by charge separation as the excited 

electron gets injected to the conduction band of the semiconducting oxide (step 2). For this to 

happen, the excited state energy of the sensitizer should be higher than the energy of the 

semiconductor conduction band. Moreover, electron injection needs to happen very fast to avoid 
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relaxation  of the photoexcited dye to its ground state (step 6); dye aggregation is one factor that 

leads to loss in energy due to dye recombination13. 

Once the electron is injected into the TiO2, it can be transported (step 3) through the 

substrate (SB), conducting oxide (FTO), to operate the external load, or two other computing 

processes can lead to recombination. The first one of these is back electron transfer (BET) to the 

oxidized dye (step 8), and the second one is recombination of electron with the oxidized 

electrolyte (I3-) (step 7). Dye regeneration (step 4) is very crucial for photoexcitation and electron 

injection to happen. The role of the redox mediator is to regenerate the oxidized dye by reducing 

it. For dye regeneration to happen, the redox potential of the redox mediator should be above 

(or less positive) than the HOMO energy level of the dye sensitizer. The most commonly used 

redox mediator, I-/I3- , has a redox potential of 0.354, which is well aligned with most commonly 

used sensitizers20, 47. Finally, the oxidized dye (I3-) is reduced by an electron collected at the 

counter electrode by the conducting oxide (FTO) and this process is catalyzed by platinum 

deposited as a thin film on top of the (FTO) glass. Each of the above processes needs to be well 

studied and optimized to improve the efficiency of a DSSC. The electrochemical processes 

involved in an operating DSSCs are summarized below48. 

𝑆𝑆 
ℎ𝑣𝑣
��   𝑆𝑆∗  (1) 

𝑆𝑆∗  →   𝑆𝑆•+ + 𝑒𝑒− (2) 

𝑒𝑒−(𝐶𝐶𝐶𝐶 ) →  𝑒𝑒−(𝑆𝑆𝐶𝐶 ) (3) 

𝑂𝑂𝑂𝑂 + 𝑒𝑒−(𝐶𝐶𝐶𝐶) →  𝑅𝑅𝐶𝐶𝑅𝑅 − (5) 

𝑅𝑅𝐶𝐶𝑅𝑅 − + 𝑆𝑆•+ → 𝑂𝑂𝑂𝑂 + 𝑆𝑆 (4) 

𝑒𝑒−(𝐶𝐶𝐶𝐶) + 𝑂𝑂𝑂𝑂 → 𝑅𝑅𝐶𝐶𝑅𝑅 − (7) 
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𝑒𝑒−(𝐶𝐶𝐶𝐶) + 𝑆𝑆•+ → 𝑆𝑆 (8) 

𝑆𝑆∗  →    𝑆𝑆 (6) 

 
Figure 1.4: Simplified schematic description of processes in DSSC. Adapted from reference 16. 

 

1.5. Dye Sensitized Solar Cell: Performance Characterization 

Characterization of the performance of a DSSC is equally important to the fabrication of 

a cell. The most important data for evaluating performance of a DSSC is its current density- 

voltage (J-V) relationship. This measurement is performed by connecting the cell to a power 

meter that sweeps the potential between the electrodes to get the current response both in the 

dark and under light illumination. Figure 1.5 shows the current density- voltage (J-V) curve for a 

typical DSSC and the different parameters associated with it. The four most important 

parameters which will be discussed in more detail are the short circuit current density (Jsc), the 

open circuit voltage (Voc), the fill factor (FF), and power conversion efficiency (PCE or η).  
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The short circuit current density, Jsc, is the maximum current flowing through the cell 

while it is under illumination when the voltage is zero. In reporting the current of a DSSC, the 

current density is used rather than simply current because the area illuminated could be 

different, and this does not allow meaningful comparison. Jsc is a product of the light harvesting 

efficiency of the cell (LHE) and other parameters such as electron injection and regeneration 

quantum yields. It is given by equation (1), where (𝜑𝜑𝑝𝑝ℎ,𝐴𝐴𝑐𝑐 1.05𝐺𝐺) and (𝑒𝑒) are the photon flux in 1.5 

AM illumination and the elementary charge, respectively. Because both of these parameters are 

constant, (𝐽𝐽𝑠𝑠𝑐𝑐) depends on the value of (𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶), which can be calculated using equation (2), where 

(LHE) is the light harvesting efficiency, and ( 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖) , ( 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟), and ( 𝜂𝜂𝑐𝑐𝑐𝑐 ) are the electron injection 

quantum yield from the excited dye to the conduction band of TiO2, the regeneration efficiency 

of oxidized sensitizers, and the charge collection efficiency, respectively49. 

𝐽𝐽𝑠𝑠𝑐𝑐 = ∫ 𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶(𝜆𝜆)𝑒𝑒𝜑𝜑𝑝𝑝ℎ,𝐴𝐴𝑐𝑐 1.05𝐺𝐺(𝜆𝜆)𝑑𝑑𝜆𝜆 (1) 

𝐼𝐼𝐼𝐼𝐶𝐶𝐶𝐶(𝜆𝜆) = 𝐿𝐿𝐿𝐿𝐶𝐶(𝜆𝜆) × 𝜑𝜑𝑖𝑖𝑖𝑖𝑖𝑖(𝜆𝜆) × 𝜑𝜑𝑟𝑟𝑟𝑟𝑟𝑟 × 𝜂𝜂𝑐𝑐𝑐𝑐(𝜆𝜆) (2) 

The open circuit voltage (Voc), on the other hand, is the maximum voltage that can be 

achieved from the cell when it is under illumination when the current passing through the cell is 

zero. As can be seen from (Figure 1.4), the Voc of a cell is the energy difference between the fermi 

level of the semiconducting oxide and the redox potential of the electrolyte.  The (Voc) of a cell is 

also influenced by the ratio of the rates electrons entering (Ratee-in) and electrons exiting (Ratee-

out) the metal oxide as shown in equation (3). This is why it is important to maximize the rates of 

electron injection (kin) and dye regeneration (kreg) while minimizing the rates of back electron 

transfer (kBET) and recombination (krec)20. The overall sunlight-to- electrical energy conversion 

efficiency of a dye sensitized solar cell (η), as given in equation (4), is determined by four 
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parameters, Voc, Jsc, fill factor(FF), and I0, which refers to the photon flux (100 mM.cm2 under 1 

sun standard AM 1.5 G condition50). 

𝑉𝑉𝑜𝑜𝑐𝑐 ∝
𝑘𝑘𝐵𝐵𝑇𝑇
𝑟𝑟

ln( 𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑒𝑒−𝑖𝑖𝑖𝑖
𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑒𝑒−𝑜𝑜𝑜𝑜𝑜𝑜

) (3) 

𝜂𝜂 = 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑖𝑖𝑖𝑖

= 𝐽𝐽𝑆𝑆𝑆𝑆×𝑉𝑉𝑂𝑂𝑆𝑆×𝐹𝐹𝐹𝐹
𝐼𝐼0

 (4) 

Figure 1.5: Current density–voltage curve for a solar cell under illumination (Jsc = short-circuit current 
density, Voc = open-circuit voltage, Pmax = maximum power point, Vmax = voltage at maximum power, 

Jmax = current density at maximum power, Popt = optimal/theoretical power point, FF= fill factor). 
Adapted from reference 20. 

 

Besides the current density–voltage (J-V), the incident photon-to-current efficiency (IPCE) 

which is also known as external quantum efficiency (EQE) is another important measurement 

that reveals the performance of the cell at converting photons of particular wavelength (energy). 

IPCE of a cell at a particular wavelength (λ) is dependent on the short circuit current density (JSC) 

and the photon flux at that particular wavelength (λ) and it is given by equations (5, 6). At the 

same time, the IPCE of a cell is the result of a product of the partial quantum efficiencies of the 

photocurrent generating processes: the light harvesting (𝜂𝜂LH), electron injection (𝜂𝜂INJ), and 

charge collection efficiency(𝜂𝜂COL) 13, 51. Generally, the IPCE of a dye is similar to its absorption 



18 

spectrum because it depends on the absorbed photons and it provides a useful information 

regarding the monochromatic quantum efficiency. In this experiment the IPCE of the studied cells 

is measured at the short circuit condition using a monochromator from PV measurements 

coupled with a Keithley 2400 source meter. A typical IPCE data with respect to photon 

wavelength for a dye is shown in Figure 1.652. 

IPCE =  𝐽𝐽SC(𝜆𝜆)
𝑟𝑟Φ(λ)

=  𝜂𝜂LH(𝜆𝜆)𝜂𝜂INJ(𝜆𝜆)𝜂𝜂COL  (5) 

IPCE =  1240 𝐽𝐽SC(𝜆𝜆) [A cm−2]
𝜆𝜆 [nm]𝑃𝑃in(𝜆𝜆)[ W cm−2]

  (6) 

where Jsc is the short circuit current density, 𝑒𝑒 is elementary charge, Φ is the photon flux, and Pin 

is the power input which is 100 mWcm-2.  

Figure 1.6: The incident photon to current conversion efficiency (IPCE) data. Adapted from reference 
52.  

 

In addition to J-V and IPCE measurements, electrochemical impedance measurements are 

vital to understand the charge transfer and transport processes at the different interfaces in the 

DSSC. An Electrochemical Impedance Spectroscopy (EIS) is used to measure the impedance at 

the FTO/TiO2, TiO2/electrolyte, and electrolyte/Pt-FTO interfaces. It is an important steady state 

analytical tool which measures the current response of the cell to a perturbation from a small 
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amplitude AC signal over a wide range of frequency53, 54. The EIS spectra of a cell is most often 

presented as a Nyquist plot with the imaginary impedance (Z” or Zim) as a y-axis and the real 

impedance (Z’ or Zre) in the x-axis. The Nyquist plot for a typical DSSC is composed of two semi 

circles or sometimes three. Generally the first semi-circle and the last semi-circle have smaller 

diameters. They are the impedances at the higher and lower frequencies and they represent the 

impedance for the charge transfer at the counter electrode and the diffusion of the electrolyte, 

respectively. And the impedance at the intermediate frequency, which its semi-circle has greater 

diameter, represents the electron transport at the mesoscopic TiO2 film and the back electron 

transfer at the TiO2/electrolyte interface. The low frequency impedance for electrolyte diffusion 

is not distinct in most cases including in the cells studied in this thesis. The two semi-circle Nyquist 

plot is well described by an equivalent R-C circuit model which is composed of two parallel R-C in 

series to model the back electron transfer at the TiO2/electrolyte interface (ECB,TiO2 to I3-) and the 

charge transfer at the counter electrode (FTO/Pt to I3-)55, 56. This same model is used to model 

and calculate the RCT for the cells studied in this thesis. In figure 1.7 is shown the EIS of a reference 

ruthenium polypyridyl dye and the R-C circuit model57. The most important data that is acquired 

from the EIS is the charge-transfer resistance RCT which is obtained by analyzing the impedance 

data of a cell in reference to the R-C circuit model by the software provided with the data 

acquisition set up. The smaller value of RCT is the better cell performance because of smaller 

charge transfer resistance associated with the electron exchange involving the I3− ↔ I−at the 

counter electrode.  
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Figure 1.7: EIS Nyquist plots of ruthenium polypyridyl dye and the R-C circuit model. Adapted from 
reference 57. 
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CHAPTER 2 

SPECTRAL, ELECTROCHEMICAL, AND SOLAR CELL STUDIES ON PERIPHERAL MODIFIED CARBOXY 

ZINC PORPHYRIN 

2.1. Introduction 

The globally growing energy demand and the pressing environmental problems 

associated with the use of fossil fuel as energy resource makes the use of renewable resources 

of energy like solar radiation a timely necessity. In the past few decades conventional silicon 

based solar cells have been in the fore front as solar energy technologies because of their high 

power conversion efficiency (PCE), which currently is at a record (21.3%) for polycrystalline single 

junction p-n Si cells58. However, not only Si based solar cells are expensive but also their 

manufacturing requires rigorous and environmentally harsh processes59. Hence, it is compelling 

and momentous to develop cost-effective and environmentally safe alternative solar 

technologies. 

Figure 2.1: Schematic representation of dye sensitized solar cell operation principle. 
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Dye sensitized solar cells (DSSCs) are cheaper solar-to-electricity conversion alternatives. 

Due to their low cost of production, ease of fabrication, flexibility, light weight and better 

performance under low (scattered) light intensity, they are considered to be a promising 

technology in the field of photovoltaics59, 60. Recently, DSSCs have gained renewed attention after 

record efficiencies of 13 and 14% were reported by Grӓtzel et al. and Hanaya et al., respectively17, 

18.  In the first instance, Grӓtzel et al. used a D-π-bridge-A type porphyrin core (SM315) trans-

meso functionalized with a bulky biphenyl amine donor group and an anchoring group of 

carboxyphenyl which incorporate benzothiadiazole π-bridge. Hanaya et al., on the other hand, 

used a co-sensitization method in which a sensitizer, an oligothiophene functionalized with an 

alkyl carbazole and an alkoxysilyl-anchor moiety on opposite ends (ADEKA-1), is used with a co-

sensitizer, a triphenyl amine derivative functionalized with a cyclopentadithiophene bearing 

cyanoacrylic acid anchoring group (LEG4). In both cases, tris (2, 2′-bipyridyl)cobalt(II/III)([Co 

(bpy)3]2+/3+) was used as a redox shuttle. Even though this redox mediator provides a better open 

circuit potential (Voc) compared to the most popular and traditional iodide/triiodide redox 

shuttle, it suffers from lower long-term stability and some compatibility issues such as requiring 

dyes with bulky substituent groups to avoid the highly unfavorable recombination between the 

electrolyte and TiO218, 61. For these reasons and considering the long-term largescale production 

of DSSC, it is crucial to develop relatively simple methods to synthesize dyes that work well with 

the iodide/triiodide redox mediator to give better results. 

Meso-substituted ‘push-pull’ Zn (II) porphyrin dyes are important class of sensitizers 

bearing an anchoring group in one of the meso-carbon positions and electron-donor group(s) at 

one or more of the meso-carbon positions. In this thesis, six ‘push-pull’ zinc (II) porphyrin dyes 



23 

featuring either a mono- or tri-donor substituent groups and a 4’-carboxyphenyl 

acceptor/anchoring group are designed and synthesized. The choice electron donor group(s) are 

either of phenothiazine, carbazole or pyrene. Figure 2.2 shows the molecular structure of the 

studied dyes and Scheme 2.1 shows the synthetic procedure of the mono-substituted series of 

dyes.  

Figure 2.2: The synthesized porphyritic dyes structure. 
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Scheme 2.1: Synthetic routes for mono-substituted porphyrin dyes. Adapted from reference 55. 
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potentiometric techniques. Using the optical and redox data, the electron injection potential of 

the dyes to TiO2 conduction band is evaluated. It is shown that all the dyes have a driving force 

for both electron injection and dye regeneration with I-/I3- making them ideal dyes for DSSCs. The 

dyes are used to build DSSCs whose photocurrent performances including J-V curve, IPCE, 

electrochemical impedance, and photocurrent stability are studied using a solar simulator under 

1.5 A.M (100 mW cm-2). All the dyes showed significant improvement in their power conversion 

efficiency compared to unsubstituted ZnP (2.11%) with a stunningly high PCE achieved by the tri-

phenothiazine Zinc (II) porphyrin dye (7.3%). 

2.2. Results and Discussion 

2.2.1. Molecular Design and Synthesis 

As illustrated in the following mono-substituted porphyrin dyes, adding of two groups 

which are a push and pull groups could improve the performance of dye sensitizer solar cells. 

Likewise in this work, Prof. M. Sankar and his co-worker from IIT- Roorkee designed three push-

pull Zn porphyrin dyes as shown in Scheme 2.1 and provided the samples for DSSCs evaluation. 

The modified MacDonald [2+2] condensation method was used to synthesize 1a-1c dyes for 

several reasons such as the fact that it gives the chance to design porphyrins with different meso-

substituent groups, to avoid using an acid catalyst, and to synthesize a compound on a large-

scale62.  In this step, 5-mesityldipyrromethane and two different aromatic aldehydes, 4-

methoxybenzaldehyde and (R-CHO) aldehyde consisting of a donor group, were condensed to 

obtain a good yield of 1a-1c dyes.  

In order to prepare many symmetric porphyrins, a small amount of TFA should be used. 

For instance, in this work, for every 1.89 mmol of dipyrromethene, 0.113 mmol TFA and 0.95 
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mmol of both aldehydes were used. Nonetheless, when this ratio was used, most of the precursor 

aldehydes did not react which led to reducing the yield of this reaction, so to avoid this, the 

quantity of TFA was increased from 0.113 mmol to 1.13 mmol. 1a-1c were transformed to the 

free base carboxyporphyrins 2a-2c in quantitative yield by subjecting (1a-1c) to base hydrolysis. 

As result of metalation the free base carboxyporphyrins 2a-2c by using Zn(OAc)2.2H2o in CHCl3/ 

MeOH mixture to produce the target porphyrinic dyes, mono-substituted porphyrin dyes, with 

90-95% yield63. 

2.2.2. Optical Absorption and Fluorescence Emission Properties 

The UV-Vis absorption spectra of the synthesized Zn (II) porphyrin dyes were studied in 

o-dichlorobenzene (DCB) at 298 K. The normalized absorption spectra of the tri-substituted dyes 

and the mono-substituted dyes along with a reference zinc tetraphenylporphyrin are shown in 

(Figure 2.3) and the position of the peaks is given in (Table 2.1). Porphyrins are known for their 

sharp intense absorption in the 400 - 450 nm range, known as the Soret or B band and low energy 

absorption bands in the 520-620 nm range, which are known as Q-bands64. For zinc 

tetraphenylporphyrin, Zn(TPP), the Soret band is located at (424 nm), while the two Q-bands are 

located at 550 and 590 nm. In the newly synthesized dyes, there is some observed change in the 

absorption spectra compared to the reference dye.  

In the case of the mono-substituted porphyrins, while there is a (2-3 nm) red shift in the 

Soret band in all of them, in the Q-band region, the RA-199-Zn shows a much stronger red shift 

of about (30 nm) in the lowest Q-band, while RA-195-Zn and RA-200-Zn show only (3 nm) and (5 

nm), respectively, compared to Zn(TPP). On the other hand, the tri-substituted porphyrins 

revealed significant red shift both in the Soret and the Q-band regions. Compared to the mono-
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substituted porphyrins, the Soret band of these dyes showed a further (10-13 nm) red shift 

possibly due to the cumulative interaction of the donor groups with the porphyrin macrocycle in 

the ground state and the nonplanarity of the ring of Zn porphyrin65. Interestingly, the Soret band 

of these dyes also showed significant broadening and the highest broadening was witnessed in 

the tri-phenothiazine substituted in ZnP leading to almost doubling in the FWHM (Full Width at 

Half Maximum) of the Soret band from (20 nm) to (39 nm) compared to its mono-substituted 

analogue66. In addition to the shift in absorption, new peaks in the near UV region (300 -350 nm) 

also appear in these tri-substituted dyes; these peaks are due to the absorption of the peripheral 

moieties, which also appear to  increase the molar extinction coefficient of the dyes in both the 

Soret and Q bands regions67. This broadening, the red-shift in the absorption spectra, and the 

observed enhancement in the molar extinction coefficient of the Q-bands may be due to 

extended 𝜋𝜋 −conjugation and asymmetry introduced via substitution66. 

To gain information on the excited state interaction of the donor moieties with the 

porphyrin macrocycle, the fluorescence emission of the dyes was studied in o-dichlorobenzene 

at 298 K. The fluorescence spectra of the dyes and the reference compound zinc 

tetraphenylporphyrin are shown in (Figure 2.4). The data for the fluorescence quantum yield of 

the dyes calculated using zinc tetraphenylporphyrin as a reference dye68 and the fluorescence 

emission life time acquired using a time correlated single photon counting experiment (TSPC) are 

included in (Table 2.1). Overall, the mono and tri-substituted dyes show an increase in 

fluorescence quantum yield compared to Zn(TPP) even though lower enhancement is observed 

in the phenothiazine substituted porphyrins. This overall enhancement in fluorescence quantum 

yield is possibly due to an increase in the rigidity of the molecules as a result of the inclusion of 
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bulk peripheral groups in the porphyrin macrocycle which lower rotational and vibrational 

relaxation, leading to nonradiative losses in quantum yield69.  

With regard to the fluorescence life time of the studied dyes, all the dyes have a medium 

excited state lifetime in the range of (1.5–2.0 ns). The singlet excited state decay profiles are 

shown in (Figure 2.5). The mono-substituted dyes have almost the same fluorescence lifetime as 

Zn(TPP), with RA-200-Zn showing a slightly lower life time. In the tri-substituted porphyrins, on 

the other hand, the phenothiazine substituted porphyrin shows significantly quenched 

fluorescence life time consistent with the lower quantum yield observed. Considering the 

significant broadening observed in the tri-phenothiazine substituted porphyrin, the above 

observations can be explained by the effect of aggregation in this particular dye66. 

Table 2.1: Electronic spectral data 

 

Porphyrin Solvent λabs  (nm) λem (nm) τ1 (ns) τ2 (ns) τavrage 

(ns) Φf 

ZnTPP* Toluene   2.10   0.033 

ZnTPP DCB 424, 550, 590 595.75, 645 1.94   0.035 

RA-199-Zn DCB 426.3, 566.64, 621.38 601.7 , 650.9 2.16 ------ ------ 0.067 

RA-200-Zn DCB 426.59, 552.15, 595.6 604 , 654.3 1.50 1.98 1.99 0.045 

RA-195-Zn DCB 427.08, 550.27, 
593.61 600 , 646.5 2.37 1.59 2.39 0.058 

Zn-tricarbazole 
monoacid dye DCB 

438.48, 556.58, 
599.04, (347.67, 
314.2) 

611.5 , 654.2 1.48 6.89 1.65 0.062 

Zn-tripheno 
monoacid dye DCB 434.9, 555.9, 600, 

(311.44) 619 , 658.2 1.16 6.24 1.26 0.041 

Zn-tripyrene 
monoacid dye DCB 

436.97, 554.03, 
593.61, (326.34, 
338.73) 

601.8 , 651 2.05 ----- ----- 0.043 
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Figure 2.3: Normalized UV-visa absorption spectra of 1) ZnTPP, RA-199-Zn, RA-200-Zn, and RA-195-Zn, 
and 2) ZnTPP, Zn-tricarbazole monoacid dye, Zn-tripheno monoacid dye, and Zn-tripyrene monoacid 

dye. 
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Figure 2.4: Fluorescence spectra of 1) ZnTPP, RA-199-Zn, RA-200-Zn, and RA-195-Zn, and 2) ZnTPP, Zn-
tricarbazole monoacid dye, Zn-tripheno monoacid dye, and Zn-tripyrene monoacid dye. 
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Figure 2.5: Fluorescence decay profile of 1) ZnTPP, RA-199-Zn, RA-200-Zn, and RA-195-Zn, and 2) 
ZnTPP, Zn-tricarbazole monoacid dye, Zn-tripheno monoacid dye, and Zn-tripyrene monoacid dye  
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2.2.3. Electrochemical Studies: Cyclic Voltammetry (CV) and Differential Pulse Voltammetry 
(DPV) 
 
The primary requirement for an ideal dye for DSSCs is the ability to inject photoexcited 

electrons into the conduction band of the TiO2. For this to happen the excited state oxidation 

potential of the dye must be higher than the TiO2 conduction band 70. The standard oxidation 

potential of the excited state and the free energy change for electron injection (∆𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖), which is 

also known as the driving force for electron injection, are calculated using equations (7) and (8) 

71. To estimate the driving force for electron injection, the redox potentials of the mono- and tri-

substituted porphyrin dyes are measured using cyclic and differential pulse voltammetry 

techniques with a three electrode system in o-dichlorobenzene using (0.1 M) (n-Bu)4NClO4 as a 

supporting electrolyte with a 100 mVs-1 scan rate. The three-electrode setup consists of the 

Ag/AgCl reference, platinum button working, and the platinum wire counter electrodes. The 

cyclic and differential pulse voltammograms are shown in (Figure 2.6) and the data are listed in 

Table 2.2.  

𝐶𝐶0(𝑀𝑀𝐼𝐼•+/1𝑀𝑀𝐼𝐼∗)~𝐶𝐶0(𝑀𝑀𝐼𝐼•+/1𝑀𝑀𝐼𝐼) − 𝐶𝐶0−0/𝑒𝑒 (7) 

∆𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐶𝐶0(𝑀𝑀𝐼𝐼•+/1𝑀𝑀𝐼𝐼∗) − 𝐶𝐶𝐶𝐶𝐶𝐶 (𝑇𝑇𝑇𝑇𝑂𝑂2) (8) 

In the CV of the mono-substituted porphyrins, RA-195-Zn, RA-199-Zn, and RA-200-Zn all 

show two one-electron reversible oxidation peaks and a third quasi reversible oxidation wave. 

On the reduction side, on the other hand, all the dyes show one reversible one-electron reduction 

peak and an additional quasi reversible wave. In all three dyes, the first oxidation peak is 

cathodically shifted by about 60-90 mV compared to the reference tetra-phenyl zinc porphyrin. 

The stabilization of the HOMO of zinc porphyrin due to the presence of the peripheral donor 

groups reveals the electron rich nature and the donor capabilities of the substituent groups72, 73. 
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Likewise, in the tri-substituted dyes a similar trend is observed on the oxidation side where two 

reversible one electron oxidation peaks and one quasi reversible peak are observed.  Similar to 

what is observed in the mono-substituted zinc porphyrins, the first oxidation peak is cathodically 

shifted by about 70-100 mV in all of them compared to the reference compound. However, no 

major change is observed in the first reduction peak in the tri-substituted dyes compared to the 

mono-substituted zinc porphyrins.  

Table 2.2: Electrochemical redox potentials (vs Fc/ Fc+) of investigated Zn porphyrin dyes in DCB 
containing 0.1M (n-Bu)4NClO4  with scan rate 0.1v s-1 

Porphyrin 

CV DPV HOMO-
LUMO 

Gap 
1st 
Ox 

2nd 
Ox 

3rd 
Ox  1st 

Red 
2nd 
Red 

1st 
Ox 

2nd 
Ox 

3rd 
Ox  1st 

Red 
2nd 
Red 

ZnTPP 0.37 0.70   -1.80 -2.10 0.37 0.71   -1.80 -2.10 2.17 

RA-199-Zn 0.29 0.66 1.14  -1.81 -2.16 0.29 0.66   -1.81 -2.16 2.10 

RA-200-Zn 0.28 0.63 1.10  -1.88 -2.25 0.28 0.68 1.10  -1.87 -2.25 2.16 

RA-195-Zn 0.31 0.63 1.10  -1.94 -2.37 0.31 0.64 1.10  -1.94 -2.37 2.25 

Zn Tricarbazole  
monoacid dye 0.30 0.70 1.03  -1.75 -1.91 0.30 0.70 1.03  -1.76 -1.91 2.06 

Zn Tripheno 
monoacid dye 0.27 0.69 1.16  -1.92 -2.21 0.29 0.70 1.16  -1.92 -2.22 2.19 

Zn Tripyrene  
monoacid dye 0.33 0.66 1.0  -1.90 -2.15 0.33 0.67 1.1  -1.91 -2.15 2.24 
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Figure 2.6: Cyclic voltammogram and Differential pulse voltammograms of Zn porphyrin (1mM) in DCB 
which containing 0.1 M of (n-Bu)4NClO4 with scan rate of 0.1V s-1. 
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The optical and redox potential data presented above are used to calculate the driving 

force for electron injection (∆𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖) and the driving force for dye regeneration�∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟� , according 

to equations (8) and (9)74. The driving force for electron injection is calculated by subtracting the 

energy of the conduction band of TiO2 (- 0.57 V vs NHE) and the energy of the singlet excited 

state of the dyes (Eox*) which in turn is calculated by subtracting the E0-0 from the first oxidation 

potential (Eox) of the dyes.  The E0-0 is the mid-point (intersection) of the λmax of the normalized 

absorption and emission peaks75. On the other hand, the driving force for dye regeneration 

�∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟� is calculated by taking the difference between (Eredox) the standard reduction potential 

of the redox mediator I-/I3- ( 0.4 V vs NHE) and the first oxidation potential of the dye (Eox). The 

estimated HOMO and LUMO positions of all the dyes vs the conduction band of TiO2 and the 

redox potential of I-/I3- are shown in Figure 2.7 and the data are included in Table 2.3.  

∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟 − 𝐶𝐶𝑜𝑜𝑟𝑟  (9) 

As it was discussed in the introduction (Section 1.3.2), an ideal dye needs to have a driving 

force for electron injection and dye regeneration if these two processes will be 

thermodynamically feasible. From the data presented in (Table 2.3), all the dyes including both 

the mono and tri-substituted zinc porphyrins have singlet excited state (Eox*) much higher than 

the conduction band of the TiO2. They have driving forces ranging between -0.46V and -0.50 V, 

all the tri-substituted dyes having the same driving force, while mono-pyrene zinc porphyrin 

having the lowest driving force. On the other hand, the first oxidation potential of all the dyes is 

more positive 0.56 – 0.69 V vs NHE than the redox potential of I-/I3- (0.4 V vs. NHE), placing the 

HOMO of all the dyes below the redox potential of the redox mediator and making dye 

regeneration through hole transfer to be thermodynamically feasible76. 
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Table 2.3: HOMO and LUMO positions of all the dyes vs the conduction band of TiO2 and the redox 
potential of  I-/I3

- data. 

Dyes 
Eox 

V vs 
NHE 

ECB(TiO2) 
V vs NHE 

E0-0 
(eV) 

E0(S.+/S*) 
(eV) 

E(I-/I3
-) 

V vs NHE 
∆Ginj 
(eV) 

∆Greg 
(eV) 

ZnTPP 1.069 -0.57 2.11 -1.04 0.4 -0.47 -0.67 

RA-199-Zn 0.989 -0.57 2.06 -1.07 0.4 -0.50 -0.59 

RA-200-Zn 0.979 -0.57 2.05 -1.07 0.4 -0.50 -0.58 

RA-195-Zn 1.009 -0.57 2.07 -1.06 0.4 -0.49 -0.61 

Zn-tricarbazole 
monoacid dye 0.999 -0.57 2.03 -1.03 0.4 -0.46 -0.60 

Zn-tripheno 
monoacid dye 0.969 -0.57 2.00 -1.03 0.4 -0.46 -0.57 

Zn-tripyrene 
monoacid dye 1.029 -0.57 2.06 -1.03 0.4 -0.46 -0.63 

 

Figure 2.7: Energy level diagram of dyes vs the conduction band of TiO2 and the redox potential of I-/I3. 
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platinum film as photocathode (counter electrode), and (I-/I3-) as a redox mediator. The 

photocurrent density-voltage (J-V) performances of the cells, active area (0.031 cm2), are 

evaluated under full sun illumination (AM 1.5G, 100 mWcm-2) using a Small-Area Class-BBA Solar 

Simulator from PV measurements, while their incident photon-to-current efficiencies (IPCE) are 

studied using a QEX10 Solar Cell IPCE Quantum Efficiency Spectral Response Measurement 

System from PV Measurements. The detailed preparation method of the working and counter 

electrodes is described in Chapter 1 (Sections 1.3.1 and 1.3.3). The preparation of the electrodes 

and the electrolyte solution has already been optimized in our lab and is adapted in this study. 

The optimal adsorption time and the aggregation effect of the dyes, however, seemed to affect 

the PCE of the cells and has been optimized systematically. 

The dye adsorption time was optimized through studying the performance of cells soaked 

in 0.2 M dye solution for different lengths of time, i.e., 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 hrs. It 

was found that with increased the soaking time the Jsc increased constantly until it reached a 

maximum for the cell soaked for 16 hrs. However, further increase in the soaking time seemed 

to have an opposite effect. The increase in (Jsc) for cells soaked for longer time can be explained 

by the fact that increased dye loading enhances the light harvesting efficiency (LHE) and electron 

injection quantum yield (ϕinj). However, further loading of dye beyond a mono layer results in 

dye aggregation which in turn results in photoexcited dye recombination before electron 

injection (step 6, Figure 1.4) and hence lower Jsc and η.  In addition to the soaking time, the dye 

aggregation seemed to have an effect on the performance of the cells. To mitigate the dye 

aggregation effect, (0.4 mM) chenodeoxycholic acid (CDCA), a well-known surfactant used to 

reduce aggregation, was added to the dye solution in which the photoanode was soaked. The 
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surfactant prevents aggregation by getting co-adsorbed to the photoanode surface along with 

the dye. In the presence of CDCA, it was possible to get a better dye load by soaking the cells long 

enough for 16 hours. The same dye aggregation effect and use of CDCA is reported in literature 

on porphyrin dyes for DSSCs77, 78.  

Typical J-V curves of the cells studied (soaked for 16 hours) in the presence of 

chenodeoxycholic acid (CDCA) are shown in (Figure 2.8). And their corresponding data is included 

in (Table 2.4). The solar-to-power conversion efficiency (η) of the cells is calculated by using 

equation (10), where (Jsc) is sort circuit current density, (Voc) is open circuit voltage, and (FF) is fill 

factor.  

𝜂𝜂 =  𝐽𝐽𝑠𝑠𝑐𝑐 × 𝑉𝑉𝑜𝑜𝑐𝑐 × 𝐹𝐹𝐹𝐹  (10) 

Table 2.4: Photovoltaic performance of DSSCs under irradiation of AM 1.5 sun illumination simulated 
solar light (100 mW cm-2) in presence of I-/I3

- redox mediator. 

dyes J
sc

 (mA/cm
2
) V

oc
 (V) FF Efficiency (η) 

RA-199-Zn -7.334 0.552 0.585 2.4% 

RA-200-Zn -13.128 0.542 0.5846 4.2% 

RA-195-Zn -10.806 0.531 0.741 4.3% 

 Zn Tricarbazole  monoacid dye -17.623 0.55 0.698 6.8% 

 Zn Tripheno monoacid dye -18.15 0.552 0.73 7.3% 

 Zn Tripyrene  monoacid dye -17.57 0.552 0.673 6.5% 
 

The percentile incident photon-to-current efficiency (IPCE) of the cells against 

monochromatic incident light in the wavelength range 350- 800 nm wavelength is shown in 

(Figure 2.8 (2)). The IPCE curves trace the absorption spectra of the dyes showing characteristic 

Zn (II) porphyrin features including the Soret (B) band in the 400 – 450 nm and the two Q bands 

in the 550 – 650 nm range, respectively. In the mono-substituted series, the phenothiazine and 
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pyrene show better IPCE in both the Soret and Q bands regions with efficiencies around 45% and 

15%, in both regions, respectively. This is consistent with the better PCE efficiencies observed for 

both dyes (see below).  

Figure 2.8: (1) The typical J-V characteristics and (2) IPCE action spectra of the cells studied under 
irradiation of AM 1.5 sun illumination simulated solar light (100 mW cm-2) in presence of I /I3

- redox 
mediator. 
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Interestingly, the mono-phenothiazine substituted Zn (II) porphyrin (RA-200-Zn) shows a slightly 

broader Soret band and also enhanced IPCE in the Q-band region and especially in the lower 

energy Q-band (615 nm) compared to the second best performing dye, RA-195-Zn. This correlates 

with the highest (Jsc) observed for this dye (13.13 mA cm-2) in the J-V curve. Likewise, in the tri-

substituted series, all the dyes performed better in their light harvesting efficiency and hence in 

their IPCE. In general, as it was discussed regarding the UV-Vis absorption spectra and in 

agreement with hypothesis, multi-substitution to the porphyrin macrocycle results in broader 

absorption in the Soret band, which is believed to be due to distortion and increased non 

planarity, and an enhancement in the Q-bands absorption for probably similar reasons65. These 

combined factors have direct effects on the (Jsc) of the cells which is much improved by the tri-

phenothiazine Zn (II) porphyrin to achieve almost record value of 18.15 mA cm-2. It is important 

to note here that one of the highest reported (Jsc) values for DSSCs in the literature are 18.15 

mA.cm-2 (SM315)18 and 18.36 mA cm-2 (ADEKA-1 + LEG4)61. Overall, all the three tri-substituted 

Zn (II) porphyrin dyes showed improved (Jsc) ranging between 17.57 and 18.15 mA cm-2. 

On the other hand, the PCE study of the cells, as the principal parameter for evaluating 

the performance of the cells, further proves the premise of the study that peripheral modification 

of the porphyrin macrocycle with small electron donor groups improves the efficiency of the cells 

by improving their light harvesting efficiency, IPCE, electron injection quantum yield, and their 

short circuit currents. The highest efficiency achieved in this study is by the dye tri-phenothiazine 

Zn(II) porphyrin (η= 7.3%, Jsc= 18.15 mA cm-2, Voc= 0.55 V and FF= 0.73) supporting the conclusion 

that phenothiazine is the best light harvesting and electron donor among the studied groups, 

which is also reflected in the optical absorption, and the electrochemical (CV) and (Jsc) data. The 
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PCE for the tri-substituted series follows, tri-pyrene Zn (II) porphyrin (6.5%) < tri-carbazole Zn (II) 

porphyrin (6.8%) < tri-phenothiazine Zn(II) porphyrin (7.3%), while in the mono-substituted 

series, the trend is RA-199-Zn (2.4%) < RA-200-Zn (4.2%) < RA-195-Zn (4.3%). It is important to 

note that in the mono-substituted series, even though the phenothiazine substituted dye RA-

200-Zn was expected to perform better as it was observed in the tri-substituted series and as it 

is reflected in its much improved (Jsc), both RA-200-Zn and RA-195-Zn show comparable 

efficiencies at (4.2%) and (4.3%), respectively. Since both dyes reveal similar (Voc) values at (0.54) 

and (0.53 V), respectively, the lower than expected performance of RA-200-Zn can be attributed 

to its lower fill factor (0.58) compared to RA-195-Zn (0.74). Another important point to mention 

in the study of the mono-substituted Zn (II) porphyrin dyes is that the RA-199-Zn dye shows 

relatively lower η, which is contrary to expectation. Carbazole functionalization of a sensitizer for 

DSSC is reported to show an improvement in efficiency and this is also what is observed in the 

tri-carbazole substituted Zn (II) porphyrin, however, it appears that there is sample degradation 

or decomposition which could have severely affected the efficiency.  

2.2.5. Photo Current/Voltage Switching and Electrochemical Impedance Spectroscopy (EIS) 
Studies 
 
An operational DSSC involves a complex mechanism of both electronic and ionic 

processes as it converts solar energy into electricity. These processes take place at interfaces 

whose optimization is critical to the performance of the cell. In a typical DSSC, there are three 

spatially separated interfaces whose impedance activity can be modeled by measuring the 

frequency response in an impedance electrochemical spectroscopy (EIS) study.  An (EIS) is a 

spectroscopic technique which measures the current response of a cell as a function of frequency 
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by applying a small Ac signal that causes a small perturbation in the system53, 54. A typical 

frequency response of a DSSC is given as a Nyquist plot as it is shown for the cells studied in Figure 

2.9.  

Figure 2.9: Nyquist plots for FTO/TIO2/ZnP measured at respective VOC under dark and AM1.5 filtered 
light illumination conditions. 
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Each spectra has two plots, one of which is for the response in the dark while the second 

one is the response under illumination of 1 sun (100 mW cm-2). The experiments where done 

under the optimized cell condition at the open circuit potential while scanning the frequency 

from high (100 kHz) to low (100 mHz). Each plot has a semi-circle with smaller radius at the high-

frequency region and a semi-circle with higher radius at the intermediate-frequency region. The 

impedance at the high-frequency region is related to the response of the charge transfer at the 

counter electrode/electrolyte interface, while the impedance at the intermediate-frequency 

region is related to the electron transport at the mesoscopic TiO2 film and the back transfer at 

the TiO2/electrolyte interface. All the cells show these two features in their Nyquist plots 

although the high-frequency response is not distinct especially in the measurement in the dark 

because the intermediate-frequency response overwhelms it. For analyzing and extracting data, 

the frequency response is modeled by an equivalent circuit as shown in Figure 2.10.  

Figure 2.10: The equivalent circuit diagram 
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TiO2/dye/electrolyte is obtained from the Rrec which is given for all the studied cells is given in 

Table 2.5. Generally, a smaller Rrec value is an indication of good electron transport, and 

concurrent with the higher Jsc observed in the tri-substituted dyes, the Rrec for these dyes is much 

lower compared to the mono-substituted dyes. Moreover, tri-phenothiazine Zn (II) porphyrin, 

the cell with the highest Jsc and η shows very low Rrec.  

Table 2.5: Recombination resistance for FTO/TiO2/dye modified electrodes under dark and light 
conditions, as estimated from EIS analysis. 

Dye Condition R
rec

, Ω•cm
2
 

RA-199-Zn Light 17.78 

Dark 27.66 

RA-200-Zn Light  8.06 

Dark  41.22 

RA-195-Zn Light 4.03 

Dark 23.86 

Zn-Tri-carbazole  monoacid dye Light 3.59 

Dark 39.06 

Zn-Tri-pheno monoacid dye Light 3.941 

Dark 26.55 

Zn-Tri-pyrene monoacid dye Light 4.34 

Dark 28.67 

 

Moreover, the current and voltage response stability of the cells is studied by current and 

voltage on/off switching. The overlap of the current and voltage response with time is shown in 

Figure 2.11. In the current switching experiment both the mono- and tri-substituted dyes show 

good photocurrent stability with no loss in current for the range of the experiment 2 minutes, 
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the data for the first minute is shown in Figure 2.11. The current switching is done by blocking 

and exposing the cell from and to light alternatively for 10 seconds for an overall period of 2 

minutes. The voltage switching experiment is similarly done for 2 minutes. 

Figure 2.11: Time dependence of JSC and VOC measured under multiple on/off light cycles. 
 

2.3. Conclusions 

Six peripherally modified Zn (II) porphyrin dyes with electron donor groups including 

phenothiazine, carbazole, and pyrene were examined in this study. In the first series of three 

dyes, mono-substitution at the meso-carbon position opposite to the 4-carboxyphenyl anchoring 

group was used while in the second series of three dyes, a tri- substitution of the three homo-

0 20 40 60
-16

-14

-12

-10

-8

-6

-4

-2

0

2

cu
rre

nt
 d

en
si

ty
(m

A/
cm

2 )

Time (s)

 RA-199-Zn
 RA-200-Zn
 RA-195-Zn

0 10 20 30 40 50 60 70

-20

-15

-10

-5

0

Time (s)

cu
rre

nt
 d

en
si

ty
(m

A/
cm

2 )

  Zn carbazole monoacid dye
  Zn Tripheno  monoacid dye
  Zn Tripyrene  monoacid dye

0 20 40 60 80 100 120 140
-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Time (s)

vo
lta

ge
(V

)

 RA-199-Zn
 RA-200-Zn
 RA-195-Zn

-20 0 20 40 60 80 100 120 140

0.0

0.1

0.2

0.3

0.4

0.5

0.6

vo
lta

ge
(V

)

Time (s)

 Zn Tricarbazole  monoacid dye
  Zn Tripheno monoacid dye
  Zn Tripyrene  monoacid dye



46 

donor groups was used. The optical absorption, steady state fluorescence emission and the 

fluorescence life time of the dyes along with a reference dye, Zinc tetraphenylporphyrin (ZnTPP), 

was studied in o-dichlorobenzene. The dyes show better light-harvesting capacity in both the 

Soret and the Q bands along with new absorption in the near UV due to the donor groups, while 

their fluorescence quantum yield is improved. The electrochemical properties of the dyes was 

also studied in the same solvent in order to elucidate the HOMO-LUMO positions. Compared to 

ZnTPP, a stabilization of the HOMO was observed in all the dyes revealing the electron rich 

(electron donating) potential of the substituent donors. The first oxidation peak was found to be 

shifted cathodically by about 60-90 mV, while in the tri-substituted dyes the same peak was 

shifted by about 70-100 mV. The optical and redox data are used to calculate the excited state 

oxidation potential vs NHE, the(∆𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟), and (∆𝐺𝐺𝑖𝑖𝑖𝑖𝑖𝑖). All the dyes are found to have a driving 

force for electron injection and dye regeneration, thus being ideal dyes for DSSC application. 

Dye sensitized solar cells constructed using the six dyes showed an improved 

performance in their (Jsc) values compared to simple Zinc (II) porphyrin dye79. In the mono-

substituted dyes the highest achieved efficiency was with the mono-phenothiazine and mono-

pyrene dyes which showed comparable efficiencies of 4.2% (13.13 mA cm-2, 0.54 V) and 4.3 % 

(10.81 mA cm-2, 0.53 V), respectively. Compared to a cell constructed with ZnP dye, these dyes 

show more than twice enhancement in efficiency (2.11%, 5.7 mA cm-2, 0.53 V)79 which is due 

mainly to the improvement in short circuit current achieved in these dyes which is a direct result 

of the improvement in light-harvesting capacity, better electron injection (better electron 

donation capacity), and higher electron injection quantum yield. Interestingly, a further 

improvement in PCE is achieved by further modification of the porphyrin macrocycle in the tri-
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substituted Zinc (II) porphyrin dyes.  A stunning improvement in PCE is achieved in the tri-

phenothiazine Zinc (II) porphyrin, with a more than three time increase in efficiency compared 

to ZnP (7.3%, 18.15 mA cm-2, 0.55 V). This study has clearly demonstrated that an enormous 

improvement in efficiency can be achieved by peripheral modification of the porphyrin 

macrocycle at the meso carbon position with appropriate donor groups showing the synthetic 

versatility and merit of the porphyrin dye.   
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