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The world is facing a tough challenge regarding fulfilling human energy needs. 

Scientists are motivated to find alternative ways to the fossil fuel at a lower cost with little or 

no environmental pollution. Among the available renewable resources, the solar energy is an 

alternative energy to fossil fuel. Scientists are engaged in mimicking the photosynthesis to 

create the new energy devices such as dye sensitized solar cells. The fundamental theory and 

properties of the dye sensitized solar cells is given in the first chapter. In this research, the 

application of the different methods for surface alteration of SnO2 with water soluble 

porphyrins and phthalocyanine is studied. Using optical absorbance and steady state 

fluorescence studies, the formation of porphyrins and phthalocyanine discuss on the SnO2 

surface is shown. Moreover, the different results of photoelectrochemical cells are show on 

chapter 2 to understand the porphyrin and phthalocyanine modified on SnO2 as electron 

injector. In summary, the application porphyrin and phthalocyanine of dimers as a broad band 

capturing photosensitized dye is discussed.  
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CHAPTER 1  

INTRODUCTION 

1.1 Introduction 

According to the 2007 report generated by US Energy Information Administration 

(EIA), the current fuel reserves for energy production, such as fossil fuels, are nearly depleted. 

The current infrastructure relies on oil and natural gas as the main source of energy production. 

The discovery of new sources of fuel reserves has been diminishing, along with the cost of 

maintaining the current infrastructure rising, thus demanding for new sustainable energy 

resources. Solar energy is the ultimate sustainable route due to the abundant availability of the 

solar energy, the ability to convert the energy source into usable electricity, and the 

environmentally friendly nature of the technology.   

The sun emits approximately 3 × 1024joule of energy every year. [1] Using such 

technology if 0.1% of the total solar energy received on the earth is harvested, that would take 

care of the growing energy needs of humanity. One method of energy collection and conversion 

is by artificial photosynthesis, miming the naturally occurring phenomena seen in plants. 

Current advances in solar energy conversion seek to improve collection rate and storage of 

obtained energy. One device being improved upon is the dye sensitized solar cell (DSSCs) to 

meet the current energy demands.  

While dye sensitized solar cells are known for many years, its evolution has advanced 

in the fields of efficiency in the past decade. In 1976, H. Tsubomura et al. reported a 2.5 % 

efficiency of DSSC by using ZnO for working electrode.[2] In 1991, Michael Gratzel led a 

group of scientists that used nanocrystalline porous electrode of high surface of titanium 

dioxide (TiO2). They obtained 7.1 to 7.9 % efficiency of light-to-electric energy conversion 

yield using a N3 dye and the number of incident photo to current conversion efficiency (IPCE) 

higher than 80%.[3] Until 1997, the efficiency of the DSSCs was up to 10 to 11 % efficiency, 
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the open-circuit potential (Voc) was 0.74 V and the short-circuit current (Isc) was 18.6 

mA/cm2.[4] Current dyes used for these devices include the usage of coumarin[5], carbon 

nanotubes[6-9], porphyrins[10-16], phenothiazines[17-22], and quantum dots.[23-26] The objective of 

this thesis is to show advancements in the usage of water soluble porphyrins and 

phthalocyanine as materials for dye sensitized solar cells on SnO2 electrode surface. 

1.2 Fundamental Theory and Characterization of Dye Sensitized Solar Cells  

The current composition of materials for DSSCs includes semiconductor metal oxide 

which are nanoparticles of TiO2, SnO2,
[27-31] ZnO, [32-34] or Nb2O5,

[35-37] film coated on fluorine 

doped tin oxide (FTO) or indium tin oxide (ITO) glass substrate working electrodes. [38-42] 

Platinum-based electrode as the counter electrode, and iodide/triiodide as an redox mediator 

electrolyte for dye regeneration. 

A series of chemical phenomenon take place during the operation of DSSCs which 

initiates with the exposure of the solar device under light illumination. Figures 1.1 and 1.2 

shows schematically these processes. These include: 

(A) Excitation of photosensitizer, S 

Light absorption promote the ground state (S) to the excited state (S＊).  

(A) (S) + hv→ (S＊) 

Where, S is the ground state dye molecule; S＊is excited state dye molecule 

The electron may relax from the excited sate (S＊) back to the ground state (S) through 

photo emission. Alternatively, may involve injecting an electron into the semiconductor 

particle.  That electron injection from the LUMO of the dye molecule to the conduction band 

of the metal oxide takes place on a picoseconds time scale. This process could be negated when 

the charge injection efficiency is higher than the recombination rate.[98] 

(B) Electron injection into oxide film 

(B)TiO2 + (S＊) → e- + TiO2 (S+) 
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Where, S＊is excited state of dye molecule; S+ is oxidized of dye molecule  

The electrons travel through the mesoporous materials of particles to the counter 

electrode of the external circuit.  

(C) Dye regeneration by mediator  

(C)TiO2 (S+) + 3/2 I- →TiO2 (S) + 1/2 I3
- 

At the working electrode, the oxidized dye is reduced back to the neutral state by the I- 

present in the electrolyte. 

(D) Regeneration of I- 

(D) 1/2 I3
- + e- → 3/2 I- 

The electrons transported through the external circuit reach the counter electrode and 

reduce I3
- to I- in a cyclic action. [98] Thus, completing the electron flow circuit and converting 

light into electrically. 

1.3 Properties of Metal Oxide Semiconductor Films. 

Most DSSCs use two different types of semiconductors which are p-type and n-type. 

The p-type semiconductor materials are doped with electrons deficient atoms to form a hole 

structure. These p-type semiconductor materials are positively charged because of the electron 

hole structure. The n-type semiconductor materials are doped with electron rich atoms, which 

have extra electrons. The n-type semiconductor materials are negatively charged because of 

extra free electrons. Example of the p-type semiconductor is NiO [45-48] and n-type 

semiconductors are TiO2
[44], ZnO 

[32-34], and SnO2 
[27-31].  

Titanium dioxide (TiO2) has a very stable chemical property and can be found in large 

quantities; it is not toxic. A useful property for a semiconductor is high transport ability of 

charge carrier due to reduced electron transport resistance. TiO2 has three crystal structures: 

anatase, rutile, and brookite. Anatase and rutile have the structure of TiO6 polyhedron. The 

rutile has the D2h symmetry structure.[49] The most stable crystal structure in the nature is rutile. 
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Its structure can be changed by temperature. Anatase and brookite transform into rutile at its 

melting point.  

 
Figure 1.1: The structure of dye sensitized solar cells.[43] 

 

 
Figure 1.2: Figure showing the theory of the dye-sensitized solar cells (DSSCs).[1] 
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Figure 1.3: TiO6 polyhedra showed on right side (a) rutile, (b) anatase (c) brookite and left 
side is Ti3O building-block planar.[49] 

 

The band gap of anatase and brookite is 3.2 eV.[50] Rutile’s band gap is 3.0 eV and its 

density is 4.27 g/cm3.[50] As a result, the optical properties are different between these two 

structures.  

TiO2 nanoparticles display a porous structure, high electrical conductivity, 10-30 nm 

particle size, and high surface area for dye molecule immobilization and light absorption.[51] 
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Thus,TiO2 is a common type of semiconductor materials used in DSSCs. The criteria for an 

optimized DSSC are the thickness of TiO2, the potential energy in the dye excitation state, 

electrolyte selection along with the n-type semiconductor on working electrode. 

 
Figure 1.4: The various band gaps of semiconductors.[1] 

 

1.4 Properties of Solar Dye  

The most crucial part of successful DSSCs is the dye which directly affects the incident 

photon-to-current efficiency (IPCE) of the device. The dyes used are: organic molecules, 

coordination complexes of transition metals with polypyridine or porphyrin ligands and other 

small, medium or large sized molecules. There are five parameters to be optimized when using 

a dye. 

First, the dye must exhibit broad absorbance in the visible and near IR region. Second, 

is the ability of surface absorption. A good dye enhances light absorption on the surface of 

TiO2. Therefore, the most important thing for harvesting more photons is designing dye with 

higher binding affinity to TiO2. Compounds with carboxylic acid group (COOH) 

functionalities easily stabilize ester linkages on the surface of TiO2.[53-55] For example, the di-

tetrabutylammonuim cis-bis(isothiocyanato) bis (2,2’-bipyridyl-4,4’-dicarboxylato) 
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ruthenium(II) (N-719) which has a carboxylic acid group (COOH) bind strongly to TiO2 and 

increases the ability of electron-transfer kinetics.[56]  

Third is the dye’s longevity undergoing decomposition. Fourth, the excited state 

potential should provide enough driving force to transfer electron to the conduction band of 

TiO2, while the ground state potential should accept the electron to process the redox 

reaction.[57] This means that the excited state of dye should be in a higher energy state than the 

conduction band of TiO2 so that electrons can be transferred. Fifth, electron-transfer kinetics 

must be able to transfer electron effectively, and the lifetime of the excited electron should be 

optimized towards longevity.   

The ruthenium(II) and osmium(II) polypyridyl complex are the best dyes (sensitizers) 

because they have a wide range of absorption and highly stable oxidation state.[58-59] For 

example, Gratzel et al. reported 10 % photovoltaic efficiency with ruthenium complexes as 

sensitizers, such as Ruthenium(2, 2’bipyridyl-4, 4’diccarboxilate)2(NCS)2), N-719, N3, and 

black dye.[4]  

1.5 Properties of Electrolyte  

The function of electrolyte is to allow redox reaction to regenerate the dye. The most 

common electrolyte which was used in making DSSCs is the iodide/triiodide (I-/I3
-). 

Iodide/triiodide as redox mediators have high boiling point, high stability, negligible vapor 

pressure, lower viscosity, high dielectric and high conversion efficiency properties. [60-68]  

In the present work, redox couples such as iodide/triiodide (I-/I3
-) based for DSSCs’ 

electrolyte has been discussed. The iodide (I-) functions in reducing the oxidized dye to form 

an intermediate species that change to form triiodide and diffuse to the counter electrode. The 

I-/I3
- permits a fast diffusion on the mesopores nanoparticles and allow current to pass through 

for any electrolyte concentration. There are three criteria in the optimization of the electrolyte 

used in DSSC’s.  
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First, the boiling point of the electrolyte must be high enough. The temperature of the 

solar cell will increase when light irradiation on the DSSCs. Although increasing the 

temperature will increase the conductivity of the solid on collision with the electrolyte, it will 

not be useful for the liquid electrolytes because it produces bubbles which decrease the 

efficiency of the solar cells.  

The radius of the cation is the second criteria for optimizing the electrolyte. The 

movement of the cation decreases when the radius of the cation is larger than iodide.  

Third, the doping effect of electrolyte which is widely investigated in DSSCs. 

Spiekemann et al. reported using the p-type semiconductor, poly (4-undecyl-2, 2’-

bithiophene), which is a solid electrolyte.[69] The disadvantages of the solid electrolytes are its 

low IPCE value, expensive, thickness, and low speed electron transfer.[70] Therefore, liquid 

electrolytes are commonly used in spite of its volatility and toxicity due to its high ionic 

conductivity which enhances the efficiency of DSSCs.  

The general composition of electrolyte is a combination of highly polar solvents, such 

as acetonitrile, ethylenecarbonate, and propylenecarbonate. The electrolytes used are 

tertabutylammonium iodide (TBAI), 1-methyl-3-propyl-imidazolium iodide (PMII), lithium 

iodide (LiI), 4-tert-butyl pyridine(TBP) and iodine (I2).[70-74]  The function of TBP is to 

deprotonate the surface of n-type semiconductor, such as TiO2. TBP caused a negative shift of 

the conduction band of TiO2.[75, 76] PMII supports the electrolytes’ interface along with iodide 

and the solvents.  

1.6 Parameters of Photoelectrochemical Cells (PECs) 

The characterization of DSSCs takes place with efficiency which can be calculated by 

the equition1.6-1 

                        η = Pmax / Pin                               (Equation 1.6-1) 
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Where, η is energy efficiency, Pmax is maximum power output; Pin is the intensity of 

incident power, 100 mW/cm2, 

                      Pmax=I max × Vmax                   (Equation 1.6-2) 

Where, Pmax is maximum power output, Imax is current at maximum power, Vmax is 

voltage at maximum power. 

Therefore, the equation 1.6-1 can be transformed to be 

                  η = ( Isc × Voc × F.F. ) / Pin                          (Equation 1.6-3) 

Where Voc is open-circuit potential (V), Isc is short-circuit current (mA/cm2), F.F. is fill 

factor (without unit). 

The four parameters are affected by the strength of absorption of the dye molecule, 

increased electron injection efficiency from the excited state of dye molecule into the 

conduction band of film, the redox mediator reaction, and the electrolyte. The cations in an 

electrolyte also affects short-circuit current. This provides the positive potentials by shiftting 

the film’s conduction to affect the electron injection efficiency. [92, 93] The open-circuit potential 

value is affected by dark current which is derived from back reaction and the electrolyte.[94] 

The redox mediators produce a free electron to increase the value of open-circuit voltages 

because it compensates the loss from electron recombination.[95, 96] 

The fill factor (F.F.) can be calculated using the equation below. 

            F.F. = Pmax ÷ (Isc × Voc) × 100 %                  (Equation 1.6-4) 

Equation 1.6-4 shows the relationship between the real value and ideal value of the 

current and potential. The physical meaning of fill factor is showing the efficiently of the solar 

cell performs. The better the fill factor provides the toward extracting all the energy form the 

cells. The actual value cannot be the same with the theoretical value because of voltage factor, 

reflection, the efficiency of collection, and the surface coverage.  
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Figure 1.5: The relationship between the potential and current.[77] 
 

The maximum power that can be derived is the maximum power of current and potential 

at the point of Pmax. Therefore, it is easy to calculate the maximum square of I-V curve.  

Another important parameter to estimate the photon-electron conversion efficiency is 

incident photon to current conversion efficiency (IPCE).  

IPCE (%) = [(1240 × Isc ) ÷ (Pin  × λ) ] × 100 %           (Equation 1.6-5) 

Where, Isc is the short-circuit current (mA/cm2), λ is the wavelength of incident light 

(nm), Pin is the intensity of incident power, 100 mW/cm2. 

IPCE is a measure for incident photon current generating electrons with each varying 

wavelength of light. It also shows the relationship between the dye sensitizer and the absorption 

of TiO2. Moreover, IPCE gives the ratio between the charge carriers number of DSSCs and the 

number of incident photons on the solar surface. Hence, the wavelength and power of incident 

light affects the efficiency of the solar cells.  

The DSSCs may absorb the photons in specific wavelength. For example, Michael 

Gratzel reported that the black dye absorption spectrum range is from 400 nm to 920 nm.[78] 

The IPCE value is close to 80 %. Hence, the absorption wavelength of the dye sensitizer was 
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close to the near-IR range which increases the IPCE value. Moreover, the IPCE value can be 

increased when the dye sensitizer increases the range of the visible light. Consequently, the 

stability and absorbance capacity of the surface are significant to produce high incident photon 

conversion efficiency (IPCE).  

Charge collection efficiency (ηCOL), charge injection efficiency (ηINJ), and the light 

harvesting (ηLH) affect the IPCE value. [79-80] 

      ηIPCE(λ) = ηCOL (λ) ηINJ (λ) ηLH (λ)                 (Equation 1.6-6) 

Where ηCOL describes the electron jump to the anode efficiency, ηINJ describe the 

electron injected from the LUMO of the dye efficiency, and ηLH describe the ability of the light 

harvesting by the dye sensitizer.[79-80] 

 
Figure 1.6: N3 dye and black dye’s structure, and the value of IPCE.[78] 
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1.7 Conclusion 

The DSSCs research shows much promise as a mode of renewable energy source that 

could address present looming energy crisis. Therefore, it is important to improve the design 

and performance of cells to boost up the efficiency of solar cell and also affordable in terms of 

its cost. The next chapter will discuss the two organic dye molecules with different absorption 

range used in DSSCs applications.  
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CHAPTER 2  

STUDIES ON PORPHYRIN AND PHTHALOCYANICE MODIFIED ON SnO2 

PHOTOELECTROCHEMICAL CELLS 

2.1 Introduction 

In order to construct the high performance dye sensitized solar cells (DSSCs), 

sensitizers having a wide range near-IR and visible light absorbance are used.[81] Organic and 

inorganic materials can be adsorbed on the surface of TiO2 and SnO2 electrodes to generate 

photocurrent.[40, 82] Harvesting a broad range of light increases the efficiency of DSSCs.  

In the past, carboxylic acid groups have been used as linkers for the dye sensitizers to 

the n-type semiconductors. Sulfonic acid group functions in the same manner as carboxylic 

acid group. A tetrasulfonate phthalocyanine has four sulfonic acid groups which is another 

linker group that has a strong anchoring property to the surface of SnO2 minimizing 

interruptions in electron transition. Moreover, anionic phthalocyannine has absorbance in the 

near IR region,[38, 42] while cationic porphyrin has the absorption in the visible region.[41, 83] 

Hence, it is an important key in finding a synthetic route that increases both visible and near 

IR spectral absorption of the dye molecules on dye-sensitizer.[41, 42, 84]  

As a result, in the present study two dyes which are Zn(II) phthalocyanine tetrasulfonic 

acid, Zn(PcS) and, Zn(II) meso-tetra(N-methyl-4-pyridyl) porphine tetrachloride, Zn(TMPyP) 

are chosen as sensitizers on the surface of tin (IV) oxide (SnO2).  

Supramolecular chemistry is a field that involves the non-covalent molecular 

interaction between the two classes of compounds: host and guest molecules. [9, 15, 87, 88] There 

are two subsections in supramolecular chemistry, self-assembly and self-organisation. [87] Self-

assembly shows the host molecule using the binding sites’ compound to complement the guest 

molecules.  

 



14 

Zn(PcS) Zn(TMPyP) 

NN N

N

NNN

N Zn

SO3H

SO3H

HO3S

SO3H

 

NN

N N
Zn N+N+

N+

N+

4Cl-

 
Scheme 2.1: The structure of Zn(PcS) and Zn(TMPyP) 

 

Recent data has shown the combination of phthalocyanine and porphyrin with SnO2 or 

TiO2.[27, 97] Phthalocyanine acts an acceptor bridge between the tin oxide and porphyrin. 

Porphyrin acts an electron donor in the supramolecular system. The Zn(PcS) has an absorption 

band around 680 to 700 nm while Zn(TMPyP) has absorption bands around 439 nm to 460 nm, 

550 nm to 570 nm, and 600 nm to 620 nm.  

2.2 Results and Discussion 

Tin (IV) oxide (SnO2) was used as oxide film of DSSCs as an n-type semiconductor, 

because of its outstanding properties which are wide conductive bandgap material (3.8 eV), 

and high rate of electron mobility.[1] SnO2 nanoparticle has a higher electron mobility (100-200 

cm2/VS) than TiO2 (10-2 cm2/VS).[86, 91] High electron mobility rate could increase the speed of 

electron injection from the excited state of the dye sensitizer to the SnO2 layer. In other words, 

the SnO2 has lower electron recombination kinetic and faster electron injection. Furthermore, 

its wide conduction band could decrease the probability of electron recombination. In addition, 

the wide conduction band could also decrease the photodecomposition of the organic dye, 

increasing the dye’s life span. [90]  

2.2.1 Photoelectrochemical Studies 

The current-voltage curve is one of the techniques for the measurement of dye 
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sensitized solar cells with a standard illumination air-mass 1.5 solar lights. The most important 

parameters are open-circuit potential (Voc), the short-circuit current (Isc), fill factor (F.F.), and 

photovoltaic conversion efficiency for understanding the performance of DSSCs.  

2.2.2 Instrumentation 

In this study of DSSCs, two approaches were followed for design of the solar cells. 

First is the cuvette-type of construction which used 0.6 cm Teflon spacer to separate two 

electrodes. Second is the sandwich-type of construction which included the working electrode, 

electrolyte, and counter electrode top layer to bottom. The working electrode for this apparatus 

was the nanoparticle SnO2. The counter electrode used was a platinum-coated film, while the 

designated electrolyte was an iodine/triiodide (I- / I3
-) solution. All photoelectrochemical 

measurements were performed in acetonitrile I3
-/I- (0.5 M TBAI, 0.05M I2) redox mediator and 

an AM1.5 simulated light source with 350 nm UV cut off filter as the light source. 

2.2.3 Optical Absorbance and Steady State Fluorescence Studies 

Figure 2.1 shows that the optical absorption of Zn(PcS) and Zn(TMPyP). The 

absorption peak of Zn(PcS) is around 668 nm and Zn(TMPyP) is around 453 nm in methanol- 

water solution(40:60 v/v).[27] 

Figure 2.2 shows the steady state absorption titration of Zn(PcS) upon increasing 

addition of Zn(TMPyP) in methanol-water solution mixture. The green line is the first 

absorption peak of Zn(TMPyP), and the organic line is the last absorption peak of addition of 

Zn(PcS) to Zn(TMPyP). It shows a red shift from 668 nm to 705 nm in the absorption of 

Zn(PcS) and a red shift 453 nm to the Soret band of Zn(TMPyP).[27] These two different dye 

molecules are binding together via electrostatic interaction. The Figure inside of Figure 2.2 

shows a Benesi-Hildebrand plot for calculating the Ka. The binding constant value is 4.8 × 105 

M-1, revealing strong binding. [27]  
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Figure 2.1: Absorption spectra of the compounds: blue line is Zn(PcS), red line is 

Zn(TMPyP).[27] 
 
 

 
Figure 2.2: Absorption spectral changes when Zn(PcS) increasing addition on Zn(TMPyP) in 

methanol/water. [27] 
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Figure 2.3: Molecular stoichiometry for the mole ratio 1: 1. [27] 

 

The formation of the phthalocyanine-porphyrin heterodimers ratio is 1: 1 as showed 

on Figure 2.3. When the formation of heterodimer, the emission curve at 631 nm is decreased 

because of the static interactions as showed in the Figure 2.4. A new band was showed 

around 750 nm when the Zn(PcS) was added into the Zn(TMPyP) likely due to charge 

transfer emission. [27] Through these visual evidences as shown in Figure 2.2 to 2.4, these two 

dyes can bind together very well.  

Based on different experimental condition, results have been subdivided into five 

parts  

Part 1. Based on independent Variables—time and measurment method to prepare 

electrodes using Zn(TMPyP) dye as sensitizer .  

Condition I:  the SnO2 electrode was submerged in a Zn(TMPyP)-methanol solution for 3 

hours using sandwich method of cell construction. 
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Condition II:  the SnO2 electrode was submerged in Zn(TMPyP)-methanol solution for 2 

days using sandwich method of cell construction.   

Condition III:  the SnO2 electrode was submerged in Zn(TMPyP)-methanol solution for 3 

hours using cuvette method of cell construction.  

 
Figure 2.4: Fluorescence spectral changes for Zn(TMPyP) upon increasing addition of 

Zn(PcS), excited at 430 nm. [27] 

 

 

 

 

 

 

 

 

 

Figure 2.5: The current density-voltage curve of DSSCs of FTO/SnO2 without any absorbed 
dye, (I), (II), and (III) electrodes. 
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Table 2.1. Photovoltaic performance of the FTO/SnO2/DSSCs, I, II, and III 
 

 Isc(mA/cm2) Voc (V) FF (%) η(%) IPCE 
(%) Method Time 

I 5.56 0.42 63.6 1.5 28 sandwich 3 hours 

II 4.93 0.39 58.2 1.13 32 sandwich 2 Days 

III 10 0.32 46.5 1.46 60 cuvette 3 hours 

 

From Figure 2.5, the time of SnO2 electrode submerged in the dye solution is 

independent of the current density. Although condition II was dipped for 2 days, the Isc, Voc, 

FF, and η value of condition II wasn’t that high as in condition I which was dipped for 3 hours. 

In the analysis of the open-circuit potential (Voc) there was a comparison between the 

sandwich methods (condition I and II) versus the cuvette method seen in condition III. The 

voltage difference between the methods is contributed to the proximity of the counter electrode 

to the SnO2 electrode interface. This difference is between 0.07~ 0.10 volts as seen in Table 

2.1. Further analysis of Table 2.1 yielded the sandwich method had better efficiency and fill 

factor over the cuvette method. However, the cuvette method yielded a higher Isc value. 
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Figure 2.6: Photocurrent with light on and off switching, (I), (II), and (III). 
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Figure 2.7: Incident photon to current conversion efficiency (IPCE) of SnO2 electrodes 

sensitized with (I), (II), and (III) 
 

Figure 2.6 showed the photocurrent generations similar to the electron jump from excite 

state of the sensitizers to the n-type semiconductor band.  Figure 2.7 showed the incident 

photon to current conversion efficiency (IPCE) of SnO2 electrodes in three different conditions 

in the range 400 nm to 800 nm. The highest value of IPCE was 60% by cuvette method. The 

cuvette value is almost double than the sandwich method. The absorption of the Zn(TMPyP) 

will absorb at 455 nm (main), 570 nm, and 609 nm of the spectral region.  

Part 2. Base on independent variables—Zn(PcS)’s solution-methanol to prepare 

electrodes using Zn(PcS): Zn(TMPyP) dye as sensitizer in methanol solution.  

Condition IV: the SnO2 electrode was submerged in a Zn(PcS)-methanol solution for 3 

hours, and the same procedure was followed using Zn(TMPyP)-methanol solution for 3 hours.  

Condition V: the SnO2 electrode was submerged in a Zn(PcS) solution 40% by volume 

Millipore water to methanol for 3 hours and the same procedure was followed using 

Zn(TMPyP)-methanol solution for 3 hours.  
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The resulting DSSCs from the two conditions were measured by the sandwich method.  

Table 2.2. Photovoltaic performance of the FTO/SnO2/DSSCs, IV and V 
 

 Isc(mA/cm2) Voc (V) FF (%) η(%) IPCE (%) Method 

IV 8.58 0.30 44.4 1.14 78 sandwich 

V 8.81 0.33 41.8 1.13 56 sandwich 
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Figure 2.8: The current density-voltage curve of DSSCs of FTO/SnO2 without any absorbed 

dye, (IV) and (V). 
 

 
Figure 2.9: Photocurrent with light on and off switching, (IV) and (V). 
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Figure 2.10: Top picture of electrode dipped in the Zn(PcS), color is the blue. Bottom picture 

of electrode dipped in the Zn(TMPyP), color change form blue to green. 
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Figure 2.11: Incident photon to current conversion efficiency (IPCE) of SnO2 electrodes 

sensitized with condition IV and V, in acetonitrile I3
-/I- (0.5 M TBAI, 0.05M I2) redox medox 

mediator by using an AM1.5 simulated light source with 350 nm UV cut off filter. 
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While comparing the data of condition IV versus condition V the following results were 

compiled in Table 2.2. The incident photon to current conversion efficiencies (IPCE) of 

condition IV yielded a 22 % increases over condition V. Next, (IV) showed the peak of 

Zn(TMPyP) around 450 nm to 460 nm while for the Zn(PcS) absorption peak was around 680 

nm to 705 nm on Figure 2.11. The analysis of the current potential curves yielded a negligible 

difference between IV and V. 

Part 3. Base on independent variables—Zn(PcS)’s solution-ethanol to prepare 

electrodes using Zn(PcS): Zn(TMPyP) dye as sensitizer in ethanol solution.  

Condition VI: the SnO2 electrode was submerged in a Zn(PcS)-ethanol solution for 3 

hours and the same procedure was followed using Zn(TMPyP)-ethanol solution for 3 hours.  

Condition VII: the SnO2 electrode was submerged in a Zn(PcS) solution with 40% by 

volume Millipore water to ethanol for 3 hours and the same procedure was followed using 

Zn(TMPyP)-ethanol solution for 3 hours.  

The resulting DSSCs from the two conditions were measured by the sandwich method.  
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Figure 2.12: The current density-voltage curve of DSSCs of FTO/SnO2 without any 

absorbed dye, (VI) and (VII). 
 

The short-circuit current values of VI and VII were smaller than the value of IV and V 
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when ethanol replaced methanol in the solution of Zn(PcS) as shown in Table 2.2. and 2.3. One 

possible reason is that the Zn(PcS) in ethanol solution was not completely absorbed on the 

surface of the SnO2 film due to lower solubility. 

In order to obtain conclusive results on the dye’s ability to bind completely to the 

Zn(PcS): Zn(TMPyP) substrate a ladder test was initiated. The ladder test kept the same 

sandwich method, same dye, same substrate but varied the solvent system used to attach the 

dye to the substrate. The solvent systems were methanol (condition IV), methanol with 

Millipore water (condition V), ethanol (condition VI), and ethanol with Millipore water 

(condition VII). The data was compiled into Tables 2.3.  

Table 2.3. Photovoltaic performance of the FTO/SnO2/DSSCs, IV, V, VI, and VII 
 

 Isc(mA/cm2) Voc (V) FF(%) η(%) IPCE 
(%) Method Solvent 

Zn(PcS) 

IV 8.58 0.30 44.4 1.14 78 sandwich Methanol 

V 8.81 0.33 41.8 1.13 56 sandwich Methanol/H2O 

VI 4.85 0.34 65 1.08 32 sandwich Ethanol 

VII 5.05 0.33 58 0.96 56 sandwich Ethanol/H2O 
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Figure 2.13: Photocurrent with light on and off switching, (VI) and (VII). 
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Figure 2.14: Picture of electrodes (VI, VII) used in the photoelectrochemical measurement. 
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Figure 2.15: Incident photon to current conversion efficiency (IPCE) of SnO2 electrodes 

sensitized with VI and VII. 
 

Analysis the ladder test showed that methanol yielded a higher efficiency value than 

ethanol one. However, a higher Isc value was noted when the Millipore water was added to 

the solution. Therefore, the ideal solvent system would be mixture of methanol with 

Millipore water in addition to the dye.  

According to the Beer’s law, the relationship between absorbance and molar 
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absorptivity is clear to proof that the ethanol solution is not available. A= εb c, where, A is 

absorbance, ε is molar absorption coefficient (M-1cm-1), b is the length of the path traversed 

by the light (cm), and c is the concentration of the solution (M) 

Part 4.  Based on independent variables—Zn(PcS)’s solution and temperature to 

prepare electrodes using Zn(PcS): Zn(TMPyP) dye as sensitizers. 

Condition VIII: the SnO2 electrode was submerged in a Zn(PcS)-methanol solution 

for 3 hours and the same procedure was followed using Zn(TMPyP)-methanol solution for 3 

hours.  

Condition IX: the SnO2 electrode was submerged in a Zn(PcS) solution with 40% by 

volume Millipore water to methanol for 3 hours and was followed using Zn(TMPyP)-

methanol solution for 3 hours.  

Condition X: the SnO2 electrode was submerged in a Zn(TMPyP) solution with 

Millipore Water for 3 hours and the same procedure was followed using Zn(TMPyP)-

methanol solution for 3 hours.  

These three conditions were heated at 440 degree for 30 mins to evaporate the water.  

Condition XI: the SnO2 electrode was submerged in a Zn(PcS) solution with 40% by 

volume Millipore water to methanol without heating . Then the same procedure was followed 

using Zn(TMPyP)-methanol solution for 3 hours. All situations were measured by the 

sandwich method.  

 

 

 

 

 

Figure 2.16: Picture of electrodes (VIII, IX, X, XI) used in the photoelectrochemical 
measurement. 
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Figure 2.17: The current density-voltage curve of DSSCs with of FTO/SnO2 without any 

absorbed dye, (VIII), (IX), (X), and (XI). 
 

Table 2.4. Photovoltaic performance of the FTO/SnO2/DSSCs, VIII to XI 
 

 Isc(mA/cm2) Voc (V) FF(%) η(%) IPCE 
(%) 

Solvent 
Zn(PcS) Heat 

VIII 14.79 0.25 31 1.16 95 Methanol Heat 

IX 9.49 0.29 46 1.20 67 Methanol/H2O Heat 

X 12.90 0.26 32 1.06 83 H2O Heat 

XI 4.62 0.33 61 0.93 60 Methanol/H2O N/N 

 

Recalling from earlier in this chapter, a mixture of methanol with Millipore water 

solution yielded the best results for binding the dye to the substrate. A ladder test varying 

temperature dependence and water addition was performed and the data can be seen in Table 

2.5. The trends that were seen with temperature dependence was the Isc value increased with 

heat, the Voc value decreased slightly, the efficiency increased slightly and the IPCE value 

increased considerably. By comparing the effects of heat and Millipore water (condition IX 

and VIII), Isc and IPCE were higher for the non water substrate (condition VIII). However, the 

condition IX yielded a higher Voc and efficiency. 
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Table 2.5. Photovoltaic performance of the FTO/SnO2/DSSCs, V and IX 
  

 Isc(mA/cm2) Voc (V) FF(%) η(%) IPCE(%) Method Heat 

V 8.81 0.33 41.8 1.13 56 sandwich N/N 

IX 9.49 0.29 46 1.20 67 sandwich Heat 

 

Table 2.6. Photovoltaic performance of the FTO/SnO2/DSSCs, IV and VIII 
 

 Isc(mA/cm2) Voc (V) FF(%) η(%) IPCE(%) Method Heat 

IV 8.58 0.30 44.4 1.14 78 sandwich N/N 

VIII 14.79 0.25 31 1.16 95 sandwich Heat 

 

Analysis of the mixture of Millipore water with methanol has proven to be a consistent 

solution that increases the performance of the device regardless of the parameters including 

time variation, temperature dependence or device creation method.  

The high IPCE value showed that the electrode has strong electrostatic characteristics. 

Also, it showed that the SnO2 modified electrodes have high electronic interactions which 

increase the electron injection ability from the LUMO of the dye molecule to the n-type 

semiconductor band between the SnO2 and the dye molecule.  
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Figure 2.18: Photocurrent with light on and off switching, (VIII), (IX), (X), and (XI). 
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Figure 2.19: Incident photon to current conversion efficiency (IPCE) of SnO2 electrodes 

sensitized with (VIII), (IX), (X), and (XI). 
 

The condition VIII, the IPCE was 80 % at 455 nm, 73% at 570 nm, and 95 % at 610 

nm for FTO/ SnO2/ Zn(PcS)/ Zn(TMPyP) electrode in Figure 2.19. Although the high IPCE 

value was showed, the light energy conversion efficiencies were measured around 0.93 to 1.2 

% due to the low value of open-circuit potential (Voc) around 0.25 to 0.33V. The photocurrent 

spectrum of Figure 2.19 was measured by electrolyte solution of 0.6 M of tetrabutylammonium 

iodide (TBAI), 0.05 M of iodine (I2), and acetonitrile.  

Part 5. Based on independent variables— thickness of dyes to prepare electrodes using 

four different layers of the heterodimer dye as sensitizer.  

SnO2 electrodes sensitized with FTO/ SnO2 

(a) FTO/SnO2/Zn(PcS) 

(b) FTO/SnO2/Zn(PcS) /Zn(TMPyP) 

(c) FTO/SnO2/Zn(PcS) /Zn(TMPyP) /Zn(PcS) 

(d) FTO/SnO2/Zn(PcS) /Zn(TMPyP) /Zn(PcS) /Zn(TMPyP) 



30 

(a) and (c) that SnO2 electrode was submerged in Zn(PcS) solution with 40 % by 
volume Millipore water to methanol for 3 hours. 

(b) and (d) that SnO2 electrode was submerged in Zn(TMPyP)-methanol for 3 hours. 

Figure 2.20 shows the current density and voltage curves of the DSSCs coated with 4 

difference layers of Zn(PcS) and Zn(TMPyP) using the sandwich method. Condition a, the 

SnO2 electrode was dipped in the 0.1 mM Zn(PcS) solution with the ratio 2.5 by volume 

methanol and Millipore water for 3 hours. Condition b, the SnO2 electrode was dipped in 

0.1mM Zn(TMPyP) with methanol solution for another 3 hours after washing by methanol and 

Millipore water. The similar procedure was used again. Condition c, the SnO2 electrode was 

dipped in the fresh 0.1 mM Zn(PcS) solution with the ratio 2.5 by volume methanol and 

Millipore water for 3 hours. Condition d, SnO2 electrode was dipped in 0.1mM Zn(TMPyP) 

with methanol solution for other 3 hours after washing by methanol and Millipore water. 
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Figure 2.20: The current density-voltage curve of DSSCs with of FTO/SnO2 without any 
absorbed dye, (a), (b), (c) and (d). 
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Table 2.7. Photovoltaic performance of the FTO/SnO2/ of DSSCs, a to d 
 

 Isc(mA/cm2) Voc (V) FF (%) η (%) IPCE (%) Method 

a 4.74 0.23 40.2 0.49 40 sandwich 

b 12.39 0.26 31.7 1.04 58 sandwich 

c 6.36 0.10 28.1 0.18 25 sandwich 

d 9.26 0.15 28.7 0.41 40 sandwich 

 

Table 2.8. Photovoltaic performance of the FTO/SnO2/DSSCs 
 

composition Isc(mA/cm2) Voc(V
) 

FF(%
) η(%) IPCE(%) 

Zn(PcS)[27] 3.2 0.18 34 0.19 51 

Zn(PcS)--a 4.74 0.23 40.2 0.49 40 

Zn(PcS)/Zn(TMPyP)[27] 7.0 0.19 31 0.50 79 

Zn(PcS)/Zn(TMPyP)--b 12.39 0.26 31.7 1.04 58 

 

In this chapter, the method for DSSCs’ creation was compared to the literature values 

that were generated by Subbaiyan. et al.[27] A ladder test was performed to analyze how film 

thickness and film composition effects the overall efficiency of a DSSCs system. When 

comparing the single Zn(PcS) data, the proposed method improved greatly over the literature. 

Device a had a 48 % increase in its Isc value. It had a 27 % increase in Voc, and the efficiency 

of the device was increased by 2.5 times the literature value. Comparing the single layer 

Zn(PcS)/Zn(TMPyP) data, the method also improved over the current literature values. Device 

b had a 77 % increase in Isc. It had a 36 % increase in Voc and the efficiency of the device was 

increased by over 2 times the literature value.  

The literature values compare Zn(PcS) and Zn(TMPyP), it had 2.2 time increase in Isc 

value, Voc value increase slightly, 2.6 time increase in efficiency value and 54 % increase in 

IPCE value. The compare a and b data, it had 2.6 times increase in Isc value, Voc value increase 
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slightly, 2.1 time increase in efficiency value and 1.45 times increase in IPCE value. Above 

all, both the literature and data values show that: Isc increases, efficiency increases, Voc 

increases and IPCE increases. Therefore, the trends view in the data match the literature 

predictions.  

The high value of short-circuit current was attributed to improve the electron injection 

from the excited state of dye sensitized to the conduction band of SnO2.  

Table 2.9. Photovoltaic performance of the FTO/SnO2/DSSCs 
 

composition Isc(mA/cm2) Voc (V) FF(%) η(%) IPCE(%) 

Zn(PcS)/Zn(TMPyP)/ 
Zn(PcS)--c 6.36 0.1 28.1 0.18 25 

Zn(PcS)/Zn(TMPyP)/ 
Zn(PcS)/Zn(TMPyP)--d 9.26 0.15 28.7 0.41 40 
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Figure 2.21: Photocurrent with light on and off switching, (a), (b), (c) and (d). 
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Figure 2.22: Incident photon to current conversion efficiency (IPCE) of SnO2 electrodes 

sensitized with FTO/ SnO2/ (a), (b), (c), and (d). 
 

Based on data from Table 2.9. it 45 % increase in Isc value, Voc value increase slightly, 

2.2 times increase in efficiency, and 60 % increase in IPCE. Both the c and d data values 

match the trends as show at a and b. It means that trend a and b still valid. When Zn(PcS) was 

added on the second layer, the values of a all variable decreased due to the electron accepting 

ability of Zn(PcS) of the heterodimers system. Upon, the Zn(TMPyP) was added on the 

second layer, the overall values were increase due to the electron donating ability of 

Zn(TMPyP) of the heterodimers system.  

In a comparative evaluation, we see that a and c have the same trends with compare b 

and d. Figure 2.22 showed the four different curves. Through Figure 2.22, the two layers of 

heterodimer coating was the best result because of the highest IPCE value. After the third 

coating, the value of IPCE decreased quickly although it increased with fourth coating. As a 

result, the better absorption of heterodimer coating was two layers.  
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2.3 Experimental Section 

2.3.1 Chemicals 

The zinc derivatives of phthalocynanine sulfonic acid derivatives Zn(PcS) and zinc 

derivatives of tetrakis(N-methyl pyridyl)porphyrin chloride, Zn(TMPyP) were purchased 

from Frontier Scientific, Inc. (Logan UT)  

2.3.2 Preparation of SnO2 Electrode 

Using a glass cutter, specific size of fluorine doped tin oxide (FTO, Pilkington TEC-8, 

6-9 Ω/square) glass and numbering them was done. Then FTO glasses were washed with 

detergent soap by using the clean cloth in order to remove the oil on the surface of FTO glass. 

Then FTO glasses were dipped in the solvents which are 0.1 M HCl in ethanol, bulk acetone, 

and bulk isopropyl alcohol by sonicating for ten minutes. Subsequently, the FTO glasses 

were taken out of the solvents and dried for five minutes. The clean FTO glasses were kept 

under the UV Ozone Cleaner for 15 minutes. Annealing the FTO at 440 degree for 30 

minutes was the last step. 

Preparation of the SnO2 solution was also important which would affect the efficiency 

of IPCE. Using a small glass pipette 120 mg of SnO2 colloidal solution (Alfa Aesar, 15 %) was 

transformed to a the small vial. Then, 10 ml of ethanol and 1000μl of ammonium hydroxide 

(NH4OH) were added while sonicating for ten minutes. In order to making the film of SnO2 on 

FTO glasses, annealing the FTO glasses was a crucial step. Using the pipette the SnO2 solution 

on was drip coated on SnO2. After repeating the same step, which SnO2 layer was achieved. 

Finally, the SnO2 electrodes were heated at 470 degree for 30 minutes. Using the surface 

profiler, the thickness of the SnO2 film was measured. The average thickness of SnO2 film was 

around 5 ± 0.2 μm.  

2.3.3 Preparation of Counter Electrode 

Using a glass cutter, specific size of Fluorine doped Tin Oxide (FTO) glass were cut 



35 

and numbered. Then FTO glasses were washed with detergent soap by using the clean cloth 

in order to remove the oil on the surface of FTO glass. Then FTO glasses were dipped in the 

solvents which are 0.1 M HCl in ethanol, bulk acetone, and bulk isopropyl alcohol by 

sonicating for each ten minutes. The FTO glasses were taken out of the solvents and dried for 

five minutes. The clean FTO glasses were kept under the UV Ozone Cleaner for 15 minutes. 

Heating the FTO glasses on the hotplate at 440 degree for 30 minutes was very important step 

for making counter electrode.[89] Then, the FTO glass was cut into smaller pieces. A 5 mg 

chloroplatinic acid (H2PtCl6‧H2O) in 1 ml ethanol was surface coated and put on the hotplate 

to heat 440 degree for 30 minutes. The electrodes were cooled to 75 degree prior using. 

2.3.4 Preparation of Electrolyte 

A mixture of the 0.6 M of tetrabutylammonium iodide (TBAI), 0.05 M of iodine (I2), 

and 500 µl of acetonitrile was used as the electrolyte.  

2.3.5 Photoelectrochemical Studies 

The photocurrent-photovoltage (I-V) characteristics of the solar cells were tested 

using a Model 2400 Current/Voltage Source Meter of Keithley Instruments, Inc. (Cleveland, 

OH) under illumination with an AM 1.5 simulated light source using a Model 9600 of 150-W 

Solar Simulator of Newport Cort. (Irvine, CA). 

Incident photo to current conversion efficiency, IPCE, was performed under 4 mW 

cm-2 monochromatic light illumination conditions by serving a 150 W Xe lamp with a 

Cornerstone 260 monochromater (Newport Corp., Irvine, CA).  
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CHAPTER 3  

SUMMARY 

In summary, details of dye sensitized solar cells was discussed and porphyrin and 

phthalocyanine heterodimers based dyes were applied in DSSCs. Dye sensitized solar cells 

(DSSCs) have drawn a great interest in the scientific community since it provides an 

inexpensive alternative to the conventional silicon based solar cells. There are four 

parameters that can be optimized in DSSCs which are oxide film, dye sensitizer, counter 

electrode materials, electrolyte which serves as the redox mediator. The important key in 

DSSCs is the flow of the electrons. 

The electron is injected from the excited state of dye sensitizer to the conduction band 

of the oxide film layer. In turn, the electrons flow into the redox mediator by an external 

circuit of counter electrode to supply electrons to the dye sensitizer. However, the loss of the 

electron occurs in back recombination, interfacial electron transfer, interfacial charge 

recombination, and back electron transfer. This can be improved by the electron density of 

SnO2 and concentration of the electrolytes. The efficiency of DSSCs can be characterized by 

the short-circuit current (Isc), open circuit potential (Voc) and fill factor (F.F.). Each one is 

discussed in chapter 1. Incident photon to current conversion efficiency (IPCE) plays an 

important role in determining the optimum condition for DSSCs. IPCE figure shows the 

current is generated at specific wavelengths and also shows the dye-sensitized device’s 

performance is good or not.   

In chapter 2, we have investigated that the positively charged porphyrins can interact 

with the negatively charged of SnO2. Photoelectrochemical studies showed that Zn(TMPyP) 

had an 80 % of IPCE value near 455 nm while Zn(PcS) had an 95 % IPCE value near 610 

nm. The high IPCE value does not only show the strong electrostatic interactions but also 

show the strong orbital interaction between the conduction band of SnO2 and Zn(TMPyP) or 
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Zn(PcS).[97] It could also provide a high charge injection from the LUMO of Zn(TMPyP) to 

the counduction band of SnO2. 

Similar experiments were done by Subbaiyan et al., reported low open-circuit 

potential (Voc) (0.18 V), short-circuit current (Isc) (4.7 mA/cm2), fill factor (F.F.) (38 %), and 

efficiency (η) (0.31 %). [97] Although the low IPCE values were showed on Table 2.1, the 

overall light energy conversion efficiencies were showed to be large which range between 

1.13 to 1.5 % due to a higher Voc (0.42 V), Isc (10 mA/cm2), and F.F.(63.6 %). However, the 

high IPCE value up to 95% around 590 nm to 610 nm was showed on Table 2.4 by the 

Zn(PcS)-Zn(TMPyP)-modified electrode.  

The Zn(TMPyP)-modified electrode has absorption in the Q-band range around 570 

nm to 609 nm as showed on Figure 2.7, 2.11., 2.15, 2.19, and 2.22. Moreover, Zn(PcS)-

modified electrode has the absorption in the range around 688 nm to 710 nm as showed on 

the Figure 2.11, 2.15, 2.19, and 2.22.  

Zn(TMPyP)-Zn(PcS)-modified electrodes in difference solvent system:  methanol and 

ethanol were also investigated as shown in part 2 and part 3. We investigated the I-V 

characteristics of the SnO2/ Zn(PcS): Zn(TMPyP) electrode and obtained a higher IPCE 

(78%), Isc (8.81 mA/cm2), and η (1.14%) values in the methanol solution while a lower IPCE 

(33%), Isc (0.59 mA/cm2), and η (0.12%) values in ethanol solution.  

In Part 5, absorption and thickness of the heterodimer dye sensitizer coatings were 

optimized. Figure 2.22 showed the IPCE figure of the four different layers of heterodimer 

modified electrodes. The IPCE curves showed the absorbance of the four various layers of 

heterodimers and its responses for photocurrent generation.[27] This is different from the two 

layered dye modified electrodes with comparatively higher values. Although the four layered 

dye modified electrodes did not prefer better, the two layered dye modified electrodes had the 

best performance than heterodimers modified electrodes which can be ascribed to its good 
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electrostatic and electronic interactions. Figure 2.22 clearly revealed that IPCE values drop 

from 58% to 25% when electrodes were coated the third layer.  Besides, the overall value of 

Voc, Isc, FF, η were reduced as shown in Table 2.5. Even though the IPCE value was at 40 % 

which is the same with first layer coated when the electrode coated fourth layer, the values of 

Voc, FF, η were not as high as first layer coating’s data. All in all, the better performance was 

the two layered coating of the porphyrin/phthalocyanine modified photoelectrochemical cell.  

In the future, multi heterodimer dye sensitizers could be applied on the 

nanocrystalline SnO2 electrodes.  That designing dyes with stronger light absorbing capacity 

is a main improvement part. For this purpose the heterodimers with a broad absorption range 

in both visible and near IR spectra should be selected to enhance the performance of 

photoelectrochemical cell. The big difference in absorption is the molar extinction coefficient 

of these two dyes. The molar extinction coefficient is the estimate the absorption light at 

specific wavelength. As shown here, we can use a cation porphyrin for first layer of dye on 

visible range, and an anionic dye such as phthalocyanine for the second layer of dye on near 

IR range.  

Second part of improvement is using new redox couples to carry out higher voltage. 

Higher Voc are reported when redox couples less corrosive than iodide were used. However, 

the low efficiencies and the high recombination rates were showed. It is one of the goals to 

find the suitable electrolyte to increase the performance of DSSCs. In the future, the DSSCs 

will become a good source of energy generator in our energy needs. 
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