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Abstract 

Bulk Heteroj unction, Natura l and Synthetic Dye Sensitized Photoclectrochemica l 

Solar Energy Conversio n 

Sisay Tlldesse 

A (/(US Abubll University, 2012 

A solid-state photoelectrochemica l so lar energy conversion dev ice based on blend of 

poIY(3 -hexy lthi ophene) (P3HT) and 1- (3-methoxycarbony l)propy l- l-phenyl (6,6]C6 1 

(PCBM), and an amorphous poly(ethylene ox ide) com plexed with 1)-11- redox couple 

has been constructed and characterized. The photoe lectroc hemica l perfonnanc( 

parameters of the device were compared with pure P3HT and P3HT:C60 blend solid· 

state photoe lectrochemica l ce ll . The current density-vo ltage characteristics in the darl 

and under white light illumination and photocurrent spectra fo r front and backsidt 

illuminations have been studied. An open-circuit voltage of 140 mV and a shon 

c ircuit current density of 28.4 ~cm2 at light intensity of 100 mW/cm2
; IPCE% 0 

1.52% fo r fron t side ill um ination (lTOI PEDOT) and IPCE% of 0.17% fo r backsid, 

ill um ination (ITOI P3HT:PCBM) at a wave length of 510 nm were obtained. Th 

dependence of the short-circuit current density and an open-c ircuit vo ltage on the ligh 

intensity and time have al so been studied. 

A so lid-state photoelectrochemical solar energy conversion dev ice based on nc-TiC 

sensit ized with D i-Tetra buty lammon i u rncis-bi s( iso! h iocyanato )bis(2 ,2 ' -bi pyrid y. 

4,4 '-dicarboxy lato)-rutheniumO I) (N-719) dye has been constructed an 

characterized. The current-voltage characteristics in the dark and under whi te ligl 

illumination and action spectra under monochromatic illu minations have been studie. 

The fo llowing dev ice parameters were obtained: an open-c ircuit vo ltage of762.5 111 ' 



and a short circuit current density of 33.2 IJA/cm2 at light intensity \00 mW/cm2; the 

IPCE% obtained was 1.7% at 330 nm. The dependence of the short-circuit current and 

an open-circuit vo ltage on the incident light inte nsity and illumination time have a lso 

been studied . 

OSSCs were assembled using natural dye extracted from fruits of Ookma (Syzygillm 

gllineense) as sensitizer. The photoelectrochem ica l performance of the quasi-solid 

state OSSCs based on the ethanol extract dye showed Voc of 0.506 V and l sc of2.03 

mAcm -2; and a power conversion effi c iency of 0.51 %. UV-vis spectroscopy studi e~ 

of light absorption of the nalural dye were done. Furtherm ore, the ethanol extraci 

obtained from Syzygillm guineense was further purified stepwise through solvent­

solvent extraction. The photoe lectrochemical performance for the extracts with 

different solvents indicated that the ind ividual components have synergisti c effect ir 

the performance of the OSSC. 

Quas i-solid state dye-sensit ized solar ce lls (OSSCs) were assembled by using the lea 

extracts of Amaranrhlls cal/dalus and Iresifle herbs/ii, and flower extract of Ipomoe( 

indica and HibisclIs sabdarifla as natural sensitizers of Ti02 fi lms. 0. 1 M HC I lea 

extracts of Amaranlhus calldatus and Iresifle herbsl;; mainly con tains the ye llov 

orange ind icaxanthin and the red purp le betacyanin whereas their respective ethane 

extract is mainly ch lorophyll. In ethano l and 0.1 M He l extract o f Ipomoea indica an 

Hibisclls sabdarifla anthocyani ns are the ma in components. The best overall so la 

energy conversion effic iency of 1% was obta ined, under 100 mW/c m2 irrad iatiOi 

with ethanol extract of Amaral/thus caudalwi, that showed a current density (l se 

3.44 mNcm 2
), open circuit voltage (Voc "" 0.57 V), and a high IPCE va lue (77% at 

"" 4 10 nm). Also the ethanol extract o f Ipomoea indica fl ower showed interestin 



perfollTlances, with a Jsc of3.11 mAlcm2
, Yoc of 0.55 Y, the corresponding solar to 

electrical power conversion of efficiency of 0.94% and IPeE va lue (75% at A"" 420 

nm). The ethanol extract of Hibiscus sabdariffa nower showed Jsc of 3.21 mNcm2
, 

Yoc of 0.49 Y, the corresponding solar to electrical power conversion of efficiency of 

1% and IPeE va lue (50 .2% at A = 600 nm). 

Key Words: Photoclectrochemica l ce ll, So lid State Electro lyte, Quasi-So lid Stale 

Electrolyte, Dye Sensitized Solar Cells, Natura l Dyes 
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I. INTRODUCTION AND MOTIVATION 

One of the many challenges we face today is the steady increase in energy 

consumption. With a constantly growing human populat ion and improved livi ng 

standards, more energy wi ll be nceded, w ith the result that the worldwide power 

consumption is expected to double within the next 30 years [I ]. Mankind 's overa ll 

energy consumption came to be 13 lerawatls (TW). It has been predicted that by the 

year 2050, between 26.4 and 32.9 TW will be required to meet our demand for 

energy. If foss il fue ls continue to be the main source of energy, this cou ld lead to 

atmospheric C02 leve ls exceeding 750 ppm, with devastating effects on ecosystems, 

anima l species and populat ions throughout the globe. If this catastrophe is to be 

prevented, production or C02-neutral energy is of utmost importance. There are many 

renewable energy sources, or which the most abundant, but also the most difficult te 

harness, is solar energy. Indeed, the solar energy reaching the Earth's surface in ont: 

hour surpasses the yearly expenditure or energy by humankind . The cha llenge tha' 

now races a section or the scienti fi c community is to find an economica lly viable \Va) 

to utilize this energy [2]. There are essentially thrce ways to harness the sun 's energy 

The simplest is by capturing the thennal energy, wh ich can either be used directly rOi 

domestic usc, or concentrated as a heat engine to drive a turbine to generatt 

electricity. The second has been implemented by nature since the begin nings or lire 01 

Earth. Photosynthesis is an example or a photochemica l energy converter, whereb: 

the photon 's energy is stored in the rorm orchcmical energy. A promising example 0 

a renewable energy source is using sunlight to drive water splitting into hydrogel 

which can later be used as a rue l [3 - 4]. Photovoltaic devices const it ute the thin 

method to harness the sun's energy. 



The ava ilability of energy is not only necessary for people in their daily li fe; it is also 

among the major driving forces of the global economy 15] . Everything. from polit ics 

to economy and even further to individuals, is directly dependent on it. As it is 

mentioned earlier, currently, the total energy usage is about 13 TW, where fossil fue l 

(coal, o il, and natural gas) is the main source. There are however concerns on 

maintaining the usage of fossil fuels as the main source of energy. Basica lly, energy 

from foss il fue ls faces two problems, the first being the limitation of resou rces and the 

second their envi ronmental impact. For these two reasons, there has been an urge to 

deve lop susta inable energy solutions. The supply of clean sustai nable energy is 

considered as one of the most important sc ientific and technica l challenges facing 

humanity in the 21 ~I centu!), [5]. 

Among the different alternative power sources exist'ing today (e.g. nuc lear. 

hydroelectric, geothennal , wind , biomass, and solar), so lar ene rgy has the most 

potentia l [5]. In fact, several of the a lternat ive energy sources used today art 

ind irectly derived from solar energy [6]. The sun provides the earth witt 

approximately 100,000 TW which is almost 10,000 times more than thc curren 

energy consumption [7}. The practical globa l so lar potential is about 600 TW [81 

Th is abundance of energy makes solar ce lls vc!)' anractive fo r e lectricity production 

The so lar cell that currently has the largest share in the market is based on c!),stall int 

silicon and was first reported by Chapin et al. in 1954 [9]. Eve n if the effic iency sinc· 

then has increased and the production cost decreased, it is still too expensive to bo 

able to compete with the conventional energy sources. Th is has lead to a grea 

research interest in finding ncw ways of utili zi ng the solar energy wi th cheaper an. 

more efficient methods. 



In this framework, we studied photoelectrochemica l so lar energy conversion based on 

polymer PCBM. natural (dyes cx.tractcd from plants) and commercial dye based so lid 

state and quasi·so lid state dye scnsitized so lar ce ll s (DSSCs) with the interest to 

investigate the photoe lectrochemica l properties of polymer:PCBM, commerc ial, and 

natural dyes adsorbed on nanocrysta ll ine Ti02 fi lm, with solid state electrolyte based 

amorphous polymer poly[ox.ymethylene· oligo(ox.yethylcne)] (POMOE) complexed 

with the redox couple 1)-/1- and the polymer po lyvinylpyrro lidone (PVP) mixed with 

l·ethyl·3·methylimmidazolium iod ide (EMlm·I ), sodium iodide, and iodine as quasi­

sol id state electrolyte. 

General Object ives of this work was: 

To design and characterize polymer based so lid state photoelectrochemical ce ll s, so lid 

stale and quasi-solid slate Dye Sensitized Solar Cells based on nanocrystalli nc-TiO; 

sensitized with natural pigments and ruthenium dyes for use in photoelectrochemical 

solar energy conversion. The specific objectives inc lude: 

(i) To produce bulk hetcrojunction all-solid·state photoe leclroc hemica l so lar ce l1 ~ 

using conjugated po lymcr poly (3-hexylthiophcne), P3HT. by blending with I· 

(3-methoxycarbonyl) propyl· I-phenyl [6, 6)C&1 PCBM as photoacti v( 

materials and study the photovoltaic properties of po lymer:PCBN 

photoelectrochemical ce lls with basic structure: ITOlpo lymer:PCBM I po lymel 

electrolyte with redox couplel PI or PEDOTI ITO. 

(ii) To produce all-sol id-state Dye sensiti zed so lar cell based on nc-TiO 

sensitized with synthetic dyes like N-719 Dye and study the photovo ltai, 

properties of hybrid solar cells with the basic structure; ITOITi021 Dye 

polymer electrolyte with redox couplel PI or PEDOTIITO. 



(iii) To produce quasi-sol id state dye sens itized solar cell based Oil nc-Ti02 

sensitized with ruthenium dye and various natura l dyes from plant sources, 

polymer ge l e lectrolyte composed of l-ethyl-3-mcthylimmidazo lium iodide 

(EMlml), Na l, 11 and polyvinylpyrrolidone (PVP) dissolved in acetonitrile and 

study the photovoltaic properties of dye sensitized solar cells wi th the basic 

structure; ITOITi02 IDyelQuasi-solid state polymer electrolyte with redox 

couple!?t or PEDOTlcoated ITO. 

This thes is is organ ized as follows: 

Chapter I is an introductory chapter presenti ng the genera l motivation of thi s thesis. 

In Chapter 2 the fundamental theoretical background for the understanding of the 

work is described. Accordingly, photoeleclrochemical ce lls without dyes 

(photoe let:trochemical ce ll s based on photoactive polymers) and dye sensitized sola! 

ce ll s, their operation princip le and things to be done in ordcr to improve the 

performance of dye sensitized solar ce ll s etc, are given. 

Chapter 3 presents experimenta l procedures, materials, and methods used for th< 

preparations of the various photoe lectroc hemical ce lls. Detailed preparation steps fOl 

an all solid state photoelectrochemical ce ll based on blend of P3HT and PCBM or dyl 

coatcd nanocrysta lline Ti0 2 as photoactive material and amorphous polyelhylelH 

ox ide complexed with the i )-/]- redox couple used as an electrolyte are described 

Preparation of quasi-solid state dye sensitized so lar cell s using natural dyes a 

sensitizer and polymer polyvinylpyrrolidone (PVP) mixed with an ionic liquid I 

ethyl-3-methylimmidazoli um iodide (EMlm-I), sodium iod ide and iodi ne as quasi 

solid state e lectrolyte are described. 



In Chapter 4 Experimenta l results are discussed. The first section (Section 4.1) 

presents experimental results on the behaviour of a solid·state PEC containing a 

mixture of polY(3·hexylthiophene) (P3 HT) and peBM coated on indi um-doped tin 

oxide (ITO) used as a photoactive electrode; amorphous polyethylene oxide 

complexed with the I}-fl- redox couple used as an electrolyte; and a thi n transparent 

layer ofpoly(3 ,4-ethylenedioxythiophene), PEDOT, electrochemica lly coated on ITO 

as a counter e lectrode. 

The second sect ion (Sect ion 4.2) describes the study of so lid state 

photoelectroc hemicl cell based on dye sensiti zed Ti02 and polymer electrolyte 

complexed with i}-fl -. In th is section the studies made on an all-so lid·state PEe 

constructed with nc· ri02 coated onto ITO that is covered with N-719 dye and used as 

a photoactive electrode, the ion conduc ting polymer, POMOE, complexed with redox 

couple as a so lid polymer elet:trolyte, and a PEDOT coated on ITO as countel 

e lectrode are discussed. 

The thi rd section (Section 4.3) descri bes the work on natural dye sensitized so lar celh 

using pigments extracted from frui t of SyzygiuIII gU;I1eel1se. The photoe lectrochemica 

properties of the quasi-solid state DSSCs using these extracts as sensitizer am 

polymer polyvinylpyrrolidone (PVP) mixed with J ·ethyl ·3·methylimmidazoliun 

iodide (EM 1m-I), sod ium iod ide, and iod ine as quasi·solid state electro lyte 

complexed with redox coup le were investi gated . 

The fourth section (Section 4.4) describes the results of the study on so lar energ: 

conversion based on quasi·solid state dye· sensitized solar ce ll s using leaf and nowe 

extracts as sensitizers are described. Here the results of a series of experiments carrie, 

out on raw leaf extracts of Amaral/thus caudatus and Iresil/e herbslii, and nower 0 



morning glory (Ipomoea illdica) and Karkade (HbisclIs sabdariffa) are described. The 

photoe lectroc hemica l properties of the quasi-so lid state DSSCs using these extracts as 

sensitizer and polymer PYP mixed with EM 1m-I, sodium iodide and iodine as quasi­

solid stale electrolyte were in vestigated. 



2. PHOTOELECTROCHEMICAL CELLS 

2.1. Introduction 

A typical Iype of the photocu rrenl~generated device has a semiconductor in contact 

with an electrolyte, and this is often referred as photoelectrochemica l cells (PEes). A 

phOloe lcctrochcrn ica l ce ll consists of a photoact ive semiconductor work ing electrode 

(either n~ or p·type) and counter electrode made of meta l (e.g. PI ). Both electrodes are 

immersed in the electro lyte containing suitable redox couples. [n a metal-electrolyte 

j unction, the potential drop occurs entirely on the solution side. whereas in a 

se miconductor-e lectrolyte junction, the potential drop occ urs on the semiconductol 

side as well as the solution side. The charge on the semiconductor side is d istributed 

deep in the interior of the semiconductor, creati ng a space charge region. If th( 

junction of the semiconductor-e lectrolyte is illuminated with a light having energ) 

greater than the bandgap of the semiconductor, photogenerated eleclronsfho les an 

separated in the space charge region. The photogcnerated minority carriers arrive a· 

the interface of the semiconductor-electro lyte. 

Photogenerated majority carriers accumu late at the backside of the semiconductor 

With the help of a connecting wire, photogenerated majority carriers arc transportee 

Ilia a load to the counter electrode where these carriers electrochemica lly react wid 

the redox electrolyte. A pioneering photoelectrochemical experi ment was rea lized b) 

obtaining photocurrent between two platinum electrodes immersed in the electrolyt~ 

containing meta l hal ide sa lts (10). It was later found thai the photosensi tivity can b~ 

extended to longer wavelengths by adding a dye to silver ha lide emulsions [ II]. 

The interest in photoelectrochemistry of sem iconductors led to the discovery of wet 

type photoe lcctrochemica l so lar ce ll s [12- 14] . These studies showed e lectron transfe 



to be the preva lent mechan ism for photoe lectrochemical sensitization processes. 

Gratzel has then extended the concept to the dye sens itized so lar ce lls (DSSC), wh ich 

wi ll be d iscussed further in the later pa rt. The PECs that convert light into electricity 

are tenlled "electrochemica l photovo ltaic" or "regenerative cells" and those that 

generate chemica l fuels are "photoeleclrosynthetic" or "non·regcnerat ive ce lls" . 

Figure 2.1 shows various types of the photoe lectrochemical ce ll s . 
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Figure 2. 1: Different types of photo electrochemical ce lls with the working electrodl 

(WE) made of semiconductor (n· or p.type) and the counter electrode (CE), (a 

regenerative photoelectrochemical ce ll (b) photocatalytic ce ll (non·regenerativi 

photoelectrochemical ce ll) (c) photoelectrolyt ic cell 

photoe lcctrochemica l cell). 



When shining the light. oxidation reaction will happen on the surface of n-type 

semiconductors, whilst reduction reaction will happen on the surface of p-type 

semiconductors. In the regenerative photoe lectrochcmical ce ll , wh ich is based on a 

narrow bandgap semiconductor and a redox couple as shown in Figure 2. la , so lar 

energy is converted into electrica l energy without change of the free energy of the 

redox elect rolyte (t!.G = 0). 

The electrochemica l reaction occurring at the counter electrode (CE) is oppos ite to the 

photoass isted reaction occurring al the sem iconduc tor working electrode . Thus. the) 

are also called regenerative photoe lectrochemical solar cells [1 5 - 18]. If the 

photogenerated energy is converted to chemica l energy. the free energy of tht" 

electrolyte will have a change (t!.G ". 0). Depending on the relative location of Ih' 

potentials of lhe two redox couples (OIR and O'/R' in Figure 2.1 (b) and (e», th< 

photosynthetic cells containing two redox couples, can be further classified a ~ 

photocatalyt ic cell (t!.G < 0, Figure 2. I(b)) where light merely serves to acce lerate thl 

reaction rate and photoeiectrolytie cell (t!.G > O. Figure 2.1(c» where the cell reactiol 

is driven by light in the oppos ite-thermodynamic direction. Comparing will 

electrochem ica l photovo ltaic ce lls, anodic and cathodic compartments need to bI 

separated to prevent the mixing of the two redox couples in these Iypes of cells 

Titanium dioxide (Ti0 2) has been favored semiconductor for such studies [19]. A 

early as 197 1, pholoelectrolys is of water was reported in an electrochemical ce ll witl 

a T i0 2 photoanode and a Pt cathode without an external source r20]. A nove 

microreactor for Ti02-ass isled photocata lysis in a micronuidic e lectrochemical eel 

was des igned with Ti0 2 nanopartic les embedded in a go ld electrode matrix l21]. Th 

meta l ions in aqueous solution can be detennined by voltammetry after ill sit 



photocatalytic digestion of interfereing organic mailer. Thi s is very important for 

env ironmenta l analysis. 

Here we will mainly focus on the development of regenerative e lectrochem ica l 

photovoltaic cells and dye sensitized solar ce lls. Absorpt ion of liglu by the 

semiconductor or the sensit izer layer gives rise to a photoc urrcn t andlor a 

photovoltagc, which can be measured in the external circuit. 

2.2. Electrochemical Photovoltaic Cells 

One of the most im portant aspects in lIsing solar energy is its conversion from so lal 

radiation into electric energy. Electrochemica l photovoltaic ce lls have the following 

advantages comparing with the solid photovoltaics. 

I . It is not sensitive to the defects in semiconductors. 

2. The solid/liquidjunction is easy to fonn and the production price will be mutt 

red uced. 

3. It is possible to realize the direct energy transfe r from photons to chemica 

energy. 

Unlike conventional so lid state photovoltaic ce lls, the potential of the workin! 

e lectrode can be varied with respect to the reference electrode by means of an extema 

voltage source con nected between working and counter electrode. 

The most striking ditTerence between a photoelcctrochemical photovolta ic ce ll and tho 

conventiona l Si based pholovo itaics is that the fo rnler con ta ins two in terfaces a 

which charge transport has to switch from electronic to ionic and vice I'ersa, as il 

batteries. In elect rochemical photovoltaic ce lls without dyes, bot h the semiconductc 

e lectrode and the counter electrode are im merged in the redox electrolyte . Th 



incident light excites the semiconductor electrode and the photogcncrated electrons 

and holes are seperatcd in the space charge region. Specific reactions occur on ly atlhe 

semiconductor and the metal as shown in Figure 2.I(a). In these kinds of cell, charge 

balance due to ox idation and reduction processes is maintained . However, the wet-

type photoelectrochemical cell s suffer from instability of sem iconductor in aqueous 

media. Unsensitized photoe leclrochemical photovoltaic ce ll s cannot rep lace the 

si licon based photovolta ics unless some photoe lectrochemica lly stable semiconductol 

materials possessing band gap approx imately 1.4 eV can be found [15 - 18]. 

2.3. Photoeleclrochemical Cells based on Photoactive Polymcrs 

2.3.1. Semiconductor-elect rolyte inlerraces 

Photoe lectrochemical ce lls allow the conversion of light to electricity. Their mair 

characteristic is a semiconductor-electrolyte solution interface , which was intensel) 

studied by Gerischer [22, 23]. For an IHype semiconductor, a scheme of th< 

energetics of the interface before and after contact is shown in Figure 2.2. 
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Figure 2. 2: Energetics of an n-type semiconductor-e lectrolyte solution interfac~ 

before contact and at equilibrium. 

1 



After contact, the former di fferent redox potential E,edQx of the electrolyte solution and 

the Femli leve l EF of the semiconductor equili brate. As a resu lt, the interface gets 

charged, which leads to a bending of the va lence band (VB) and the conduction band 

(CB) of the semiconductor. Due to illumination of the semiconductor, electrons ma), 

be excited, jumping from the va lence band to the conduction band. In the space 

charge layer the generated charges are now separated, beca use the holes are anracted 

towards the interface and the electrons to the opposite direction . As a result, a current 

is observed in an outer circuit. 

For a p-type semiconductor the situation is reversed. Valence and conduction bands 

are now bent downwards, and consequently the e lectrons excited by illumination arc 

attracted by the interface , pushing the ho les away. The current nowing through an 

outer c ircuit is now opposite in sign. A scheme of the situation in a p-tyP( 

semiconductor is shown in Figure 2.3. 
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Figure 2. 3: Energetics of a p-type semiconductor-electrolyte so lution interface 

before contact and at equ ilibrium. 

When the high electrical conductivity of ox idi sed polyacctylene was di scovered b~ 

Shirakawa, Heeger and MacDiarmid l24 - 26], suddenly a new class of materials wa 
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available. Depend ig on their doping slate, conjugated polymers otTer bes ide insulating 

and metal-like conducting behaviour also semiconductor properties. 

Moreover, they can be processed like other po lymers [27]. The application 01 

conjugated polymers has been in vestigated in many fields. e.g. in batteries l28J, 

transistors [29], photod iodes (30), lasers [3 Ij , solar ce lls [32-36] and light emitting 

d;odes [J 7J. 

2.3.2. Conjugated polymers in pholoelcclrochemical cells 

Conj ugated polymers are also of interest in the studies of photoe lectroc hem ica l cell ~ 

because of the ir semiconductor behaviour and, as a result, their photoacti vity. Beside~ 

many other polymers like polyacetylenes, po lyanilines (PANI), and polyphenylenc· 

vinylenes (PPV), polythiophenes were of great interest 138-42]. Even soli< 

e lectrolytes were applied in photoe leetrochemical ce lls (43). pavin g a way 10 all -solic 

state photoelectrochemical ce lls. 

The working principle of such photoelectroc hemica l ce lls is shown in Figure 2.4 . Fo. 

simplicity, the effects occuring at the interfaces described above (bend ing 0 

conduction and valence band) are neglected in the scheme. Due to ili uminat iOi 

electrons are exc ited from the valence band to the conduction band. The exc ite, 

e lectrons are then transferred to the redox coup le, i.c. reducing 13 to I . When th. 

electrons are transferred further to the back e lectrode, the fomler reduced spec ies i 

oxidised back, leaving no net chemica l reaction (44] . The hole left in thc va lence ban' 

is refilled from the front side by transfer of an electron from the ITO electrode to tho 

po lymer. 
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Figure 2. 4: Working principle of a photoe lectrochemica l cel l. 

2.3.3. Fullcrcncs in phOloclcdrochcmical cclls 

In typica l organic polymeric solid-state so lar ce lls the pholoactive conjugated polymel 

is blended with electron acceptors li ke methanofullerenes. These materials improvt" 

the charge separation, allow ing efficiencies of 2.5% [35J and recently up to 7.4°11 

[45]. Therefore, regardi ng the ultra fast electron transfer from the polymer to th t" 

e lectron acceptor, they might also be useful in photoelectrochemical cells: Elec tror 

acceptor intemlediate layers could improve the charge separat ion before the electron ~ 

would be transferred further to the redox couple . Moreover, photoelectrochemica 

ce lls usi ng C60 as photoactive material were investigated [46]. From this point 0 

view, conjugated polymers wh ich have better light absorption propert ies coult 

improve the ce ll 's characteristics. In Figure 2.5 the energetic leve ls of such a device i: 

shown. 
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Figure 2. S: Modification of a pholoelectrochemica l cell by addition of acceptor 

materials. 

The conduct ion band of the electron acceptor has to be lower than the photoactivc 

polymer. So the excited electrons can be transfered from the lowest unoccupied 

mo lecular orbit.11 (LUMO) of the polymer to the LUMO of the acceptor and further Ie 

the eleclrolyte . 

2.4. Dye Sensitized Photoelectrochemical Cells 

2.4.1. Dye Sensitized Solar Cell (DSSC) structure and operating principle 

The DSSC difTers from other solar cell types both by its basic construction and tht 

phys ical processes behind its operation. Unlike the first and second generation P\ 

devices based on solid semiconductor materials, the typ ical DSSC configuratior 

combines so lid and liquid phases. Electricity is generated on the photoelectrode 

which is a nanoporous Ti02 fi lm sensitized with a monolayer of visib le ligh 

absorbing dye and penetrated with a redox electrolyte. The Ti02-electrolyte networl 

is sandwiched ben."een nvo conductive substrates Ihal also work as currenl collectors 

The opposite substrate to the Ti02 layer, the counter electrode, is coated with . 
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material capable of catalyzing the redox reaction in the electrolyte. Thus, the DSSC 

resembles more an electrochemical cell than a conventional p-II junction solar ce ll . 

Research on wide band gap oxide semiconductors sensit ized with dyes began already 

in the late 1800's, related to photography. The first studies on dye-sensitized Ti0 2 and 

ZnO photoelectrodes were done in 1960' s and 1970's, but due to a limited amount 01 

dye that cou ld be adsorbed on macrocrystall ine se miconductors and too narro", 

spectral absorbance range of the dyes the photocurrent and ce ll effi ciency stayed on 

very modest level [47]. Improvement to this was achieved in the early 1990's, thanks 

to nanotechnology and development of better dyes. Na nocrystalline Ti02 enabled 

drastic multiplying of the effective surface area of the photoe lectrode fo r lhe dye Ic 

adsorb, and the new ruthenium bipyridy l organometallic complexes (F igure 2.6) hac 

absorbance range from vis ible to ncar-infrared wave lengths [47]. 
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Figure 2. 6: Molecul ar structures of some com mon dyes, N 7 19 and black dye [47]. 

The basic DSSC structure and operating princip le are presented in Fi gu re 2.7. PhotOi 

absorption induces a metal-to-ligand type electronic transition between the HOMC 

(highest occupied molecular orbital) and LUMO of the dye. Since the LUMO i 

located in the vici nity of the ligands (pyridyl Ir-orbita ls) the electron injec tion to th 



Ti02 is spatia lly favorab le. Efficient electron inj ection is further enhanced by the 

strong electronic interaction that ronn s when the dye bonds to the Ti02 with the 

ligand carboxyl groups and the energetic location of the Ti0 2 conduction band in 

relat ion to the LUMO of the dye. Emcient charge separation is, on the other hand, 

achieved because the electrons and holes travel in differen t medium s. This prevents 

bu lk recombination which is a problem in conventional p-I/ junction cells. The 

competing reacti ons, i.e. recombination of the photoge ncrated e lectrons with the 

oxidized fonn of the dye or the redox spec ies in the electro lyte (Figure 2.8; the lattel 

reaction referred to as "dark current" in the picture) proceed a lso severa l decades 

slower than the electron injection process. In addit ion to that, the e lectrolyte cations 

and protons released in the dye adsorption process intercalate to the TiOz surface ane 

lattice where they, together with the negat ive spec ies in the electrolyte, foml a 

Helmholtz d ipole layer on the photoe lectrode surface . Thi s enhances charge 

separation even further. 

The amount of current that the cell is able to generate is determined by the energeti( 

d istance of the HOMO and LUMO of the dye, which equa ls the bandgap in inorgani( 

semiconductors. The maximum voltage, on the other hand , is defined as the differenc< 

between the redox level of the electrolyte and the Fenni level of the Ti0 2. Witl 

iodide/triiodide redox couple, thi s difference is about 0.9 Y, though slight variation b 

caused by the electrolyte compos ition due to spec ies adsorbed on the Ti0 2 surface 

which may alter the Femli level position somewhat. Also, there is always som, 

recombination in the cell which lessens the amount of electrons in the Ti02 film, thu 

lowering the Fenni level and decreasing the ce ll vo ltage. 
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After injection, electrons diffuse in the nanocrystalJine Ti02 network to the 

conductive coating of the substrate, from which they can be transferred to an external 

circuit There exist various models for the electron diffusion in the Ti02 film but 

thennally activated trappingldetrapping mechanism along localized energy levels 

below the Ti02 conduction band edge seems the most realistic one, in the light of 

experimental evidence [48 - 5 I] . 
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Figure 2. 7: The structure and operating principle of the osse. 

The electron injection to the Ti~ leaves the dye molecule on an oxidized state, S+, in 

order for the current generation to continue. the dye must be reduced back to its 

ground state. This is done by the redox couple in the electrolyte. The most commonly 

used redox couple, and the one that gives the best cell efficiencies when combined 

with Ti02, is iodideltriiodide. The oxidized dye gets electrons from the iodide ions 
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which, in tum, get oxidized to triiodide in the process. The triiodide ions th en diffuse 

to the counter electrode, where they gel reduced back to iodide by the electrons 

returnin g from the external load . Thus, the cell operation is based on consecuti ve 

reduction/ox idation cycles and, in an ideal cell, no chemica l substances are 

pennanent ly transmuted. The most often used counter electrode cata lyst for th e 

tri iod ide/iod ide reduction reaction is platinum, though also carbon materia ls and 

certa in conducti ve polymers have been successfu lly employed in this function [52] 

The chemical reactions going on in the ce ll can be summ arized as fo llows: 

At the photoe lectrode 

• Li ght absorption: 2So + 2hv _ 2S· (2. 1 ) 

• Electron injection: 2S·- 2S ' + 2e· (Ti0 2) (2 .2) 

-
_ 25° + 13 

-
• Dye regeneration and iodide oxidation: 2S' + 31 (2.3) 

• Overall : 31 + 2hv - 13 + 2e- (Ti0 2) (2 .4 ) 

• Recapture (Dark reaction): 13 + 2e- (Ti0 2)- 31 (2.5 ) 

• Recombination: S+ + e- (Ti02) _ SO (2 .6) 

At the counter electrode : 

• Triiodide reduction: IJ + 2e- - 31 (2 .7) 

where S1 is the ground state of the dye; s" is the exc ited slate of the dye and s' is tht 

oxid ized state of the dye . 

The high solar energy conversion efficienc ies of solar cells employing dye-sensitizel 

nanocrysta ll ine films of Ti02 [53} have spawned many recent studies of simil a 

photoelectrochemical systems based on dye sensitization [54 - 59]. A detailel 

understanding of the mechanism and lime scale of electron transfer from surface 

adsorbed dyes to semiconductors will help 10 expl ain the high conve rsion efficienc ie 
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and to improve them further. Femtosecond laser techniques make it possible to 

explore the initial steps of the electron injection and recombination [60 - 63]. 

Comparison of the injection time and the recombination time measured in these 

experiments should allow for se lection of efficient dye compounds for the 

nanocrystalline solar cell (or light detector) . 
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Figure 2. 8: The electron transfer reactions and their time scales in the dye·Ti~· 

electrolyte system [47]. 

2 ... .2. Naaocrystalliae Film MorplloiOC 

A photovoltaic conversion system based on light harvesting by a molecular absorber 

attached to a wide bandgap semiconductor surface faces two problems [64]: 

1. A monolayer of dye on a flat surface absorbs at most a few percent of light 

because it occupies an area that is much larger than its optical cross section. 

Therefore it can only harvest a negligibly small fraction of the incoming light. 

2. Compact oxide semiconductor films need to be n-doped to conduct electrons. 
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Therefore it is detrimental to enlarge the interfacc betwecn oxide semiconductor 

phase and the sensitizing dye. Th is is successfully achieved by introducing a 

nanoparticle based electrode construction which enhances the photoactive interface by 

orders of magnitude [6SJ, Figure 2.9 shows scanning electron micrograph o f a TiD2 

anatase colloid film . 

Figure 2. 9: Scanning e lectron micrograph of a TiD2 anata se co lloid film [651 · 

2.4.3. T he C hoice of the Sensitizer (Light Abso rption) 

Whi le the high efficiency of the dye sensitized solar cells arises from a collectiv( 

effect of numerous physical-chemical nanoscale properties, the key issue is th' 

princ iple of dye sensitizat ion of large band-gap semiconductor electrodes. In the dy! 

sensitized solar cells th is is accomplished by coating the intemal surfaces of porou: 

TiD2 e lectrode with special dye molecules tuned to absorb the incoming photons [661· 

The actua l sensitizat ion effect can be seen in Figure 2.10 [64] as a shift of the inciden 

photon to current conversion effi ciency (IPCE) curve of the bare TiD! to hi ghe 

wave lengths when coated with the dye. The current effi ciency of the cell is re lated tl 
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the ' height' of the IPCE curve, whic h depends on the charge separation and charge 

co llection effi ciencies f66). 

The idea l sensitizer for a single junction so lar cell converting global AM 1.5 sunlight 

to electricity should fullfi l! the follow ing requirements 164, 65 , 67J : 

I. The absorption spectrum of the photosensitizer should cover the whole visible 

region and even the part of the ncar-infrared (N IR). 

2. The photosensitizer should hllve 1I1lchoring groups (-COOI'I, -1'hPO], -S03H, 

etc.) to strongly bind the dye onto the semiconductor surface . 

3. The excited state level of the photosensiti i'..c r should be higher in energy than 

the conduction band edge of n-type semiconductor (n-type DSSCs), so that .:lll 

effi cient electron transfer process between the excited dye and conductior 

band (CB) of the semiconductor can take place. In contrast, for p-type DSSCs. 

the HOMO level of the photosensitizer should be at more positi ve potentia: 

than the va lence band (V B) leve l of p-type semiconductor. 

4. For dye regeneration, the oxid ized state level of the photosensitizer must lx 

more posi ti ve than the redox potential o f elec trolyte. 

5. Unfavorable dye aggregation on the semiconductor surface should be avo idc( 

through optimization of the molecular structure of the dye or by add ition 0 

coadsorbers that prevent aggregation. 

6. The photosensitizer should be photostable, and electrochemica l and thenna 

stabi lity are also required. 

Based on these requ irements, many different compounds have been investigated fo 

semiconductor sensiti zation, such as porphyrins [68 - 70J, phthlliocyanincs 171 - 73 
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transition metal complexes [74, 751, coumarin f62] and transition meta l com plexes 

have been the best so far. 

'-.---RuL'(NCS) J 

\---"r-Rul~ t'l""CS) - , 
-TiO~ 

: 0 -

<0, 600 so, 
W;,weteQitb [QmJ 

L " .. ,~' .COOH·l.1 · ·b;p~·rldin~ 

L' .. ".~·."" .COOH . ! .1·:6· .! "-I~ rr.·rldlnr 

1000 

Figure 2. 10: Sensitization effect can be seen as the shi ft of IPCE curves to highc1 

wave lengths when coated with dye as compared with that of nakcd Ti0 2 1641· 

Metal complex sensitizers usually have anchoring ligands (figure 2.6). Anchori nf 

ligands are respon sible for the complex adsorpt ion onto the semiconductor surfac! 

and arc also chromophoric groups. Ancillary ligands arc not directly attached onto till 

se miconductor surface and can be used fo r tun ing the overa ll propert ies of th! 

complexes [67]. 

The breakthrough in dye se nsit ization of se micond uctor electrodes for solar cells wa 

made by the use of metallo-organic ruthenium complexes along with nanostructure( 

Ti0 2 electrodes. The dyes having the general structure of ML2(X)2, where L stand 

for 2,2 ' _bipyridyl_4-4 '_dicarboxylic acid, M fo r ruthenium or osmium and X fo 

halide, cyanide, thiocynate, or water have been fou nd prom ising [66, 76, 77J. Amon 
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these N3 dye has shown superior perfontlllnce and has been the top choice fo r dye 

sensitized solar cell s. 

The excitation of Ru complexes ria phOlon absorption is of metal to ligand charge 

transfer (MLCT) type . This means that the highest occupicd molecular orb ital 

(HOMO) of the dye is loca lized ncar the metal atom, Ru in th is cnse, whereas the 

lowest unoccupied molecular orb ital (LUMO) is localized at the ligand species, in thi s 

case at the bipyridyl rings. At the exc itation, an eleclron is lifted from the HOMO 

level to the LUMO level. Fu rthennore. the LUMO level. extending even to the COO l-! 

anchori ng groups [66 ), is spatially close to the Ti0 2 surface, wh ich means that there is 

signi ficant overlap between electron wavefunctions of the LUMO level of the dye and 

the conduction bund of Ti0 2. This directional ity of the exc itation is proposed as one 

of the reasons for the fast electron transfer process at the dye- Ti Ch in terface [66]. 

2.4.4. Electrolytes for Oyc Sensitized Sola r Cells 

It can be seen that DSSCs are a kind of complex system for lighl-to-e lectric it) 

conversion. As a basic component, the electrolyte plays nn important role in tht 

process of light-to-electricity conversion in DSSCs. l11e electro lytes employed ir 

DSSCs can be classified as liquid, solid state, or quasi solid Slale . Severa l aspects an 

essential for any electrolytes in a DSSC {78, 79). 

1. The electrolyte must be able to transport the charge carrier bctweci 

pholoanode and counter electrode. After the dye injects electrons into th. 

conduction band of Ti02, the oxidized dye must be reduced to its ground stnt. 

rapid ly. TIlUS, the choice of the electrolyte shou ld take into account Ihe dy' 

redox potential and regeneration of itself. 
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2. The electrolyte must be able to permit the fast diffusion of charge carriers 

(higher conductivity) and produce good interfac ial contllct wilh the porous 

nanocrystalJinc layer and the counter elec trode. For liquid electrolytes, it is 

necessary 10 prevent the loss o f the liquid electrolyte by !cukage andlor 

eva poration of so lvcll1 . 

3. The electro lyte must have long-term stabili ty, incl uding chemical , thennal. 

optical, electrochemical , and interfacial stability, which docs not cause the 

desorption and degradation or lhe dye from the ox ide su rface . 

4 . The electrolyte should not exhibit a significant [lbsorp tion in the range 0' 

visible light. For the electrolyte cOlltnining IJ-II- redox couple, s ince I}­

shows color and reduces the vis ible light absorption by the dye, and 1)- ion ~ 

can react with the injected electrons Bnd increase the dark current. Thus. tht 

concentration of 1)-/1- must be optimized. 

Transport o f the redox mediator between the electrodes is mainly dri ven by diffusion 

Typical redox electrolytes have a high conductivity and ionic strength so that th. 

innuence of the e lectric field Ilnd transport by migrntion is negligible . In viscou 

electro lytes, such as ionic liquids, diffu sion coe fficients can be too low to maintain ; 

sufficiently large nux o f redox components, which can limit the photocurrent of th' 

DSSC [80l Transport of the redox med iator in the electrolyte gives ri se to a dilTusiol 

impedance, which acts as a series resistance in the so lar ce lt. The diffusion impedanc 

depends on the diffusion coeffi cient and concentration of the redox mediator and 0 

the distance between the electrodes {81J. Han et a t. [82} optim ized dye·sensitize 

solar cells with the help o f impedance spectroscopy measurements and achieved 

va lue for the d iffusion resistance as low as 0.7 n cm2 by minimizing the distanc 

between the working and counter e lectrodes. whi le a separatio n of 20 11m led to 
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value of2 n em
2

. In the case of the iodide/triiodide electro lyte. an alternative type o f 

cha rge transport can occur when high mediator concentrations nrc uscd . the GrOllhllS 

mechanism [80 1. In this casc, chnrgc transport corresponds 10 fonnntion and cleavngc 

o f chem ical bonds: 

(2 .8) 

In viscolls electrolytes, such as ionic [icluid based el(X:trolytes. th is mcchanism can 

contribute significantly to charge transport in the electrolyte L801 . 

The fi rs t DSSC was reported in 1991 by O ' Reagan and M. GIiHze l [33 1 using organic 

liquid clectro l)1C contn ining Li1l1 2, which obtained un ovcmll light -Io-e lectricit) 

conversion efficiency of about 7.1% under irradiation o f AM 1.5. 100 mW cm-1 

Later, Illany kinds of liquid electro lytes contai ning iodide/triiodide redox cou ple ane 

high dielectric constant organic solvents such as acetonitri le (AcN), ethylellt 

carbonate (EC), 3-mcthoxypropionitrile (McPN), propylene cnrbonutc ( I'C), ...,. 

butyro lactone (GBL), and N-mcthylpyrrolidonc (N MP) were investigated, and SOlnl 

DSSCs with hi gh pholovoltaic perfOntlance were obtained [83 - 87]. Research durin] 

the past dec:.dc shows that eac h component of liquid electrolyte such liS solvent, redo: 

couplc, and additive plays a different role in the photovo llaic perfonnancc of DSSCs. 

A. Organic solven ts 

The organic solvent is a blls ic component 111 liquid electrolytes. it gives a 

environment for iodide/triiod idc ions' di sso lution and diffusion. The phys icl 

characteristics of organic solvent includ ing donor numbe r. dielectric constllnt! 

viscos ity, etc. afT(X:1 the photovoltaic pcrfonllllnce of DSSCs. Espec ially, Ihe done 

number o f solven l shows obvious inOuence on Ihe open-circuit voltage (VoC> an 

shon.·c irc uit current density (Jsc) of DSSCs. The donor- acceptor reaction bet wee 
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non-aqueous solvents and iod ide to generate triiod ide in DSSCs was investigated. the 

result s showed [62[ thlll the extent oftmn sformation from iod ide to tri iod ide ions in tI 

give n solvent cou ld be predicted according to the donor num ber of the so lven t. 

111crcfore, the Voc increased and Jsc decreased with the increase of tile dOllor nurnbel 

of solve lit in liquid electro lytes in DSSCs 185). 

The innuence of the donor number of solvent on the Vex;. is re lated to the fo llowing 

three fuclors: 

I . The e l~tron donor- ueccptor reaction between orgunic solvent and tri iodide 

1841: 

solvents + I}- - . so lvent"' il--solvcnts"' 12 + 1- (2 .9) 

The above reaction equilibrium depends on the dOllar num ber of sing le or mixec 

so lvent. The hi gher donor number of solvent lends to the incline o f renetior 

equilibrium to the right l53, 56, 88, 89j , which gives a lower concentration 0 

triiodide and causes a decrease of dark reaction (Equation 2.5 ) nnd an increase of Vex 

according to Equation 2. J O. 

[kT ] { I,. } ~JI ' = - In • 
e 1116k,, [/ ] I (2. 10) 

where k is the Bo ltzmann constant, T ;s absolute tempcrnture , e is an electroni, 

charge. l in) is the n ux of charge resulting from sensit ized inject ion, ncb is th 

concentration of electrons on the surface of Ti02, kc. is the reaction rate constant of IJ 

- -
dark renction on Ti02 (Equation 2.5), fl l ] is the concentration of 13 in liqui, 

electrolyte. 

2. Accord ing to Grtitzel' s hypothesi s [53], the reaction between the bare Lew; 

acidic TiOl surface and the Lewis basic so lvcnt blocks thc surface active s ite 

of Ti0
2

_ electrode which is responsible for the dark reac tion (Equation 2.S 
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The solvent with higher donor number has higher Lewis bas icity, which shows 

a stronger function of blocking Ihe ac live sites of 1'i02 electrode and 

decreasing the rate constant (kc,) of tri iodide reduction. According to Equation 

2. 10, Voc increases with decreasing of ~ •. 

3. The natband potential (VIb) of the Ti0 2 electrode soaked in so lven t W:IS an 

important fac tor affecting Vex: [90\. and the V'b of Ti02 electrode is sensitive 

to the contact solvent (44J. The contact solvent wi th highcr donor num ber 

causes an increase in VIb of the Ti0 2 electrode (9 1]. Undcr Fenni level 

pinn ing, these two parameters arc linked by the following equation: 

V(X· =IVjt - V"",1 
(2. 11 ) 

where V,ed is the standard reduction potential of a redox couple. it rCllwins constant 

[92J. So the Voc illcreases with the increase of the dOllor number of so lvent. The 

decrease of Jsc is a lso related to the increasing of V'b of Ti0 2 electrode. The increase 

of V,b also causes a negati ve shift in the conduction band edge of Ti0 2• whiei' 

decreases the energy bandgap between the conduction band of Ti0 2 and LUMO 0 1 

photocxc ited dye, and causes a decrease of driving force ror the excited dye to injec 

electron into the conduction band of Ti0 2• So the Jsc decreases with the increase a 

the donor number of solvent. 

B. Redox couples 

Although iodide/triiodide has been demonstrated as the most efliciell t redo: .. couph 

for regeneration of the oxidized dye, its severe corrosion for ma ny scaling materials 

especia lly meta ls, causes a difficu lt assembling and sca ling for a large-area DSSC an_ 

poor long-lent] stability of DSSC 193]. Therefore, other ki nds o r redox couples suc 

as Br-lB r)-, SCN-I(SCN»)-, SeCN-/(SeCN»)-. and bi pyridi nc cobalt (111/11 ) complexe 
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were in vestigated for use in DSSCs. Owing to their energy 1I111l1:ltchable with 

sensitized dyes or their intrinsic low diffusion cocOicients in eleclroly1e, these redox 

couples show lower DSSCs' light-Io-e lectricity conversion efficicncies than thc 

iodide/triiodide redox couple docs [78, 94 - 98], Cations in liquid electrolytes seem 10 

function in the light-Io-electricity conversion process of DSSCs. As n bund bending 

and a depiction layer. which usually exi st in bulk. sem iconductor matcriu ls contacted 

with liquid electrolyte-containing redox couples [441 arc considered unlikely in 

nanocrysta lline Ti02 e lectrodes owing to the extremely sma ll size or the plInicie 155. 

99] . In fact, cations, panicularly sma ll cations such as protons, Li '. CIC . play an 

imponant ro lc in the photoelectrochcmical perfonnuncc of DSSCs. This is due to Ihe 

fact thaI diffusion of electrons in the conduction bund of Ti02 is considered as an 

ambipolar diO'usion mechanism. namely, ion diffusion is strongly correlllted with 

electron transport to ensure that electroneutra lit)' is obeyed throughout the TiO, 

network [100 - 104], For example, the addition or UI into liquid electrolyte can 

enhance the Jsc of DSSCs. The reason is thaI the small-radius of Li ' can deep I) 

penetrate into the mesoporous dye-coated nanocryslalline Ti02 film and fonn a. 

umbipo lar U '-e- with the electrons in the conduction b:lI1d of Ti02, which inc rease~ 

the transport speed of electrons in nanocrystalline Ti02 network and enhances the JS( 

o f DSSCs {lOS _ 1071. However, the negative influence of am bipolar U O·e- o. 

DSSCs is its easy combination with triiodide, which leads to the decrease of Voc 0 

the DSSCs 1105. 108]. In ordc r to overcome this negative infl uence, an imidazoll 

cation with larger ionic radii is used in liquid electroly1c to foml a Helmholtz layer 0 1 

the surface ofTi02 film and block the direct contact o ftriiodide with am bipolar U"-e 

, which has an efficient result for suppressing the reaction betwecn arnbipo lar U O-e 

and Iriiodide and enhanc ing the Voc of the DSSC [106, 108J . 
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C. Ad di tives 

Additive is another important component in liquid electrolytes for optimizing the 

photovo ltaic perlo nnance of OSSCs. It is found that the photo\,o ltuic pcrfOnllanCe of 

OSSCs can be enhanced huge ly by adding a small amount ofe leetric additive [531. 

The influence o f nitrogen-containing heterocyclic additives on the photovoltaic 

perfomlance of OSSCs was investigated, and it was found 1109 - 11 51 that some 

emelent additives such as 4-tcrt-butylpyridine, pyridine could enhance Vex: but 

decrease Jse owing to the same afo rementioned reasons ubout the donor num ber of 

so lvent on the photovoltaic perfOnllUnCe of OSSC. The dilTerence is thut the function 

of addi tive for optimizing the photovol taic performunce of OSSCs is more efficien t 

than that of the donor number ofsolvcnl. On the other hand , it is only a small amoun1 

of additive added into the electrolyte, the excessive amount of additive, will cause f 

poor photovoltaic perfomlance ofOSSes [87. 116]. 

D. Ionic liq uids 

Room-temperature ionic liquid (RTIL) has good chemical and thenna l stabi li ty 

negligible vapor pressure, nonnlllll1T1abil ity. and high ionic conductivity 1117, 118] 

When incorporated into OSSCs, RTIL can be both the source of iodide and th. 

so lvent itself 1119]. N. Papageorgiou et al. {120] reported in 1996 that these uniqu' 

propert ies of RTIL were elTective for long-tenn operation o f electrochemical device 

such as DSSCs. 'Illey employed lll ethyl-hexyl-ilil idazo liulll iod ide (MHlml ) as a 

involutile electrolyte. The OSSC pcrfonn ance showed outstandi ng stabili ty. with a 

estimated sensitizer redox Iurnover number in excess of 50 million. However. pure II 

usually hus higher viscos ity than thul of organic so lvent, which limits th 

iodide/triio ide transport speed and the restorat ion o f ox idized dye, so the photovolta i 
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pcrfonnance of these DSSCs is not so good as that of DSSCs using liq uid e lectrolyte· 

containing organic solvents. In 2004. a solvent-free IL e lectro lyte-based 

- -
SeCN /(SeCNh redox couple was reported [1 2 1]. 

The viscosity of th is IL, l-ethyl-3·rnethylimida:wlium se lenocyanatc (EM IIl1 SeCN), 

was detennined to be 25 eP at 2 1°C, and the specific cond uctiv ity o f EMlmSeCN was 

14.1 mS/cm. Thus. an unprecedented 7.5 - 8.3% light-to-electricity conversion 

effi ciency under AM 1.5 sun light was ac hieved for DSSCs. The low viscosity, higher 

conductivity, and visible-light absorbency of this kind of IL electrolyte ensure the 

high pholovollaic pcrfomlance of DSSCs. Liquid electro lyte-based organic so lvent 

usua lly has high ionic conductivity and excellent interfacial contact properly, which 

are the prerequisites fo r high photovolta ic performance of DSSCs. Ahhough a 

photoe lectric convers ion efficiency of 11 % for the DSSC-conlaining liqu id electrol)1C 

has been achieved [64, 65], the potent ial problems caused by liquid electro lytes, such 

as leakage and volatilization of organic solve nts, arc considered us some of the crit ical 

factors limiti ng the long-term perfonnance and practica l usc of DSSCs. Alt hough tIl( 

e lectrolyte using low-viscosity IL achieves a high photovo lta ic pcrfonllance fOi 

DSSCs, the scaling and leaking problems by liqu id the same as liqu id electrolytc! 

wilh organic solvents still ex ist for high long-tenn stabili ty of DSSCs. Thus, solid 

state and quasi·so lid-slate electrolytes [83 , 86, 122 - 124] with high long-tem 

stability are attempted to replace liquid electrol)1es. 

2.4.5. Solid -State DSSCs 

There arc two kinds of solid-state DSSCs, one uses hole tra nspo rt material s (HTMs 

as medium, the other uses a solid- state electrolyte contai ning iodi dc/tri iodide redo: 

couple as medium. 
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A. Hole Iransl>orl materiliis (IiTMs) for Solid-Slate DSSC 

Familiar large-bandgap HTMs such as SiC and GaN urc not suitably used in DSSCs 

s ince the high-temperature deposition process for these materials will certainly 

dcgrade the sensitized dyes on the surface o f Ilanocrystulline Ti02 1791. Researchers 

found (1 25 - 128] that a kind of inorgan ic HTM based on copper com pounds such as 

Cui , CuBr, or CuSCN could be used in fabricating DSSCs. TIlese copper-based 

Tnllteriuls can be cast from solution or vacuum deposition to fonn a complete hole­

transporting layer, and Cui and CuSCN share good conductivity in excess of 10-2 

S/cm, which facilitates thei r ho\e-conducting abi lity . For examp le, the DSSC based on 

Cui HTM obta ined as high as 2.4% light-to-electricity conve rsion enicicncy under 

irradiation of AM 1.5. 100 mW cm-2 [129]. However. its stn bil ity is quile poor. even 

worse than the traditional organic pholovoltaic cell, which is also a common problem 

ex isting in DSSCs based on thi s kind of inorganic HTMs. Therefore. researchers put 

their vis ion into organic HTMs. 

Compared wi th inorganic HTMs, organic HTMs possess the advantages of plentiful 

sources. easy preparation. and low cost. In 1998, an efficient so lid-state DSSC based 

on organic HTM 2, 2', 7, 7'_tetrakis(N.N_di_p_methoxyphcnyl_umine) 9, 9'­

spirobifluorene (spiro-OMeTAD) was reported [130J. although the ovcmll light-Io­

electricity convers ion efficiency of this DSSC only reached 0.74% under irradialion 

of 9.4 rnW cm-2, it is a pioneer for fabricaling DSSCs with organi c HTMs. L.1Ier, by 

improving the dye adsorption in the presence of sil ver ions in the dye sol ulion 185, 

86], the efficiency of the solid-state DSSC emp loyin g spiro-OMeTAD was enhanced 

to 3.2%. For DSSCs based on typical inorganic or organic HTM s. the overnlll ight-to­

e lectric ity conversion efficienc ies are all much lower Ihun thaI of th e DSSCs based on 

liquid e lectrolytes. This is due to the low intrinsic conductivities of HTMs. the high 
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frequencies of charge recombination from TiD:! to HTMs, and the poor e lectronic 

contact between dye molecu les and HTMs caused by incomplctc penetration of solid 

HTMs into the pores of the mesOporous TiD:! electrodes. 

B. Solid-Sla tc Polymer Elec trolyte with I{cdul: Couple for Sulid-shltc DSSC 

Organ ic or inorgan ic HTM as a transport material for DSSCs cannot slltisfy the 

practical application due to their low power conversion efficiencies. On the other 

hand, some remarkable results hllve already been ac hieved by in trod ucing 

iodide/triioide redox coup le into solid-state electrolytes as II tran sport medium for 

DSSCs. For example, a solid-state elec trolyte conta ining iodidc/triiod idc redox couple 

by introducing Ti02 nanoparticlc into poly(cthylenc ox ide) (PED) was prepared , the 

overail lighl-to-e lectricity conversion e ffi ciency of 4.2% for the DSSC with this so lid­

state electro lyte was obtained under irradiation of AM 1.5 , 100 mW CIll- 2 [1 311. A 

kind of ambient-temperature plastic crysta l electro lyte contai ning iodide/triiodide 

redox couple was used to fabricate DSSCs and achieved a high overa ll light- to­

e lectric ity conversion effi c iency of 6.5% under irradiation of AM 1.5, 100 mWcrn-2 

[1 32]. A so lid-state electrolyte based on LilC6HION202 [UI (HPNh l single crystal and 

iodide/tri iodide was prepared . This solid-state electrolyte cnn be optimized by addi ng 

Si02 nanoparticles and put in to DSSCs to enhance lighHo-electrici ty conversion 

e ffi ciency [133]. 

Higher photovo ltaic perfomlance for DSSCs usin g iod idcJlriiodide redox couple than 

using I-ITMs is due to the fact that the iodidcJlri iodide can efficiently regencrate 

ox idized dyes, and the dark reactions in these solid-state electrolytes are lower than in 

HTMs. Another reason is that the interfacial contact properties of these so lid -state 
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electro lytes arc better than that of HTMs. This kind of so lid-state electrolyte has a 

good prospect in practica l DSSCs. 

2.4.6. Q Ullsi-Solid-Slatc Elcl.' trolytes with R('tiox Co uple for Q U:ls i-Solid­

st:llc DSSC 

The quasi-solid-state, or gel state. is a particular statc of matter, neither liq uid nor 

solid, or converse ly both liqu id :U1d so lid. Generally. a qUllsi-so lid-stmc electrolyte is 

defined as n system which consists of a polymer network (polymer host) swollen wi th 

liqu id electrolytes [58, IB, 134 - 137). Owi ng to its unique hybrid network structure, 

quasi-solid-state electrolytes always possess, simu ltuneously, both the cohesive 

property of a solid and the diffusive transport property of a liquid. N:ulIely. quasi­

solid-state electrolytes show betler long-term stability thnn liquid electrolytes do and 

howe the merits o f liquid electrolytes including high ionic conduct ivity and exce llen t 

interfacial contact property [78, 134, 135 1. These unique charac teristics o f <Iuasi· 

solid-statc electrolytes have been actively devc lol>cd as highly conductive electrolyt( 

materials for DSSCs, lith ium secondary batteries, and fuel cells [136 ). Quasi-solid· 

state e lectrolytes arc usua lly prcpllred by incorporating a large amou nt o f II liquic 

electrolyte into orga nic monomer or polymer matrix, fomling. a stable ge l with I 

network structure l'ia a physica l or chemica l method . The quasi -solid-statc electrolyt; 

fonned via physical cross-linking is ca lled "entanglement network", which is thennQ 

revcrs ible (thennoplastic). By contrast, chem ical or cova lent cross linking leads \0 Ihl 

fonnation ofthenno- irrcvcrsible (thcnn oset1ing) gc l electro lyte [78]. 

A. T hermoplastic gel elef:t rolytcs (TI'eEs) 

The fonnation of the TPGE is based on physical cross-lin king of gelmors to form 

"en tanglement network" to solidify liquid electrolyte. The mBin characteristic ofthi 
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kind of gel electro l)1e is the gel·sol state re versible conversion with the change of 

temperature, which is a benefit of deep pencl ration of the electrolyte into mesoporous 

dye·coAled nanocrystalline Ti02 fil m 178, 79, 1371. The interfacia l contact between 

the electro lyte layer and nAnoerystalline TiO l film or COUlHcr eleclrode is one of the 

mOSI importan t factors influencing the photovo ltaic pcrformance of I)SS s besides 

the ionie conductivity o f the ge l electrolyte 1581 . The TPOE contains gclutor und 

liquid e lectro lyte, the liquid electrolyte consists of organic so lvent. redox couple. 

add iti ve, or IL electrolyte system. Y. Reng et al. f1 38'1 reponed the first thermoplastic 

polymer gel electro lyte used in DSSCs. 111e electrolyte W:IS composcd 0 1 

poly(acrylonitrile) (I)AcN), EC, PC. AcN, and Nal. The lighH(}-e tectricity cOl1 versior 

effic iency of thi s DSSC wus lower in comparison with thlll of the DSSC bused 0 1 

liquid eleclrolytes. due to the unoptimized components li nd the difficult penetration 0 

the PAcN network into nanocrystalline Ti0 2 IiIIll [59, 1391 . The high phOlovo1tail 

perfonnance lind exce llent stabi lity of DSSC was obtuined by usi ng a TPOI, 

contll in ing poly( vinyl idene fluoridc·co·hexnfluoropropylene) (PVDF- II FP) combinel 

wi th MePN·bascd liqu id electrolyte containing 1.2-dimcthyl-3-propy l irniduzoliul! 

iod ide and iodi ne 183). The DSSC showed a simi lar photovoltu ic perfonnance as the 

of an analogous cell containing Ihe same liquid electrolyte, whic h means Ihat Ih 

polymer matrix has no negative effect 0 11 the perfonn ance of DSSC. 

B. T hcnnoselt ing ge l elec trolytes (TSCEs) 

The TPG E is good for fabricating DSSCs. Ho\\ ever. thcrc is also a potcntia l ven ltn 

for actual applicat ion of DSSCs. which is the che mical unslabi lity, such as phas( 

separation. crysla lii7..al ion of iodide sa Ils. 111ercforc, some more ellvironment:11I 

stable electrolytes arc stillnceded . Among those optional methods, the TSGE is on 

of the good se lections for high pholovoha ic pcrfonnullce and good long-Ienn stubi lil 
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of DSSCs. A high st'lblc DSSC based on a TSGE cOnlaining mens;] precursors and 

orgmlic liquid electrolyte containing iodide salts was prcpnred [123, 140 - 142[. The 

unique structure of this thennosell ing organi c- inorganic hybrid gel electro lyte le:lds 

to the hi gh quality of DSSC, which muintains 5 - 6% light-to-e lectricity conversion 

effi ciency even aller preserv ing for several years. 

Wu et ul. [124 , 143 - 145'1 reported u novel TSGE based on poly(uerylic acid)­

poly(ethylene glycol) (PAA- PEG) hybrid and liquid electrolyte for f:lbricating n high­

perfonnance and stab le DSSe. It is known that PAA polymer IlllltriX shows cxee l1cnt 

hydrogel stabi lity due to the form1lt ion of 3D networks structure in hyd roge l :lI1d the 

strong interaction between lIbsorbed aqueous solution uud hydrophilic groups in PAA 

[ 146, 1471. PAA is a kind of olcophobic polymer, "'o'hieh cannot dissolve or swe ll in 

organic solvents. By modifying PAA wilh amphiphilic PEG, the PAA- PEG hybrid 

shows 1Il0derute liquid electrolyte absorbency in some organic Lewis busic liquid 

electrolytes. The optimized Lewis basic organic mixed solvents for both PAA- PEG 

hybrid and photovoltaic perforlllllnce of Dsse was obta ined by mixing 30% (v/v) 

NMP with 70% (v/v) GBL [87]. The TSGE wi th ionic conducti vity o f 6.12 mS cm-
1 

was obtained by swe lling the PAA- PEG hybrid in the optimized Lewi s basic organic 

mixed so lvent's containing iodide/triiodidc redox couple. Based on the TSGE, (I DSSe 

with light-to-electricity conversion efficiency of 6.10% was attai ned under AM 1.5 

irradiation. 
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2.4.7. Malerials nnd rnnnur:tcluring melhods ror DSSC 

A. Subsl rales 

Requirements for a good DSSC substrate arc low sheel res istance which should ll isa 

be independent of temperat ure up to 450 - 500°C ( in clIse when the eleclrode post­

treatment requires si ntering), hi gh tran sp:l rel1cy. und abiti ty to preve nt impuri ties stich 

:IS wa ter and oxygen from entering in to the ce ll . The trad itional approach is to build 

the DSSC on transparent conducting ox ide (TCO) coated glass sheets. The most oOCI1 

uscd TCOs are fl uorine-doped lllld indi um-doped tin ox ides. whose sheet resistances 

are around [0 Q/cm
2

. Whilst glass is obviously an effective barrier townrds wuter lind 

oxygen penetrat ion into the ce ll, its dis:ldv:llilages nrc fragil ity. rigidi ty. hcnvy weight, 

and high price. ITO's sheet res istance also increases with temperature so ITO-COOled 

glass is not the best option for cells where high temperature Ire:lIl1lcnts li re needed. 

Altemative substrate materials such as plast ic fo ils and meta l sheets overcome most of 

the g lass' problems. Conductive pillstics, like ITO-PET (i nd ium -doped t in ox ide 

cOllted po lyethylencterphtalatc) and ITO- PEN (i nd ium-doped tin ox ide coated 

polyethylenenaphta late), arc light we ight and flexi ble, whereas metals lire also 

mechanica lly robust, cheap, and their electrica l conductivity is superior compared to 

all othcr substratc materials. 'Ille last fac tor plays a cmcia l ro lc in ce ll size upsca ling. 

s ince the main part of the tota l ohmic losses in the ce ll arc due to lalentl resistance on 

the substrate surface. It has also been noticed that su bstrate- med iated recombi nation is 

lower from sta inless stee l than from glass (148] . Disadvantages of plastics inc lude 

low tem perature tolerance, max. 150 - 160°C. for ITO-PET high sheet resistance. 

around 60 Q/cml. and uncerta int ies considering the oxygen and water penetration. For 

mctals, the main problem is the trad it ionally used. iodine-conta in ing eleclrol)1e . 
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Triiod ide ions arc corrosive, and thus fa r only sta inless stcel and titan ium have shown 

enough chemical stability in the iodine clectrol)1C to bc success full y cmploycd as 

DSSC substrmes [96, 148 - 155/. Long-tcrnl stabi lity of meta l-based ce ll s is still 

unknown, though, and requires fu rt her stud ies bc fore this DSSC type can be 

transferred to large scale rnnnulDeturing. However, the mai n drive behind the 

alternat ive substrate research is thc flex ibi lity o f both the plastic and metal substrates 

which enables roll-to-roll type ma nufacturing o f the DSSe, potcnt ially leading to high 

vol ume production of low cost solar cell s with wide varicty o f applicll tiolls. 

B. Pholoelectrodc 

n le semiconductor material tha t fonns the corc of Ihe photoclcctrodc should be 

chemica lly stable and inert towards thc electro lyte species, it should have II lall ice 

structure sui table for dye bonding. its conduction band should be located slightly 

be low the LUMO leve l of the dye in order to facilitnte cOicient electron injection. and 

it should be available in na nostruclurcd fonn to enable high enou gh dye load ing. 

T itanium dioxide fu lfills these requirements - in add ition to Ihal, il is also cheap and 

easily available because of mass production. The materin l is in wide usc for example 

in pigments and pa ints and, due to its non-toxicity, even in cosmetic, hygiene and 

food products. Another semiconductor oxide that hus been employed in the DSSC is 

zi nc ox ide but there havc been problems for example wi lh the dye desorption [ 156 J 

which is why Ti02 is still the most widely used DSSC photoelcctrode malerial. 

T i0 2 ex ists In three crystall ine fonns, anatuse, rutile, and brookite, of which the 

anatase structure is the most suitable for DSSC app licat ions. llle typical Ti02 

nanoparticle s ize in the photoc lectrode fil m is 10 - 30 11111 , though larger purt iclcs up 

to 300 - 400 nm arc sometimes added to the fi lm to increase the path length of the 

38 



absorbed photons by scattering ( improved ligln harvesting effic iency). The optilllfli 

photoe lectrodc film thickness is 10 - 15 ~lIn - if the film is very thin the dye loadin g 

remains too low whereas with too thick films, the distance the excited electrons 

generated on the electrolyte side of the photoe lectrode film have 10 travel before 

reaching th e current collector becomes so long that increased rccombin:ll ion 

probability starts to decrease the cell cfficiency. 

Screen-printing is a Iypical Ti02 layer deposition method, with wh ich large quarllilies 

of even quality films can be preparcd with high speed (on In bormory scalc. technique 

ca lled "doctor-blading" depicted in Figure 2. I I, in which the Ti0 2 precursor is 

applied through a hand-cut tape mask is oftcn cmployed). Severa l research groups 

prepare their own Ti02 prec ursor matcrials but there exists also commcrcial titnniu 

pastes specifica lly designed for screen-printing technique - in addition to the Ti0 2 

nanoparticlcs Ihey contain some high viscosity organic solvent, binders, pH-adjusting 

agents, and morphology controlling agents. After the film deposit ion the solvent lind 

other organ ic ingredients have to be removed, which is done by silllering the film in 

450 - 500°C for half an hour minimum. In thi s treatment the individual 'I'i02 

nanopart iclcs also " neck" together and adhere more tight ly to the substrate surface 

wh ich decreases the interparticle resistance. thus facili tating efficient e lectron 

diffusion in the fil m, and the resistance for the elcctron transfer from the TiOl 

network to the substratc. Unfortunately. th is sinteri ng treatment, which drastica lly 

improves the Ti 0 2 film quality and al so its mechanica l stabili ty. can not be emplorcd 

wi th plastic substrates, due \0 thcir low temperature tolerance. One promising 

tcchnique for low temperature photoc lectrode film preparation is spraying suspension 

o f Ti0 2 nanoparticles in high volatili ty solvent (e.g. ethanol) on heated substrate and 

then mechanically compressing the resulting powdcr layer. Titan ia pastes suitab le for 
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low temperature sintering have also been developed but the problem of inadequate 

interparticle necking and thus lower cell efficiency, due to s lower dectron transport in 

the film and thus higher rtCOOlbination probability. still remains with these materials 

too. 

Fipn: 2. II : The application process of the TiOl to the surface of the conductive 

glass plate. 

Dye sensitization of the photoelectrode is done simply by soaking the Ti02 film in the 

dye solut ion as shown in Figure 2.12 (anhydrous ethanol being the common solvent., 

though various nitrites have also been used), the soaking time typically being 

overnight minimum, though the process can be speed up by heating the solution. The 

dye is one of the most expensive components of the cell, due to the com plex structure 

and demanding, multistep synthesis of the mo lecule, but since its amount in the 

solution is very small, typically of the order 10-4 M, its effect on the overall 

manufacturing costs of the cell remains reasonably low. In addition to the ruthenium 

organometallic complexes mentioned already in Section 2.4, other dyes such as 

coumarins, eosins, pe:rylenes, and even natural dyes extracted from berries have been 

employed in the osse, though the highesl efficiencies have still been obtained with 
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the Ru..eomplexes, As a matter of fact., the: moieeular structure of the dyes and the 

electron transfer processes in the dye excitation resemble those of the chlorophyll 

molecule in grec:n plants, which is why the DSSC operating principle has sometimes 

been called "artificial photosynthesis", 

Figure 2. 12: Sintered Ti0:2 photoanodcs being soaked in dye solution after cooling, 

Generally, the molecular adsorption modes on the host surface can be summari7.ed in 

six different modes: 

a) covalent attachment brought about by directly linking groups of interest or via 

linking agents, 

b) e lectrostatic interactions,. brought about via ion exchange, ion-pairing, or 

donor-acceptor interactions, 

c) hydrogen bonding, 

d) hydrophobic interacting-derivatives, 

e) van der Waals forces invotved in physiSOJplion of mo lecules on solid surfaces, 

and 

f) physical entnpment inside the pores or cavities of hosts such as cyc lodcxbins, 

micelles,. etc [1 57] , 
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The adsorption modes of dyes on semiconductor surfm:cs tlrc vcry important for Ihe 

DSSC e rticicncy [1 58]. To construct workable and emcient DSS s, the dyl' must be 

:Idsorbcd on the surface of the semiconductor intimatc ly. Therefore. the first kind 

prov ides an approved strategy 10 accompli sh a strong intcrlinkagc between the dye 

and the semiconductor. It requires that the dye should possess an anchoring group, 

which should react with surface hydroxyl groups of the semiconductor oxide to fonn 

chemical bonds. The standard anchori ng group for sensitizers is carbo.-.:ylic acid 

(.COO I·I). It s derivatives. such as cster, acid chloride, acetic un hydride, carboxyiulc 

salt, or amide, have also been used . Funhennore , sulfonatc (.SOJ-) and silane (SiX, 

or Si(OXh) have also been adopted \159]. Emcient sensitizers with phosphonic acid 

bindi ng groups were (i rsl deve loped by Pec hy el al. \1601. llley found thut 11 

ruthenium complex with a s ingle phosphonic acid bound about 80 limes stronger to 

Ti0
2 

than N3 (which has four carboxy lic acid groups) and did not desorb from Ti02 

in the presence of water, in contrast to N3. 

Nevertheless. most of the photosensitizers employ the carboxylic acid as anchoring 

group due to its relative stabi li ty and easy synthesis. However. there arc dilfcrent 

binding modes between the ox ide surface and the carboxylic uc id (Figurc 2. 13) 11611, 

In general, the carboxylic acid group can coordinate to the TiOl surface inthrcc ways 

[ 162 , 163}: un identate mode. chelating mode, and bridging bidcntutc mode. 
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F igure 2. 13: Binding modes for caboxylatc uni t on TiO! surface. 

C. Electrolyte 

In add it ion to the redox couple - like the most com monly used iodidcltriiodidc- the 

electrolyte usually contains some "block ing agent" Ih ol adsorbs on the pholocleclrode 

o n those surface sites not occupied by Ihe dye to prevent recombination, i.e. electron 

lea kage from the Ti02 back to the elect rolyte. As it is rne mioned earl ier additives like 

4·,e,.,· butylpyridine, guanidiniurn thiocyanate lind 4·guanidinobutyric acid are some 

molecules used in th is purpose {65, 164]. Due to suppressed recombination, the ce ll 

open ci rcuit voltage increases. The requirements for the electrolyte solvent arc its 

ability to d isso lve the other ingredients and preferably low volati lity combined with 

high viscosity to fac ilitate fast ionic diffusion between the electrodes. Typical so lvents 

used in the DSSC elec trolyte arc various nitriles (aceto.. mClhoxypropio., va lero., 

butyro.), carbonates (ethyl·, propyl·), and the ir mixtures. Liquid electrolytc can also 
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be gelatinized, for examp le with certain polymers (e,g. polyv inylidcncfluoridc­

hexafluoropropylene, PVDF-HFP) or silica nanopnrticlcs\ 16Sj. While thi s docs not 

., lng III case 0 structurn l damage to the subslrutcs. remove the problem of the ce ll "drv" ". r 

it does prevent electrolyte leakage. Obviously, the liquid electrolyte is the wClIk link 

considering the cells ' long-term stabi li ty wh ich is why solid hole CCl1dm.:turs such as 

copper iod ide (Cui), copper thiocyanate (CuSCN). copper bromide (Cu Br) 

complexes, 2,2 '7 • 7' -telrak is-eN ,N -d i-p-methoxyphcnyl-onl i nc )-9.9' -spi robi n lIorcnc 

(spiro-McOTAD), and the conducting polymer poly(3,4_cthylc ncdioxythiophcnc) 

(PEDOn have also been studied as its replacement 1131 , 133, 166 - 1741· Either the 

cell efficiency or its stabil ity have not becn satisfactory with these - one reason bc ing 

the solid material's poor penetration into the pores of thc Ti02 layer - which is why 

iodine-based liquid electrolyte is sti ll the most often used ahcmative in the OSSC. An 

example of a typical electrolyte composition is 0.5 M lithium iodide (U I), 0.05 M 

iodine (12), and 0.5 M 4_tert_butylpyridinc in 3_mcthoxypropionitrilc (lriiodide ions 

are generated in a reaction of molecular iodine with the iodide ions). Thc amount of 

iod ine may vary according to the electrolyte layer thickness - in cases where the light 

enters the cell from the counter electrode (CE) side, through the CE and electrolytc 

(e.g. if the photoe lectrode is deposited on opaque mctal sheet), the shadowi ng effect 

of the dark red tri iodide ions in the electrolyte reduces the amount of photons reaching 

the photoc lectrode ( iod ide ions. on the other hand, arc transparent). Whcn the order of 

the maximum current the ceO should be able to generate is known, the triiodidc 

concentration and electrolyte layer thickness can be minimizcd using the definition 

for the diffusion-l imited current density [1 751 . 

(2.12) 
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where 11 is the num ber of electrons transferred in the redox reaction, F the Fomdny 

constant, D,; the triiodidc diffusion coefficient, "'i the triiodidc concentrat ion, and I 

the distance between lhe electrodes. 

There is also on interesting, new group of nssc electrolytes in which so-called ionic 

liquids, or room temperature molten salts arc utilized 1176 - 1781 . Ionic liquids arc 

fluids with no vapor pressure at all which elim inates the problem of eleelTolyte drying 

in ense of fractures on the substrate . Typica lly, ionic liquids nrc snits o f iodine wilh n 

large, often im idazole-based cation, for example I.methyl·)- I>ropylim idazoliutll 

iod ide (PM lml) or I, 2-d imethylimidazoliul1l iodide (DM lrn l). TIlliS. ionic liquid 

works as a source of iodide ions and also as a solvent, due to its nuidic nature. 111<: 

prob lem of these electrolytes is, however, the high viscosity of many ionic liquids, 

which slows down Ihe ionic diffusion and tcnds to keep cell emciencies down . Some 

ionic liquids are also hygroscopic which means that special conditions e.g. dry air or 

nitrogen atmosphere is needed for cell preparation and stomge of mUlcrio ls. 

O. Counter electrode cata lysts 

A fie r considering the characteristics of the porous semiconductor oxide, the sensitizer 

dye and the electrolyte containing the charge mediator, which allows dye 

regeneral'ion, another essentia l material for an operative DSSC is the counter­

electrode, where the regcneralion of the charge mcdiator takes place. The first 

requirement for a material to be used as counter-electrode in n DSSC is 3 low charge 

transfer res istance and high exchange current densities for the reduction of the 

ox idized fonn or the charge mediator. Also, such m[l\crials must present chem ical rlIId 

elcctrochemical stability in the elcctrolyte medium uscd in tile cell 117
9 ). For 
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sufficiently fast reaction kinetics for the t(, ",od"d d " " " I C re uel ion react 1011 at the reo 

coated cathode, a catalyst coaling is needed. 

As already discussed, the best charge mediator for most of the DSSC is the 1-/1)­

redox couple. Unfortunately however, the iodine (and Iriiodidc) reduct ion reilclion is 

not reversib le in several materials and ils kinetics is solvent dependent. Fo r instance. 

al the surface of transparent glass-ITO or glass-FrO electrodes, the clcClfOn-lransfcr 

kinetics for reduction of triiodidc to iodide is very slow 1179J. 

i. Platinum 

The best materia l that acts as a catalyst and provides high exchange current for this 

reaction is platinum, particu larly as thin films deposited by thermal oxidation of 

hcxachlorop latinate . Pt thin films obtained by sputtering IIlso exhibited good 

performance as counter electrodes in DSSe. but arc more expensive t 179]. As II 

traditional and usually most efficient catalyst, plat inum has been used :Ihnost 

exclusively in the literature. However, the performance of the catalyst layer depends 

on the method by which the PI is deposited onto thc TeO surface. Platinum catalyst 

coaling has been performed for exampl e electrochemically [ 180. 181], by sputtcring 

[911. pyro lytically or by spin coating f182}. Electrochemica lly (1 791 and vapor 

deposited ( 183) Pt has been however found unstable in the presence o f the iodide 

electrolyte . 

Papageorgiou et al. [1 79] deve loped an alternat ive Pt cata lyst coating method called 

"platinum thennal cluster catalyst". This catalyst provided superior kinetic 

perfonnance with respect to conventional platinum deposition methods, chemical and 

electrochemica l stabil ity in practica l cells. low plat in um loading of 5 - 10 mglcm
2 
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leading to cost reduction, mechanical stability of the countcr-cleclrodc surface and 

optical transparency of the counter-electrode due to the low platinum conlcnt [ 179] . 

For DSSCs depos ited on glass, thennally deposited or spul!ered platinum is Ihe most 

w idely used CE cata lyst. The advantages of Pt arc its high catalytic activity towards 

the iod ide/triiod ide redox reaction which is why only a few nanometer Inyer o f Pt is 

requ ired - this keeps the cell manufacturing costs low even if Pt is un ex pensive 

element, and because the thin Pt layer is almost transparent. platin ized counter 

electrodes can be employed also in ce lls which require reverse li ghting (i.e. li ghti ng 

from the CE side). Platinum is also chemically stable in the electrolyte, i.e. no 

remarkable d issolution over time from the CE have been noticed ( ill case the CE 

catalyst dissolves and diffuses to the PE. it may act there as recombi n:ll ion cenlers. 

thus decreasing the cell effi ciency). The usual procedure to prepilTe the counter­

e lectrode for DSSC consists in spreading a small quantity of a S 11111101 t ' l 

hexachloroplatinic acid solution in isopropanol on the conductive surface of a glass­

FTO electrode and heating the coated electrode at 38SoC for 10 minutes. 111e 

electrodes prepared by such a procedure remain almost transparent, which can be very 

useful , s ince the ce ll can be irrad iated from both sides. Moreover. they present low 

charge-transfer resistance and high kinet ic perfonnance for the 1)- reduction react ion. 

This ensures high exchange current densit ies at the CE, and thu s the processes li t the 

CE do not become rate limiting for the processes in solar energy conversion [1 791· 

This results in reduction of metall ic platinum as tightly adhered nnnoscale clusters on 

the substrate surface (1791 . Due to high temperature involved, this mcthod is naturally 

not suitab le for plastic substrates but sput1ering. which is a we ll known and wide ly 

app lied method for thin film coatings. can be employcd for low tempcrnture tolernnce 

substrates as wel l. 
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ii. C arbon 

While having exce llent catalyt ic action, platinum has the disndvantuge of being very 

expensive. Kay and Gratze l [184} have developed a cell design, which is very 

interesting wit h this respect. The design uti lizes a porous eurbon coul1tcr·elcctrode as 

a cata lyst layer. This carbon electrode is mude from a mixture of carbon black. 

graphite powder and nanocrystalline Ti02 particles. A high conductivity (sheet 

. f ' res istance 0 5 OIcm for a 50 mm thick layer) is obttlined due 10 the cnrbon black 

particles connecting together separate graphite Oakes, while the TiOz particles arc 

used as a binder to the structure. It is cla imed that thanks to the very high surface area 

of these electrodes, caused by the carbon black, these electrodes are as ac tive for 

triiod ide reduction as the conventiona l PI electrodes [184'[. 

iii. Conducting polymers 

Since platinum is an expensive cata lyst. even if the consumption is re lat ive ly low, 

conducting polymers such as poly(3,4_ethylenedioxythiophcnc) (PEDOT) or 

polyanili ne (PANI) have been studied as its replacement 118S]. The Illain problem 

with these material s is that often rather thick layers of them arc needed in order \0 

reach hi gh enough catalytic activity. This slows down the ce ll manufacturing process 

and, as thick cata lyst layers also absorb light. these kind of CEs are not suitable for 

reverse li ghting ce lls. 

L. Bay et al. [186] investigated catalyt ic activity for platinum, rEDO,., polypyrrolc 

(PPy), and PAN I-all deposited onto nuorine-doped tin oxide (FrO) glass. Both PI and 

PEDOT are fo und to have sufficiently high catalytic activities for practicnl usc as 

counter e lectrodes in DSSe. PEDOT is there fore n good cnndidate for substituting the 

expensive plntinum. It wns also mentioned previously Shibata et al. [1871 reported 
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that the pholocu rrent for the DSSCs with a PEDOT- PSS elC'ctrode wus higher than 

that with a Pt counter electrode when the cells were filled with a gel electrolyte. The 

charge transfe r res istance between the gel film and Pt was 14.1 fl/cm2 and that 

between gel fi lm and PEDOT-PSS decreased to I.S fl/cml, which was the reoson for 

thc improveme nt oft hc photocurrcTlt . 

iv. Cobalt Sulfide 

Very recently, eleclrodeposited CoS has been ident ified as a sui tllblc catu lyst for the 

iodideltriiodide redox couple [188\ . Deposited on a Ocxiblc substrate polyethy lenc 

naphthalate (ITO/PEN) it outperform s Pt on the same substrate, with a charge transfe r 

res istance down to 1.8 ntcm2, while thenllal Pi on FTO gave 1.3 Qlcm l using the 

same ionic liquid electrolyte. 

2.4.8. Measurement Process and Characteristic Soiar Cell D:tht 

The basis for the characterization of solar cell is the I-V curve (current-voltage curve). 

The I-V curve of a solar cell can be measured by using a solar si mul ator or other light 

sources which provide in combination with filte rs light according to the intcmation:l l 

norm s. During illumination of the solnr cells at 2SoC ,I voltage is applied and the 

current is measured, resulting in the I-V curve of Ihat cell which is presenled 

sc hematically in Figure 2.14. 
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Figure 2. 14: Typical shape of an I-V curve with important values for efficiency 

deleon ination. 

With the help of the I- V curve it is possible to determine important electronic 

parameters like the open-circuit voltage (Voc>. the short circuit culTtnt (lsd, and the 

fill faclor (FF). 

A. O~D-cin:uit voltace (Voe) 

Under open-<:ircuit conditions the flow of charges through the illuminated device is 

interrupted . At these conditions aU charge carriers recombine within the phol08ctive 

layer. The open-<:ircuit voltage is the intercept point of the iUuminated I- V curve with 

the voltage-axis (x-axis in Figure 2.14) and represents the maximum voltage that the 

measured solar cell can provide under ideal conditions. The Yoc in organic solar cells 

is predominantly determined by the materials and their frontier orbitals used in the 

solar cell . However, also other factors connected to the processes in the ce ll can 

influence the open-<:ircuit voltage. The Yoc can be for example lower due to charge 

recombination, which cannot be avoided [189]. 
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B. Sho ... t-ci ... cuit cu ...... enl (/sd 

Under sho rt-circuit conditions no resistance ,·s p'c, e',' in the electric circuit. 

Consequentially there is no change in the voltage and thus no work is dane 

cvcnthough a current is flowing. The short-circuit current is the intercept point o f the 

illuminated I-V curve with the current-axis (y-axis in Figure 2.14) and represents the 

maximum current that cou ld be withdrawn from the solar cell if the cell was ideal. 

Another important va lue strongly associated with the short-circuit current is the short-

circuit cu rrent density (Jsc). This value reports the sha n-circuit current per :Ifeu 

(Equation 2. 13). 

I 
J ."l' =-;- (2.\1) 

The short-c ircuit current is directly proportional to the incident photons that cnn be 

used by the solar ce ll as long as no saturation effects occur. Isc is therefore dependent 

on the surface area of the solar cell, the li ght intcnsity, the device th ickness, ond the 

absorption range. Also, the charge carrier mobi li ty wh ich dcpellds on the tcmpcmture 

due to a thennal1y active hopping transport plays an important role [190, 19 1), 

C. Fill Facto ... (FF) 

The fill factor is a measure of the quality of the solar cell and describes the relation 

between the photogenerated charge carriers and the charge carriers that reach the 

e lectrodes. In an idea l solar cell all generated charge carriers reach the electrodes and 

the FF is I , Due to ehnrge recombination nnd resistances within the device not all 

generated charge carriers reach the electrodes. There are IWO types of resistance in the 

so lar cell . The serial resistance. Rs. represents the sum of all layer-, contnct-. and 
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current-resistances and is the reciproca l slope or II I I 1C angen! 10 11C I- V curve under 

open-c ircuit conditions (Equation 2. 14). 

R, =(dV ) 
. dl 1.0(1 

(2.14) 

The shunt (parallel) resistance, RSB. represents the surfnce recombinatioll losses. 

which occur at the differen t interfaces and leakage currents. RSII is the rcci proclI l 

slope of the tangent to the I-V curve under short-circuil conditions (E'IUUlioli 2.15). 

R., =(dV) 
dl 1'-0 

(2 .15) 

In an idea l solar ce ll Rs should be minimi7.cd (Rs - 0) and RSII would be llHl xillli/.cd 

(RSH _ ro), In this case the I- V curvc would be rectangulnr and go olong the light-

green area in Figure 2.14. In a real solar cell losses cannot be a\'oided and the I- V 

curve is bended. The point on the I- V curve where the moximum power of Ihe solar 

cell can be produced is called maximum power point (mp-point). '!lIe mp-point is 

located on the I- V curve exactly where the product of I and V reaches its Ill (l
ximul 

value. The area Al in Figure 2.14 (dark green color) indicates this maximul power 

value. The maximum power of an ideal solar cell is represented by area Al (light· 

green). The FF is the re lation between those two areas (Equation 2.16). 

FF -::; .!1. 
A, 

(2.16) 

The voltage at the maximum power point is Vmp and the current densi ty Jmp
• llie FF 

can be calculated using these va lues according to Equution 2.17. 

(2 .17) 
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D. Solar Cell Efficiency (II) 

All the va lues mentioned above contribute to II • ' 11 .• . Ie over,1 power conversion cnlclcllcy 

that describes the relation between the electric power thnt the device produces (Pout) 

and the power of the incident light (I\n). The efficiency cnn be cnlculnled according to 

Equat ion 2.18: 

(2.18) 

E. Incidenl Pholon 10 Currenl Efficiency (U'CE) 

The incident photon to current conversion efficiency (IPeE) or cxtcnlnl (IUlUltum 

efficiency (EQE) describes the relation between the number of the dissipated charges 

and the number of the incident photons at a certain wavelength (Equation 2.19). 

(2 .19) 

where h e is the short.circuit photocurrent density for monochromatic irrndiatioll. and 

k and 1m are the wavelength and the intensity. respectively, of the monochromatic 

light. If lPCE is I, every absorbed photon injects an electron into the circuit. IPCE is a 

measure for the absorption quality of the solar ce ll at a certain wu ve length combined 

with its charge transport quality. If, e.g., the ce ll absorbs all incident photons at n 

certain wavelength but the charges cannot travel to the electrodes due to 

recombination, the lPCE nevertheless will be zero. Hence. the IPCE correlates often 

to the absorption spectrum of the activc layer but a strong deviation cannOI be 

excluded. 
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2.5. Natural Dyes as S .. , cnslllzer .or Photoelcctr(K' hcmical Cells 

2.5.1. Anthocyanins and Anthocyanidins 

Flavonoids are sugar bound polyphcnols ('ou"d ,'" I' all land plunls. A c111SS of 

flavono ids called anthocyanins is responsible for the red and purple colomtion of 

many fru its and flowers. An ample range of colors in the red blue range arc available 

to anlhocyanins as a result of their complexation with olher polyphcnols. pectins. and 

metal ions [192]. Proposed biological roles of anlhocyanins include inseel '1III1Iclion, 

photoprotcction [ 192], antioxidant activity [1931. and photosynthesis cnlwnccmcnt. 

but the fu ll scope of the ir abi lities has yel la be full y understood. 

The various coloured pigments that can easily be extracted from fmils, flo wers, :lIld 

so on, can be employed in DSSCs. Unlike arti fi ci31 dyes, thc nAlurai ones arc 

avai lable, easy to prepare, low in cOSI, non toxic, environmenta lly friend ly, and fu lly 

biodegradab le. In mosl case, their photoactivity belongs to the nnthocyanins fami ly. 

Moreover their absorption spectra have favourable overlAp wilh the solar spcctnull . 

1.lara et al. (194] made a remarkable advance in the use of organic dyes for DSSCs. 

Other groups have obtained good solar electric powcr COli version emciencies, testing 

natura l dyes as cheap and environmentally friendly altcmativcs to artificial sensitizers 

for DSSCs [195]. The natural dyes that have been cmp loyed for this purpose were 

extracted from red oranges, eggplants, red radicchio, sicilian red wines. blueberry. and 

mulberry are rich in anthocyanins. The genera l molecular stnlcturC ofanlhocyanins is 

shown in Figure 2.15 . Red orange ju ice conta ins II high concentrat ion of cyanidin-3-

glucoside pigment, of citric acid and other antioxidants. such as delphinidin-3-

glucoside, flavoncs (hespcred in and narirutin). The extract from eggplant peels 

contains nasunin, a mixture of cis-trans 
isomers of dclphinidin-3-(p-
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coull1aroy l rutinoside)~5-g1ucoside D I h' 'd· . . e p 101 lIle IS the main pigment of Ihe red 

rad icchio too, while, in the extracts cr lh d . ere wmes. the most responsible pigment for 

am rawback of thiS component is the their red-vio let colour is the malvidine. The m ' d . 

I n 2 In ' .gure 2. \ 5) on the phenolic presence of OCH) groups (in the position of R a dR ' F· 

ring. For this reason the phenolic groups is not able to chelate the titanium and Illost 

P In l mc which IS the lowest components of these of the sensitization occurs from del h" 'd· .. 

natural compounds in red wines. 

Oil , ,,,, R, 

QGlu 

0 11 

Figure 2. 15: Chemical structures of anthocyani ncs. RI "" 0 1-1, R2 - H (C)'tlIlidin-3. 

glucoside), R \ = R2"" OH (Delphinidin-3-glucosidc). R\ = Rl = OC I'h (Mfl lvidin-3-

glucoside). 

The presence of other additives in the extracted dyes, such as citric acid, which act as 

co-adsorbers. is responsible for a better sensitization of these solutions onto titan ium 

dioxide film . In fact these compounds, filling the free space between the dye 

molecules, partially block the physical contact between I}- and ti tanium diox ide 

semiconductor film surface reducing recombination reactions and inhibiting dye 

aggregation. Moreover, the presence of 2/3 hydroxyl groupS in cYllnidine and 

de lphi nid ine pigments favoures the chelating effect towards t itanium. inducing the 

attachment ofTi(IV) to the hydroxyphenol moiety where Ihe LUMO electron dens it)' 

is located . Hence this leads to an effi cient electron injection frolll the dye 10 the 

semiconductor fi lm. 
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Anthocyanidins is a subgroup of th fl 
e avonoids I . 

, po yphcnohc compounds Ihal arc 
agJycons of corresponding anthocyan ins whi II . 

, c are weak aCids and OCCur n3IUrally in 
many plants. Some selected anthocya 'd' . . 

dep icted Table 2.1. 
flI lOS with thclr respective Sfn'Clurc arc 

Table 2. 1: Selected anthocyanidins and the· b . . 
Ir su Siliulions. 

~ntho(:yanidin Basic slrucfurt R, R, R, R. R, R. R, 
Aurant inidin 

H OH H 0 1-1 Ofl OH 011 
Cyan idin OH OJ-, H 0 1-1 0,-, II 0 11 
Delphin idin OH 011 Ofl ml OU H Oil 
Europinidin DCH, OH OH 0 11 OCl-lJ H 0 11 
Luteolinid in 

~. 
OH OH H H Of. H Oil 

Pelargonidin 
R . . ¥ 

" II OH II 0 11 0 1-1 II 0 1-1 , 
, . 

Malvid in , 
OCH] Of. OCH1 0 1-1 0 1-1 t·t 011 

Peon idin DCH, 01-1 H 0 11 0 1-1 H 0 1-1 
Petun idin OH OH OCH] 011 OH " 0 1-1 
Rosin id in DCH, 0 1-1 H Of. OH H DCH, 

As of 2003 more than 400 anthocyan ins had been rcpor1cd while in early 2006. put5 

the number at more than 550 different anthocyan ins r 196]. The difference in chemical 

structure that occurs in response to changes in pH is the reason why 3nthoc),lIn ins lire 

often used as pH indicator, as they change red in acids to blue in bases. In aqueous 

Solution alllhocyanin species are in equ ilibrium between a protonated fonn (Oavylium 

cation) and a quinonoidal fonn as it is shown in Figure 2. 16. In acidic solution they 

appear red, due 10 an intense band centred al about 520 nm which is typical of 

anlhocyanins family due to a 1t-1t. charge transfer transition which resuhs in a shift of 

the electronic charge density from the chromenium port ion to Ih(' calC~cho l end of the 
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anthocyanin molecule . Hence the LUMQ presents increased charge density in close 

prox imity to the titanium binding site (Figure 2. 16) allow ing for good electronic 

coupling for charge injection. The absorption band of anthocyan ins is p~1 and solvent 

sensit ive, showing the red flavylium fonn in acid ic solution and the purple 

deprotonated quinonoidal fonn as pH increases. The vis ible absorption band also 

shifts to lower wave lengths upon coordinat ion to metal ions as it is shown in Fi gure 

2. 17. 

0 11 011 
011 

Oil 
R, -II' 

OGlu 

011 
\\ '.0, 

Ti4 ' 
1 0 

011 R, -II ' 

(a) Flavy lium cation 
(b) Quinonoid31 foml 

Figure 2. 
16: Equilibrium between fla vylium and quinonoidal foml in anthocynnins 

. h' h ' bl 10 bind the anthocyanin . 
in solution and in presence ofTI02 w IC IS a e 
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Figure 2. 17; UV-Vis spectrum of flower extract of H sah</ariffll (n) in in ethanol 

sol ution and (b) dye adsorbed on Ti0 2 . 

Generally, anthocyan ins adapt to changes in acidity (or alkalinily) according to this 

out line: In acidic environments chromophore of anlhocyanins is an Aromatic 

flaVYlium (2-pheny lchromenyliurn) calion, red in colour. In a morc bas ic condit ion 

the double bond o f the flavyJium cation is disrupted by a water molecule. and the 

result is a colourless structure. This structure can regain colour under even more 

alkaline ambient condit ions, since dehydroxylat ion reslOrcs a conj ugated double bond 

in the anthocyan in structure. The key to Ihis behaviour lies in the conjugmcd double 

bonds. Figure 2.18 shows the change in molecular structure and colour for cyanin for 

different pH-va lues. Anthocyanins are not very stable in alka line environments, or in 

environments with a high sugar concentration. l l lcy are ulso heu t. oxygcn and Jiglll 

sensitive. 
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Blue (pll > II) 

Figure 2. 18: The molecular structure and colour of cyanin dependence on pH. 

2.5.2. Detalains 

Beta lains are water-soluble nitrogen-contain ing alkaloid pigments 11971. which fIrc 

found in vacuoles o f cells of fami lies of plants belonging to the order CIU)'ophylinJes. 

Only in th is order, and in no olher order of plants, betHlains arc found . I\ lso in SOll1 e 

fung i e.g. Fly Agaric (Amanita lIIuscaria), bclaJains exist. A find ing, which so filr 

remains unexplained, is why plants containing bela/ains nppcnr to be void of 

anthocyan ins and "ice versa. The two pigment groups seem to perfcctly c,'l(c!udc each 

olher in the paths of evolution [197). 

Bctalain pigments represent an additional class of organic nalUml dyes of poteluial 

interest. These pigments have high molar extinction coefficients in thc visible region 

and pH dependent redox properties. The pigments arc present in the different pans of 

the plant inc luding flowers petals, fruit s, leaves, stems and roolS. lllcre arc 1\\0 

categories of beta lains, namely betacyanins and bctaxanthins. Bel.'lcyanins includc the 

reddish to vio lct beta lain pigments. Betaxanthins arc those bctalain pigmcnts which 

appear yellow 10 orange. Among the bctax3nthins present in pla rus include 

vu/gaxanthin, miraxanthin, portu laxanthin, and indic3xanthin . TIlc beta/ain pigment 

(Figure 2.19) comprises the red purple betacyanins nlllllcly bctanin and bctan idin. The 
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chemical stmcture of bclaxanthins is shown ' F", 22 . 
tn rgurc . O. lllc yellowish bctaxanthin 

knowll as 

r 198J. 

indicaxanthin (Figure 220 (» h . 
. a SOWS an absorption maxima at 480 11m 

R~ roo 

,,~r 

" 
"0 

Figu re 2. 19:Chem ical structure of bclacyanins, R ;;: t~D-gJucosc (Oelanin). R . II 

(Bclan idin). 

The Eurasian biennial plant beta vulgaris, Ihe common beet root (red beet) is in the 

family Chenopodiaccac. Its ball-shaped red roots contain /I high cQl1ccntrnl;OIl of 

beta laill pigments, a red-purple pigment, used as a colouring agcllt in food. Betanin 

(Figure 2.19 with R :::: j3-D-glucose), makes up 75 - 95% of the 10lal red colouring 

matter of the beetroot [ 199). It is a type of bclacyanin, which is II larger group of red-

vio let pigments. The prickly pear is a member of the Cactaccac family. origi nnting 

from Mexico and widely distributed in much of 1...1tin America, Sottlh Africa. nnd in 

Ihe Mediterranean area. Bouga invillea plants (found ill the fomily of Nyctaginaceae) 

often grow in mild climates and have typically small nowers enclosed by !urge. 

bri ll iant red or purple bracts (modified lenves). llIe prc\'ai ling pigment colorntion of 

the cited plants varies from orange to red, due to the combinAtion of IWO main dyes: 

betanin (red-purple) and betaxanthins (ye llow-orange) whose chemical s'O/clUres arc 

shown ill Figure 2.19 and Figure 2.20 respectively . 

.. 
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Figure 2. 20: C hemica l structure of bet ax an thins, (a) indicaxanthin. (b) vulgaxanthin I 

(c) Vulgaxanth in I I (d) portu laxanthin . 

The extracts of red turnips conta in pigments that belong to the betalain fa mily. ' 11CY 

have been previo us ly studied by Zhang et al. (200] but efficiencies of thc dcvic(.'s 

obta ined us ing these natural pigments arc very low. Like ant hocyan ins. the bcta lai ns 

have fa vo urab le light absorbing and antiox idant properties, are capable of complcxi ng 

metal ions, and exist in nature in assoc iation with various copigments which modify 

their light absorption properties. Betalains possess the functional group -COOH to 

bind to T i0 2. Wh ile the absorption of anthocyan ins to titanium dioxide depends on the 

presence of -OH groups, in beta la ins the attachment onto Ti02 film is from 

carboxy lic funct ions and this should lead to a stronger electronic coupling and rapid 

forward and reve rse e lectron tran sfer reactions. 

2.5.3. Chlorophyll a nd its derivatives 

Chlorophylls a re the key components of natural photosynthetic systems in green 

plants, bacteria. and algae . In photosynthetic reaction centers, bacteriochlorophylls arc 

organized in a specia l pa ir which, upon photoexcitation in itiates the charge separat ion 
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• 
events leading to the fabrication ofNADPH and ultimately fA . o TP(F'8Un: 2 .21~ thus 

converting solar energy into chemical f"ftM'O'V for the r . . . - " ¥'OJ IVmg organism. It IS worthwhile 

to note that the special pair is excited by COM'OV tran ~ from -'CI 51tr antenna systems made 

of different types of porphyrin and carotenoid arrays. abundantty distributed in grana 

structures. which effectively harvest sunli .... t and fun I the I . .. b" ne e ecttQfUC C:Xcrtatlon 

energy to the reaction ccntCT'S. 1lle porphyrin macrocyclc: is the: core of chlorophyll 

structures. 

Cbloroplal stroma 

. . 
tbylakold lumeJl 

Figure 2. 21: Fabrication ofNADPH and ATP (photopilOsphol)'lation) through light­

dependent reactions of photosynthesis at the thylakoid membrane (20 I). 

There are actually two main types of chlorophyll, named chlorophyll a and 

chlorophyll b (Figure 2.22 (a». They differ only slightly, in the composition of a side 

chain R (in chlorophyll a. it is -CH), in chlorophyll b it is CHO). Both of these two 

chlorophylls are very effective photoreceptors because they contain a netWork of 

alternating single and double bonds, and the orbitals can delocalize stabilizing the 

structure . Such delocalized polyenes kave very strong absorption in the visible regions 

of the spectrum, allowing the plant to absorb the energy from sunlight 
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One of the most successful applications of natural chlorophyll derivatives to Ti02 

sensitizati on dates back to 1993 by GrlHze l et al. [202]Chlorophyll a (Figure 2.22 (a» 

was either lIsed as pure commercial product or extracted with methanol from spinach 

leaves and partia lly purified by precipitation in dioxane/waler. Treatment of a 

diethylether solution with dilute HCI gave the magnesi um free pheophytin (Figure 

2.22 (b», whereas the acid hydrolysis of the phytyl ester bonds gave pheophorbides a 

(Figure 2.22 (c») and b (not shown) which could be separated by extraction in 

diethylether at thei r respect ive He l numbers [202]. 

Alkaline hydro lysis of chlorophyll not only saponifies the phyti l ester but also opens 

the cyclopentanone ring with the formation of two additional carboxylic groups 

leading to ch lorophyUine (Figure 2.22 (d», the Mg complex of chlorin e6 [202]. 

Copper ch lorophy llin is produced on a large scale as a waler soluble dye for 

application in the food and cosmetic industries. The introduction of copper in the 

chlorin ring (Figure 2.22 (f) improves the photostab ility of the dye by reducing the 

excited stale lifetime [202]. However, commercial chlorophyllin contains several 

degradation prod ucts, due to decarboxylation side reactions which lead to the absence 

of Ihe carboxy lic group conjugated to the n-e lectron system. TIlUS. to avoid 

decarboxylation, the carboxylic ac id groups of chlorin have been protected as 

trimethyl esters by treatment with NaOCHl before the introduction of copper by 

add ition of a saturated so lution of cupric acetate in acetic acid. Saponification was 

carried o ut afterwards, leading 10 a good quality e u chlorin dye (Figure 2. 22 (f)) 

[202J . 

b ffi · tly on Ti02 from most polar 
Chlorophy ll a (Figure 2. 22 (a» does not adsor e · IClen 

. . f (he ester keto and carbonyl groups 
organic solvents, due to the weak Interacl lon 

0 
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with the oxide surface. However the adsorption is carried out quite efficiently from 

diethy l ether or hexane [202]. The absorption spectrum on Ti02 111m is broadened and 

red shifted compared to the absorption Spectrum in sol ution, probably due to the 

interaction with the surface and dye aggregation. The IPCE is low, at 670 nm with an 

IPCE of3.5 % in the presence of pyridine, which acting as an axial Mg ligand, reduces 

dye aggregation and excited state quenching. Pheophytin (Figure 2.22 (b», the free 

base of chlorophyl l, shows II similarly poor photosensitizat ion behavior [202"), 

TIle carboxylic group of pheophorbide (Figure 2.22 (c)) allows for II much stronger 

adsorpt ion onto Ti(h, resulting in an optical density of the electrode in the 0) band 

(corresponding to the lowest s inglet excited state) at 675 nm, of the order of 0.7, 

Despite this, the IPCE at 675 nm was only 25%, far behind the un it quantum 

efficiency for natural photosynthesi s. Under the hypothesis that the propionic acid 

s ide chain might act as an insulating barrier fo r charge injection into the conduction 

band o f Ti02, ch lorophyll derivatives with a carboxylic acid conjugated to the 1[-

electron system of the tetrapyrrole macrocycle were investigated «Figure 2.22 (d} 

(g». nle free base chlodn (Figure 2.22 (e» and Cu ch lorin (Figure 2.22 ( I)) resulted 

in good effic iencies in the whole visible region, with an IPe E up to 70% for e u 

chlorin at 650 nm [202]. 

However, the presence of the conjugated carboxylic anchoring group could nol be 

considered entirely responsible for the good quantum efficiencies, since, for example, 

C . 2 ( )) [202J blained as a major product from u-2-a-oxymesochlorin (FIgure 2.2 g • 0 

. . fC 2- gave very similar WCE (up 
sapoillfieation of raw ch lorophyll III the presence 0 u, 

10 70% al 630 nm ). Based on Ihis evidence, conjugation of the attaching group wilh 

. I ry for efficient injec tion. 
the porphyrin ring does nol seem SlrlCI Y necessa 
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Both the photocurrent and the photovohage generated wl'th chi h II d . . orop y cn vall\'CS 

could be significantly improved by add ition of relat ively high COllccnlrnlion (20 _ 100 

mM) of cholan ic acids to the ethano lic dye solutions 1202]. TIlis family of bile acids is 

characterized by a steroid ske leton with a carboxylic acid side chn;n and a va riable 

num ber of OH groups on one side of the steroid backbone. Due 10 these groups, 

cholanic ac ids bind to the Ti02 surface, and act as spacer preventing dye aggregation 

and avo iding excited state self quenching. Adsorption of these acid ic species also 

cause a positive shift of the conduction band edge of Ti02• resulti ng ill a larger 

dri ving force for photoinjection from the excited dye. The eITect is most prominent 

with Cu-2-a-oxymesochlorin (Figure 2.22 (g» which has nn excited stale ox idation 

potential barely more negative (-0.5 V vs SCE) than the conduction band edge of 

Ti0 2• Indeed, at 630 nm the lPCE generated by (Figure 2.22 (g)) increases from 25% 

to 68% in the presence or 20 mM chenodeoxycholic acid [2021· 

Detailed investigations based on sub-nanosecond laser sIX'Ctroscopy 1203) have 

demonstrated that non fluorescent chlorophyll derivatives like eu chlorins have 

8 I .. . r 
smaller charge injection rate constants (k'R]= 3 x 10 5') than dycs lIlJecung rOIll 

.. . 6 (k - 2 2 )( 10'1 5•1) however the longer 
slllgiet states ltke the free base chlorlll e 1ft) - • , 

lived triplet state of Cu chlorins sti ll allows for a high electron injection quantum 

yield . Moreove r competit ive excited state quenching due to exciton migmtion and 

h · ndergoing efficient intersystem 
anni hilation is reduced with metal porp ynns u 

fi (Forster type) is spin forbidden. 
cross ing, since long range energy trans er 

. . ld I been reached in the red part of 
Interestingly photon to current conversIOn Yle Slave 

.' 6" (J ::: 9 1\ mAlcm2
• Voc:: 530 mV for 

the spectnl m, with overall effiCienCies of2. 70 sc . 

(Figure 2.22 (g» under full sunlight (100 mW/cm2) 1202J. 
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(a) (b) (0) (d) 

. , • 

, , " , '" 
"' 

(e) (g) 

Figure 2. 22: Structure or natural chlorophyll derivatives: (3) R '" e li}. chlorophyll 0 ; 

R = CHO. chlorophy ll b (b) pheophytin; (c) phcophorbide a; (d) Mg ehlorin C6: (c) 

elliorin C6; (f) eu chlorine C6; (g) Cu-2-a-oxymesochlorin. 

Resea rchers ha ve pursued efficient Ti02 sensitization exploiting nalUrnl pyrrole 

JIl acrocyc les. In terestingly, Amao et Ill. (204) have used Zn chlorine e6 (Figure 

• 
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2.23(a)) to spontaneously fonn side-to-side n-aggregates (J-aggregates) on Ihe Ti02 

surface. The fo rmation of aggregates results in a considcrable red shin of the 

electronic spectrum of the sensitizer which shows an absorption maximum at 800 nm. 

Although the absolute values of the IPeE were rather low « 10%), an II>CE of7% at 

800 nm was achieved, ind icating that, through careful tuning of the elcctronic 

propert ies of the sensitizer, a photoe lectrochcmical device based on nalUntl dyes call 

absorb and convert near IR photons into electrons . 

• 
o 0 11 / 

... roo< ". 
(al (bl (e) 

Figure 2. 23: Structure of: (a) Zn chlorin e6; (b) chlorophyll c2 (Ch l-el); (c) 

synthet ic oxo-bactcriochlorin B 1. 

. m 'cndes as high as 4.6% 
Wang et al. [20S] achieved globa l power converSIon e ICI 

. ' /': d hlorophyl1s extracted from W"kame 
under simulated sunlight, by employmg pUrlile c 

. f h' h the most effective was chlorophyll 
brown seaweed (Undar ia pimwlijida), 0 w IC 

. . the C8 position (see Figure 2.23 
c2, probably due to the presence of the vmy\ group m 

donor. increases the electronic densi ty of the 
(b» wh ich, acting as an electron 

. . d h'n f the absorption spcctnun of thc 
ch lorophyill ring. This results III a sl1ght re s I 0 

f h I ctron donating capabil ities of 
. .. provement 0 tee e dye and, more Importantly, III an 1m 

, . round state oxidation potcntial (1.06 V ... 
its excited state, thanks to a less posItive g 
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NHE with respect to 1.13 V vs NHE measured for the saturated Chl--c2 with the ethyl 

group in the C8 position). 

By lls in g Ti02 photoe lectrodes equipped with a light scallcring laycr, hl-<:2 

generated IPCE% ranging from 80 to 60% in the )80 - 700 nm range, lind 

cOlTespulld illgly d isplayed a relevant perfonnance under AM \ .5 conditions. wilh Jsc 

:::: 14 mAlcm2 and Vex; = 0.58 V. These performances have been very recently 

surpassed by an entirely synthetic bacterioch lorin sensitizer [2061 capnblc of a 

panch romatic absorption, up to 800 nm. Although, strictly speaking, this laller dye is 

not natural, its design was clearly inspired by nature, since its structure (Figure 2.23 

(c» close ly resembles previously reported chlorophyll derivatives. 

Starting from 800 nm, oxo-bacteriochlorin 81 ach ieved an JPCE% of 70% in the 

who le visible region and a g loba l efficiency of 6.6% {206] , which to dale, is the 

highest reported so lar to electrical power conversion for ch lorin sensitizers. 
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3. EXPERIMENTAL, MATERIALS AND METHODS 

3.1. Prepa ration or PholoeJectrochemical cell based on Blend of l'oly(3-

hexylthiophene) (P3HT) and 16.6)-phenyl-C6 1-butyricadd melhyl t,'$lcr 

(pe BM) 

3.1.1. Coating ofiTO with the photoactive material 

In this study a blend of P3HT (Aldrich) and peBM (Merk) was used ns a phol0aclivc 

electrode. Both P31-1T and peBM were used without any pre-treatment. ITO-cuated 

glass hav in g transmittance above 80% in the visible region orthc solar spectrum wus 

employed as a substrate for the photoactive materials and counter electrodes. It WII S 

cleaned success ively with acetone (Aldrich), 2-propanol (Riedel-de '-Illcn), and 

ethanol (SOH) and dried with an air gun. A solution of the photoaclivc electrode WIIS 

prepared by disso lving a mixture of 2.S mg PJ HT and 2.5 mg PCBM in Iml of I. 2-

dic hlorobenzene (Riedel-de Haen). The photoactive film was fom ed by drop casting 

a solution of PJ HT and PCBM on a pre-cleaned ITO-coated glass. 

3.1.2. Preparation of the coun ter electrode 

111e po lymer film for the counter electrode was fonned by electrochcmica l 

po lymerizat ion of J, 4_cthylenedioxyth iophene (EDOn (Baycr), in a three electrodc 

one-compartment electrochemical cell . The electrochemical cell consisted of a pre­

cleaned ITO-coated glass working electrode, platinum foil counter electrode. and 

. d ' L"CIO (Aldrich) acetonitrile (Sigma-
quas i-AglAgC I reference electrode dlppe 111 1 4 

1 'zation contained 0.1 M tDOT 
Aldrich) solution. The solution used for the po ymeT! 

..1 The monomer was used as received . The 
and 0.1 M LiCI04 in acetoOitn e. 

polymerizat ion 
.' +18 V. At this potcnl ial. the 

was carried out potentlostatlcally at . 
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electrode surface becomes covered with blue-doped PEDOT film . The cell was then 

rinsed wi th acetonitrile and dried in air. 

3. 1.3. Prepara tion of the solid state electrolyte PEe assembly and measurement 

The polymer electrolyte was prepared by dissolving 309 mg of POMOE in 25 ml of 

methano l (Fluka). The redox couple 1)- 11- was prepared by dissolving 48 .13 mg KI 

(BDI'I) and 7.36 mg 12 (Aldrich) separately in 25 ml of methanol (F luka). Finally. 2 ml 

of each of the above three so lutions were mixed to produce the polymer elcctrolylC 

complexed with a redox couple. The mole ratio of oxygen to potass ium as ca lculated 

by taking into account both the oxymcthylene and oxyethylene oxygen atoms was 25 

and the mole ratio of KI to 12 was 10. i.e., the concentration of 12 is one-tenth the 

concentration of KI. The ionic conductivity of POMOE is known to be high at room 

temperature when the oxygen to cation (potassi um) mole ratio is 25[2071. 

Finally, the polymer e lectro lyte complexed with 1)-11- was deposited in the fonn of 

thin fi lm by solvent casting on top of P3HT:PCBM coated ITO-glass and allowed to 

dry in a laboratory atmosphere . The PEe was completed by pressing against PEDOT­

coated ITO-glass counter electrode. Figure 3. 1 shows the chemical structures of 

P3HT, PC BM, and PEDOT, and the device structure of the solid-state PEe used in 

this study. The PEC was then mounted in a sample holder inside a metal box with I 

cm2 opening to allow light from the source. All experiments were carried out at room 

temperature. 
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s 
• 

(a) (b) 

Counter Electrode 

(PEDOT coated 

Electrical contact 

• 
(d) 

(c) 

....... Electrical contact 

Solid State Electrolyte 

lII""'i'llo.oactivc electrode 

IP3HT:PCBM coaled ITO) 

Fig"", 3. I : The Chemical structure of (a) poIy(3.hexylthiophene), P3HT, (b) 1-(3. 

methoxycarbonyIJpropyl_l_phenyl [6,6]C", PCBM, (c) poly(3,4-c:thylenedioxy 

thiophene), PEOOT, and (d) the basic structure of the solid-state PEe. 

The photoelectrochemical measurements of the cell were performed using a 

computer-controlled CHI630A Electrochemical Analyzer. A 250-W tungsten-halogen 

lamp regulated by an Oriel power supply (Model 68830) was used to illuminate the 

PEe. A grating monochromator (Model 71250) placed into the light path was used to 

se lect a wavelength between 300 and 800 nrn. The measured phoIocurrent spectra 

Were corrected for the spectral response of the lamp and the monochromator by 

nonnalization to the response of a calibrated siliwn photodiode (Hamamatsu. Model 

SI336-8BK) whose sensitivity spectrum was known. No correction was made for the 

reflection from the surface of the sample. The white light intensity was measured in 
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-
e z- pH XII Optometer. A series of the position of the sample cell with Oigah rt 0 ·k 

neutral density filters were used to vary the \' ht ' ... Ig intensity incident on the sample. The 

general experimental set-up for the photoelect h . . roc emlcal measurements is shown in 

Figure 3.2. The optical absorption spectrum of the film was measured using 

Spectroscopic GENESYS 2PC UV- Vis spectrometer. 

Figure 3. 2: General experimental sel-up for the photoeicclrochemical measurements. 

3.2. Preparation of Solid State Photoelectrochemical Cell based on n yc 

Sensitized Ti02 

3.2.1. Preparation of the photoanode 

Preparation of mesoporous TiOt film was done with the method described in 

reference [53]. Nanocrystalline Ti02 films wefe prepared by spreading a viscous 

dispersion of colloidal Ti02 particles on ITO with heating under air ror 30 min ot 

4500C. The method for preparation of nanocrystalline films employed commercial 

Ti0
2 

(P25 , Degussa). 3 g powder was ground in a porcelain mortar with I 1111 water 

containing 0.1 ml acetylacetone to prevent reaggregation of thc particles. After thc 

powder had been dispersed by the high shear forces in the viscous paste, it was dilutcd 
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by slow addition of 4 ml water under continued grinding. Finally, a detergent 0.05 ml 

Triton X-I 00, (A ldrich) was added to faci li tate the spreading of the colloid 0 11 the 

substrate. The ITO was covered on two parallel edges with adhesive tape to control 

the th ickness of the Ti0 2 fi lm and to provide noncoated areas for electrica l contact . 

The colloid was applied to one of the free edges of the conducting glass and 

distributed with a glass rod sliding over the tape-covered edges as shown in Figure 

2.11 . After air drying, the electrode was fired for 30 min at 450°C in a furnace 

(Carbolite Model ELF 11/148). 

Coating of the T i0 2 surface with dye was carried out by soaking the film for 2 h in n 

0.3 mM solution ofN-719 dye (A ldrich) in dry ethanol. The dye coating was done 

im mediately after the high temperature annealing in order to avoid rehydration of the 

Ti0 2 surface or capi llary condensation of water vapor from ambient air inside Ihe 

nanopores of the fi lm. The presence of water in the pores decreases the injection 

efficiency o f the dye. The electrode was dipped into the dye solution whi le it was still 

hoI. After completion of the dye adsorption, the electrode was withdrawn from the 

solution under a stream of dry air. It was stored in dry ethanol or immediately wetted 

with redox e lectrolyte solution fo r test ing. 

3.2.2 . Preparalion of the solid state electrolyte, PEe assembly and measurement 

. I ' 31 1 g of POMOE in 25 Illi of 
The po lymer e lectro lyte was prepared by dlsso vlng m 

d d· I ' g4847mg KI in 25 ml of 
methano l. The redox couple h '/I" was prepare by ISSO vm . 

I F· II I nl of each of the above three 
methano l and 7.41 mg h in 25 ml of methano. lila y, I 

. I trolyte cOTl1plcxed with a redox 
solutions were m ixed to produce the polymer e ec 

. alc Ilated by taking intO account 
couple. The mole ratio of oxygen to potassium as C I 

toms was 25 and the mole ratio of 
both the oxymethylene and o)(yethylene oxygen a 
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KI to h was 10. Finally, the polymer electrolyte complexed with 1)'/1' was deposited 

in the fonn of thin film by solvent casting on top of the dye coated T~ electrode and 

allowed to dry in a laboratory abnosphere. The PEe was completed by pressing 

against PEOOT -coated ITO glass counter elec:trodc: which was prepared using a 

procedure mentioned in section 3.1.2. The PEC was then mounted in • Simple holder 

inside a metal box with 1 em1 opening to allow light from the source. All experiments 

were carried out at room temperature. Thc photoclectrochcmical measurements of the 

cell were perfonned using a procedure described in section 3.1.3 using an 

experimental setup shown in Figure 3.2. The basic structure orthc device is shown in 

Figure 3.3. 

Counter EleCtrodl~e~~=~!!!!!~ (pEDOT coated • .._/i.E,lectrical contact 

Solid State Electrolyte 

Spacer 

.. PhOloanode Electrical co~n~ta~c;t ~~~!!~~!jj~: 
(N719 dye coated TiG, on ITO) 

, , th I'd state PEe .--~ on dye coated nc-TiG, Figure 3. 3: The deVice structure of e so I - ~ 

photoanode. 

3.3, ,~~ lor coli "". Syt;yr-,­Preparatio. of IUltaral dyt se .... uuu so 

Extncts 

3.3.1. PrepantioD oftbe p"ot .. ode 

. . ineense with difTeft:nt solvents 
Natural dyes were extracted from fnuts of SyzygiUI1I gil 

xtracted with these sotvcnlS were 
namely water, methanol , and ethanol. The dyes e 
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obtained using the following steps: fruits of 5yzygnmr gvinun..se were washed with 

water, separated from the seed, cut with knife into smaller pieces and dried in open air 

for two weeks. The dried materials of the fruit were made into powder with an 

electrical blender. The powder of the plant material was soaked in three different 

solvents (water. ethanol and methanol) in three 250 ml brown colored bottles. All the 

samples were kept with stirring for 12 hours and the solid mtrtcrial was allowed to 

settle down overnight. Then the solids were filtered out. Filtrates were used as 

sensitizer without further purification and concentration. Further purifICation through 

solvent~solvent extraction of the ethanol extract was done with different solvents. The 

further purified solutions also were used as sensitizer. Figure 3.4 depicts. picture of 

Syrygim Guineense tree, fruit, seed separated from the fruit for drying and powder of 

the dried fru it. 

(a) (b) 

(c) 
(d) 

_ seed tod from the froi. for 
Figure 3. 4: Syzygim Guin .. ""e (a) """ (b) fro.' (c) scpan 

drying (d) powder of the dried fruit. 
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PrecJeaned ITO conductive glass sheets (2 5 \ . em x .s em) were used for the 

preparation of the photoanode. Preparation of meso po T>O » rous I 2 paste and 110 . coaled 

ar ler In cellOn 3.2. 1. photoanode film was done with the method described e \> > S > 

Coating o f the Ti02 surface with dye was carried Qui by so k> th '\' > a mg cliffilQr2hmthc 

extracted dyes. After completion of the dye adsorption, the electrode was withdrawn 

from the solution under a stream of dry air and was immediately welled with redox 

electrolyte solution for test ing. 

3.3.2. Prepa ration of the Quasi-Solid state elettrolytc, PEe IIssembly anti 

meas urement 

The po lymer gel electrolyte was prepared as reported in reference 1208\. 0.9 M of I-

ethyl-3-methyl immidazolium iodide (EMlm- l) was added into acetonitrile (A ldrich) 

under stirring to form a homogeneous liquid electrolyte . In order to obtain a beller 

conductivity, 0.5 M of sod ium iodide (SOH) was dissolved in the above 

homogeneous liquid electrolyte, and then 0.12 M iodine and 35% (w/w) of 

polyv inylpyrro lidone (PVP) (Aldrich) were added. Then, the resulting mixture was 

heated at 70 _ 80 0c under vigorous stirring 10 dissolve the PVP polymer. fo llowed by 

cooling down to room temperature to fonn a gel electrolyte. Photographic picture of 

the polymer ge l electro lyte prepared by this procedure and used in Ihis study is 

depicted in Figure 3.5. 
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Fig ... 3. 5: Polymer gel electrolyte composed of polymer PVP, EMlm-I, NIl, and" 
as quasi·solid state electrolyte. 

Finally, the gel electrolyte was deposited in the form of thin film on top of the dye 

coated Tic.: electrode. The photoele<:trochemical cell (PEC) was completed by 

p~sing against PEOOT -coated ITO glass counter electrode which was prepared 

electrochemica lly with a procedure described in Section 3.1.2. The PEe was then 

mounted in a sample holder inside a metal box with an area of 1 em2 opening to allow 

light from the source. All experiments were carried out at ambient temperature. 

Absorption spectra measurement of the extncted dyes and photoelcc:trochernicaJ 

measurements of the DSSCs wert performed using I procedure described in Section 

3.1.3. Figure 3.6 shows the chemical structure of l-c:thyI-3_methylimmidazolium 

iodide (EMlm-l) and polyvinylpyrrolidone (PVP). 

(a) (b) 

Fig ... 3. 6; The Chemical structure of (a) Polyvinylpyrrolid"". (PVP) (b) l-ethyl-J-

methyl immidazoliurn iodide . 
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Figure 3.7 shows the device structure of quasi- lid . . 
so stal< dye scns,"lX:d PEC. 

Counter Electrode 

(pEDOT coated 

._.:r.Electrical contact 

Eleclrolytc 

Spacer 

Electrical contact 

Pflotoanode 
(Oye coated Tio, on ITO) 

Figun 3. 7: The device structure of quasi-solid state dye sensitized PEe. 

3.4. Prep.ratio. of Qaui-Solld S .... Dye-So ......... Solar C .. _ Loar 

and flower EItnc:ts as SHsitizen 

3.4.1. PreparatioD oftb~ pllo.ouode 

A 0.5 mM solution of commercial ruthenium dye rRu(lIx2,2'-bipyridy~,4 '­

dicaoboxyl ic-ac id)(2,2' -bipyridyl-4, 4' -ditetnlbtotylammoniwn-<ll'boxyl ... ) (NCS)'J 

called N719 (Aldrich) was prepared in dry ethanol. Frosh leafs of A. c_ and 1 

herbslii. flowers of l indica and Hibircus sohdariJfo were air dried for two weeks and 

made into powder fonn with an eJcctric blender. The powder of the plant materi.l was 

soaked in 0 .1 M He l solution and ethanol in two 250 ml brown colored bott5es for 

each plant materials. All the samples were kept with stirring for 12 hours and tbc: solid 

material was a llowed to settle down overnight Then the solids wa'e filtered out. 

Filtrates were used as sensitizer without further purification and conc::cnrrac;on. If 

properly stored, protected from direct sunlight and refrigeraced at about H OC. the 

acidic natural dye solutions (pH = 5.0) are usually SlAbte, with 1 deactivation half­

time of more than 12 months [209J. Figure 3.6(1) and (b) depicts . pichlre of Ielf of 1 
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• 
herbs'U. and A. caudotus respectively F' . . 19um 3.6 (c) and (d) show flower of I. 

inmca and drying flower of l indica, respcctiv Iy . c . FIgures 3.6 (c) and (n dep;ct 

IlCUS salxJari./fa, respctlvety. flower of Hbiscus sabdariffa and drying flower of Hb ' , . 

J 

(a) (b) 

(0) 
(d) 

(e) 

Figure 3. 8: Leafs of and flowers of the investigated plants (I) Leaf of llttrbJlii (b) 

Leaf of A. caudatus (c) Flower of L indica (d) Drying flower of I. indica (e) Flower of 

Hbiscus sabdariffa (f) Drying flower of Hbiscus sabdoriffo. 

Precleaned ITO conductive glass sheets (2.5 em )( 1.5 em) were: used for the 

preparation of the photoanode. Preparation of mesoporous Ti<h paste and TiOl coated 

photoanode film was done with the method described carlter in Section 3.2.1. 
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Coating of the Ti02 surface with dye was carried out by soakin th "1 .. g e ll m ovemlght In 

the extracted dyes. After completion of the dye ,dsorpt ·tO th 1 od n, e e eclr c was 

withdrawn from the solution under a stream of dry air. It was immediately wetted 

with redox electrolyte solution fo r testing. 

3.4.2. PEe assembly and measurement 

The PEC assembly was made as follows. The gel electrolyte which was prepared with 

a procedure decribed in Section 3.3.2 was deposited in the form of thin rum on top of 

the dye coated Ti02 electrode. The PEDOT film for the counter electrode was fomled 

as it was described in Section 3.1 .2 and the pholOelectrochemical ccll (PEC) was 

completed by pressing the photoanode against PEDOT·coated ITO glass counter 

electrode. The PEC was then mounted in a sample holder. All cxperiments were 

carried out at room temperature. Absorption spectra measurement of thc extracted 

dyes and photoe lectrochemical measurements of the DSSCs weTC perfomlcd using II 

procedure described in Section 3.1.3. 
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4. RESULTS AND DISCUSSION 

4.1. Photoeleclrochemical Sola r Energy CaRve,,', b ' d on asc on Blend of Poly(3-

, " u ynclicl methyl ester hcx)'lthiophene) (P3HT) and 1661-phenyl-C61 b t ' 'd 

(pCBM) 

4.1.1. Background 

Organic photovoltaic (OPY) devices based on x-conjugated polymers have been 

intensive ly studied roJlawing the discovery of fast charge transfer between polymer 

and C60 [35. 210 - 2 17]. The phetavollaic process in o PY first stans from the 

absorption of light mai nly by the polymer, followed by the [omtation of excitons. The 

exciton then migrates to and dissoc iates at the interface of donor (polymcryacccplor 

(fullerene). Separated electrons and holes travel to opposite electrodes and are 

collected at the electrodes, resulting in an open circuit voltage (Vocl · Upon 

connection of electrodes, a photocurrent (short circuil current. Isd is generated. 

Regioregular polythiophene derivatives have been widely investigated for bulk 

hetcrojunclions (BHJ s) because of their highly crystallizable state, leading to good 

light harvesting in the visible spectrum and excellent carrier mobility, power 

convers ion efficienc ies (PCEs) of up to 5% have been achieved using poly(3 -

hexylthio phene)I[6,61-phenyl-C61 -bu1yric acid methylester (PJH'npCBM) composites 

as the photoactive layer {21S, 218 _ 220). More recently, the PCE of BW polymer 

solar cells (PSCs) has been increased to around 6.0 - 7.4% by using low bandgap 

, d PCBM or [6 6J-phcnyl C70 butyric acid 
conjugated po lymers as electron donors an ' 

2241 However the efficiency of 
methyl ester (PC 7oBM) as electron acceptor [221 _. . 

f 'ts limited absorption range, 

device based on P3HT, is difficult to improve because 0 I 

h 650 nm and mere ly about 22'1, 
which absorbs photons only at wavelengths less t an 
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of the absorbed photons from sun light [225) M "" . oreover, Its hIgh lying hi ghest 

e oc lor the devices based on occupied molecu lar orbital (HOMO) also limits th V' " 

I e aroun . V due to the P3HT:PC BM blend. Voc of P3HT:PCBM cells is 1,"m", d d 06 

occuple mo ecu ar orbital relatively small energy difference between the highest " d 1 1 " 

(HOMO) of P3HT and the lowest unoccupied molecular orbital (LUMO) of I>CBM 

[226]. With a bandgap of 1.9 eV of P3HT, this system is still lim ited by the mismatch 

of the absorption to the terrestrial solar spectrum [223]. A bandgap of U - 1.5 cV is 

regarded as idea l for polymer-fullerene BHJ solar ce lls l227]. 

Previously the use of substituted polythiophenes as photoactivc electrodes in solid-

state photoelectrochemical cells (PECs) have been reported (38. 39. 43, 228. 2291· 

Mcngesha et al. [230] also made the first report on solid-statc photoelectrochcmical 

energy conversion using conducti ng polymer and ful1erellc mixtures. In this work 

experimental results on the behaviour of a solid-state PEC containing a mixture of 

poly(3-hexylthiophene) (P3HT) and PCBM coated on indium-doped tin oxide ( ITO) 

used as a photoactive electrode: amorphous polyethylene oxide complexed with the 

i ]-fl- redox couple used as an electrolyte; and a thin transparent layer of poly(3,4-

ethylened ioxythiophene), PEDOT, electrochemically coatcd on ITO as a counter 

electrode is presented. P3HT combi nes commercial availability with sufficient 

solubility, a low bandgap relative to the most conjugated polymers and a high degree 

of intermolecular order leading to hi gh-charge carrier mobility {23 II· 

Un like classical solid e lectrolytes. both the anions and thc cations arc mobile in 

," bonding to the polymcr chain libcrntcs 
polymer e lectro lytes. The stronger Cll IOn 

and ,hus 
-suhs in higher onion mobility and 

an ions from cation assoc iation "" 

depends 
on the strength of the calion-polYlIler 

conductivity. Cation mobility 
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interactions; if these are strong, cation transport is suppressed. The criteria for the 

development of polymer electrolyte systems that can achieve good working 

conductivity, in the range 10
0

).10-6 Stem, are established. The low ionic conductivity 

can be compensated by famling very thin films with large surface area . The polymer 

must be capable of dissolving the salt and ionizing it to produce sufficient number of 

charge carry ing species. It must also be amoillhous to allow casy movement of ions, 

and must have a flexible chain to assist the ion transport. In PEO the ionic 

conductivity was found to increase on departing from the stoich iometric elher oxygen 

to cation ratio (O:M), as the number of vacant sites would increase on increasing the 

O:M ratio. Here the polymer electrolyte, amorphous poly(ethylenc oxide) (POMOE) 

with the redox couple is used as an electrolyte. POMOE has a melting point below 

room temperature and a glass transition temperature of 209 K [232 - 2361 · At room 

temperature it will not crystallize or fo ml crystalline polymer-salt complexes with 

. F· 4 1 shows the simplified sehcI1l31ic 
moderate salt concentrations. Igure . 

representat ion of cation movements in a polymer electrolyte 12371· 

• 

inlrachain hopping 

• 

Inlerchain hopping 

. .. a polynlcr electrolyte. 
. f aUon motion In 

Figure 4. 1: Schemat ic representat Ion 0 c 
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Electrochemica lly oxidized PEDOT was requ ired on ITO be . . cause It Improved charge 

transfer between ITO and the iodideltriiodide redox couplc through its cUlal)1ic 

behaviour [228] . It is known that bare ITO is irreversible' th I -"- d . ,or e J " re ox reaction 

[238J. 

4.1.2. C urrent density- voltage characteristics 

The current from the PEe is measured as a function of the applied voltage, both in the 

dark, and under illumination. This data allows the Jsc. the Voc, and the rectifying 

properties of the devices to be determined, and enables to ca lcu late the fill fuctor. 

Figure 4.2 show the current·voltage curves of the PEes based on a blend of 

P3HT:PCBM, in the dark and under wh ite light illumination at 100 mW/cm
l
, 

respectively. The devices were illuminated from their front sides (ITOIPEDOT). 

In the dark, the current was negligible and remained relatively constant in the negative 

potential range wh ile a larger anodic current was observed in the lurger positive 

potentia l range . The current.voltage characteristic of the cell in the dark is described 

mathematica lly by Equation 4.1 [239]: 

(4.1 ) 

where 10 is the saturation current, q the electron charge, k the Boltzman constant. Tthe 

absolute temperature, V the applied voltage. and n the ideality factor. The positive 

. • •• t:r" f h . t mal barrier field that is set at 
applied potential acts to dlmmlsh the ellects ate m e 

I h arriers acquire enough energy 10 
the polymer/electrolyte junction. As a resu t, C arge c 

. . ' od. IS On the other hand, applying n 
cross the barner, resultmg With large an IC curren . 

. . I d only a small current now . The 
negative potential enhances the baTTIer potenlla an 

. tials in the dark indicates Ihal the 
current response of the devices to the applied paten 
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-
devices exhibit the desirable h I P otoe ectrochemical properties. Under illumination , 

cathodic photocu rrents were observed that extend fro . . m a negat1 ve potential range up 

as t C open-clTculI voltage (the to a positive potential range, which is expressed h .. 

a IIC IreCllon of the voltage where the current is zero). Th is indicates th tid' . 

e c argc separallon by the photoinduced charge separation is the same as that of th h . 

applied potential. The current-voltage characteristic under illumination can be 

described by Equation 4.2 [239]: 

(4.2) 

where IpIt is the photogenerated minority carrier current (which is opposite in sign \0 

the dark current) and is equal to the product of the absorbed phOIOn nux and the 

charge on an electron . The VO(; of BHJ based solar ce lls is strongly correlated to 

inherent materia l properties. It was demonstrated that the open circuit voltage of 

polymerffullerene BHJ based solar cells is correlated to thc reduction potentia l of the 

fullerene molecule [240}, A reduction potential defines the LUMO level of the 

molecule. Moreover, the Voc of polymer/fullerene based solar cells is affected by the 

morphology of the active layer [241]. From Table 4.1, it can be seen thaI the 

P3HT:PCBM based device exhibits many fold improvement in the shan-circuit 

current density, higher Voc when compared with the P3HT:C60 1230} based device . 

Higher Voc and the severa l fold enhancement in the shan circuit current density of 

P3HT:PCBM based dev ice most likely originates from the enhanced charge carrier 

. . bTt [lSI due to bener solubility of 
separation and improved charge caTTIer mo I I Y 

mixture of P3HT with PCBM in an organic solvent which also results in better 

l HT 
,. h C in the same organic solvent. 

morphology compared with mixture of P "'It 60 
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Table 4. I : Typica l photoelectrochemical parameters calculated from J- V 

characteristics for P3HT:PCBM PEe . compared wIth P3 HT:C60 PEC 12301. 

Photoactive material Voc(mV) Jsc(pA/em ) Rcft'rcncc 

Pl HT:C60 (I :I) 97.8 7.28 [2l 0[ 

Pl HT:PCBM (1:1) 140.0 28.4 This work 

"" - ----------
100 

-0.1 0.0 0.1 0.2 0.3 

PotcnllalN 

Figure 4. 2: Current density-voltage characteristics of ITOIP3 IH :PCBM 

IPOMOE:I]-IC IPEDOT1ITO cell (a) in the dark and (b) under illumination through 

front side with light intensity of 100 mWcm·
2

. 

Figure 4. 3 illllstrates the schematic of operation of the P3HT:PCBM based solid-statc 

PECs. The energy levels of the LUMO and the HOMO of P3HT are at -3.53 eV and 

-5.2 eV, respecti ve ly [242] while those of PCBM are at -3 .75 eV and -6.1 cV, 

respective ly [361- Thus, photogenerated free electrons can be transferred from the 

LUMO of P3HT directly to the electrolyte or to the LUMO of rC BM and then 10 the 

electrolyte where they reduce I)- to Co ~ (I)-IC ) == -4 .9 eV [761-
1
,- is regenerated 

when 1- is ox idized at the counler electrode (anode). In the mean time, the 
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photogenerated holes move to the back contact (ITO) of the PEC through !he polymCT 

network. Thus, light energy is convened to clectri I . ca energy without net chemical 

change. 

::: 
-" 

--~ 
~ • 
~ 

• 
j 
~ .-

ITO P3lfT PCBM 

UlIO 

BOW 

PEDClT~1TO ...... ) 

Figure 4. 3: Schematic of operation of the P3HT:PCBM-based solid-swe PEC. 

4.1.3. Tbe deptadeatc of Jsc aDd Voc o. dme 

The parameters that arc used to describe solar cells arc short-circ:uit current density 

(Jsc) and open-circuit voltage (Voc). These parameters determine the efficiency and 

are the key parameters in experimental investigation of solar cells. Steady state and 

transient measurements of l sc and Voc. established during long and short period of 

irradiation, are used to characterize the stability of the PECs towards illumination. 

Figure 4.4 shows photocurrent response to continuous illumination with light intensity 

of )00 mWcm-2 for the IT~P3HT:PCBMIPOMOE:"-IIlPEOOllITO solid-..... 

PEe. The inset in Figure 4.4 and Figure 4.5 show the ,short-circ:uit cUSTCflt density and 

open circuit voltage, respectively, as a function of time for the ITOIP3HT:PCBM 

IPOMOE:J, - IllPEDOllITO solid-... te PEC. The illumination was made from tile 
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PEDOTIITO side (front side) with a wh ile light intensity of 100 mWcm·2• The 

generation of photovoltage and pholocurrcnt were characterized by a rise to a steady 

slate value when the light is switched on and decay at approximately thc $..1me mle 

when the light is switched off. The stability of the pholocurrcnI was very good . '111C 

short-ci rcui t pholocurrent density and open-circuit voltage obtai ned from the Irnnsicnl 

measurements were 26 .28 JlA/cm2 and 142.S mV, respectively. The results of lime 

dependence study show that the steady stale 1se and Vex: va lues are consistent with 

Ihose obta ined from the J- V curve. 

30 

35 
""" "'" "" 30 

f 5 

I'- l- t- f-
20 
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6.0xl0' 1.2x10· 1.8x10 
Time's 

• 

"" 

500 

2.4x10 • 

. 'lIuminalion with light intensity of 
Figure 4. 4: Photocurrent response to continUOUS I 

DE'I - ,nPEDOTIITO solid-sttllc PEe 100 mWc nf2 fo r the ITOjP3HT:PCBMIPOM . 1 

P
hOloc urrcnt responsc to switching 

from the front side. The inset shows the 

illumination on and off. 
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Figure 4. 5: Photovoltage response to switching illumination on and off from the 

front side of the ITOIP3HT:PCBMIPOMOE:I)-lIlPEDOllITO solid-Slalc PEe wilh 

light intensity of 100 mWcm·2. 

4.1.4. Photocurrenl action spectra 

TIle photocurrent collected al a different wavelength, relative to the number of 

photons incident on the surface at that wavelength, detennines the spcctml responsc 

of the device (sometimes known as the external quantum efficiency or collection 

efficiency at each wavelength). Light of different wavelengths is absorbed al different 

depths in the conj ugated polymer film. The ability of a solar cell to gCOCTOIC 

phOloc urrent at a given wavelength of the incident light is measured by the incident 

monochromatic photon to current conversion efficiency (IPCE), defined as the 

number of electrons generated per number of incidcnt photons. It can be calculatcd 

using Equat ion 2.19. 
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The photocurrcnt action spectrum plotted in terms of IPCEo/c o versus wavelength under 

front- and backside illumination conditions for the ITOIP3HT:PCBMIPOMOE:I)-Il­

tpEDOll lTO solid-state PEC is shown in Figure 4.6. The wavelength was varied lit 10 

nm interva ls and the photocurrent was measured at each wavelength. For each 

wavelength, the li ght intensity of the source was kept constant at 100 mW/cm l but 

correction fo r monochromatic intensity at different wavelengths was made when 

calculating the IPCE. The maximum value of the IPCE is found to be 1.52 % for front 

side illumination and 0.17 % for backside illumination at II wavelength of 51 0 11m. 

Comparison of front side and backside conversion efficiencies showed that front side 

illumination resulted in higher conversion efficiency than backside illumination !ltthe 

maximum absorbance. The reason behind this difference lies on the oplicnl filtering 

effect of the P3HT:PCBM composite film. When light is illuminated from the 

backside, only a small fraction of the excitons (bound electron-hole pairs) produced 

by light absorption reach the interface 10 dissociate into carriers. Moreover. the 

presence of a high density of the traps in the film reduces the number of carriers for 

the photocurrent generation. The greater the distance from the surface, the smaller is 

the probability for an exciton to reach the interface and dissociate intO cnrriers. 

The IPCE% va lues at the maximum absorbance for pure P3HT-based I'EC is 0.024% 

under fron t side and 0.003% under backside illumination conditions [2291 , and for 

. d d 0 0 I e;. under backside 
P3HT:C60 composite based PEC is 0.43% under front SI can . • 

d h for the P3HT:PCBM-bascd 
[230] which is sma ller than what has been presente ere 

PEe . 

d clral pho1oresponse can be 
Compari son of the optical absorption spectrum an spe 

r. the photoclectroc hcmical 
used to identify the active junction responsible or 
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phenomena. If illumination through th fi . e ront sIde of the PEe rod p uces a spectral 

response that corresponds to the abso . rptlon spectrum of the P3HT'I'CUM co . . mposltc 

film , then P3HT:PCBMle lectrolyte Junction is responsible for Ihe 

photoe lectrochemical phenomena If 'II . . . 1 ummatlon from backside produces a matching 

JunctIon that IS aCllve. spectrum, then it is the P3HT:PCBMIITO " .. 

1.6r--------~ 

1.4 

1.2 (.1 

1.0 .. 
~ 0.8 
0. 

0.6 

0.4 

0.2' 1'1,,",1£ 

O.O.±::-~_:T:--:',-~.,....--...,---=~ 
300 400 500 600 700 800 

WavekmgthJnm 

Figure 4. 6: Photocurrent action spectra for ITO]p3HT:PCBMII'OMOE:I)- IC 

IPEDOTIITO solid-state PEe illuminated through (a) front side and (b) backside. 

The normalized absorption spectrum of the P3HT:PCBM comlx>sitc film as compared 

to nonna lized photocurrent action spectra of JTOIP3 HT:PCBMIPOMOE:li
l1

'l 

PEDOTIITO solid.state PEC fo r front side and backside illumination conditions art 

shown in Figure 4.7. The wavelength dependence of the IPCE% obtaincd from front 

side illuminat ion closely resembles the absorption spectrum of P3 HT:PCD~ .. 1 film, 

indicating that the photoacti ve junction is the P3HT:PCDMle!cctrolytc interfacc. 

When illuminated through the backside. thert is a mismatch bet\\cen the action 

Spectnlm and the optical absorption spectrum. This can be explained as follo\\ 
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When the absorption constant is high, excitons arc created \'cry close 10 the 

ITOlphotoactive layer (backside). Therefore, only a small fnlclion of the light renches 

thc barrier regions and as a result charge carriers arc lost duc to recombinat ion or 

trapping, which decreases the photoc urrent. However, at wavelengths where the 

absorption constant is low, light penetrates deeper and Ihc excilons will be created 

much closer to the photoactive electrode/polymer electrolyte interface so Ihal Ii 

relative ly large photocurrent will be measured. On ly charge carriers in or nellr the 

space charge region of the active junction have a signiticant probubility of being 

collected by the external circuit. Thus, photons absorbed away from the active 

j unction generally have no effect on photocurrent generat ion. 
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Figu re 4. 7: Nonnal ized photocurrent actIOn spec 
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il-/n PEDOTlITO for ,llumlOallOn t rou 

. f P3HT'PCBM blend deposited on glass. 
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4.1.5. The dependence of J sc and Voc on light intensity 

For orga nic and some inorganic solar cells, the Jsc increases with incn:asing light 

intensity (1m) and is proportional to IQm (243}. Thus, a plot of logJsc versus log I .. 

yields a stra ight line whose slope is characteristic of the photoactive material. The plot 

of 10gJsc versus loglin of the ITOlP3HT:PCBMlPOMOE:1}-lll PED011ITO solid· 

state PEe is shown in Figure 4.8. The illumination intensity was varied from 0.01 to 

100 mWcm-2. The Jsc increases with illumination intensity and is propon ionll ito 1111'. 

where 0. is the power factor and 1m is the incident light intensity. TIle plot of 10gJsc 

versus loglln y ielded a straight line with a :: 0.94 which is close to I. Such dependence 

im plies there is no bimolecular recombination of excitons (243 - 2461· 

-4.5..------------, 

.f" 
E 
o 

-5.0 

1-5.5 
<> 
"' 2-
'" 2 -6.0 

-6.51--_--.---,---"T1 --i, 
-1 0., -, log{lifmWcm , 

Figure 4. 8: Plot of logJ5\: 
f ITOIP3HTPCBMII'OMOE:h- ll-

versuS logi,n 0 

IPEDOl1lTO solid-statc PEC. 
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For Schottky junction solar cells under open-circuit conditions, no net current will 

flow through thc junction. Thus, Equation 4.2 can be rearranged to yield the following 

relationship: 

nkT [( I,,) 1 nkT (I ) VOI ·=qln I: + 1 ==-q-ln ;: , for/",,» Jo (4.3) 

As can be seen from Equation 4.3, Voc increases logarithmically with the light 

intensity because Iph is linearly proportional to the incidcnt light intensity. The plot of 

Voc versus logl ln of the ITOIP3HT:PCBMIPOMOE: I}·'!"I PEDOllITO solid·state PEe 

is shown in Figure 4.9. Voc increases logarithmically with the light intensity. in 

agreement with the projected behav iour ofSchonky barrier solar cells 12471. 
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Figure 4. 9: Plot of Voc versuS loglm of ITOIP3H . . 

ITO solid-statc PEC. 
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4.1.6. Conclusion 

In thi s study, a solid-state PEC was constructed fi ' r rom mIxtures 0 1l3].!T and PCI3M. 

in bulk heterojunction structure. Photoelectrochemical and optical propcnies of this 

organic device was studied together with the dependence of Jsc and Voc on 

illum ination intensity. The photoelectrochemical propert ies of a solid-state PEC based 

on blends of P3HT and PCBM were compared with the corresponding blends of 

P3HT and C6Q PECs. An open-circuit voltage of 140 mV and a shon- circuit ctlrrent 

density of 28.4 f.U\lcm2 at light intensity of 100 mW/cm
2

; II'CE% of 1.52% for front 

side illumination and IPCE% of 0.17% for backside illumination at a wave lcngth of 

5 I 0 nm were obtained . Compared with P3HT:C60 PEe reported enrlier the resul ts 

show that higher Voc was measured and Jsc and IPCE% values were increased b)' 

many fo lds. The photocurrent action spectra studies show that the active junction 

responsible for the photocurrent generation is that between the P3H1':I'CBM and the 

solid polymer electrolyte. Photocurrenl response to continuous illumination al so has 

shown that the P3 HT:PCBM PEC has a greater stabi lit), for light illumination. 

4.2. Solid Slate Photoelcclrochemical Cell based on Dye Sensitized TiOl and 

Polymer Electrolyte complexed wilh IJ-''-

4.2.1. Background 

S 
C h f 1 DSSC was obtained on TiD, nnnoc rystallinc film 

o lar, t e most succesS u -

combined with a rutheni um-polypyridine complex dye. as fi rst reportCd by O' Regan 

and Gratzel [33J. Overa ll conversion efficienc), of 10.4% WIlS Ilchieved on a TiOr-

, h' h h clral r 'sponse of the complex dye 
RuL' (NCS)J (black dye) system, III w Ie t c spc \: 

" d 'on so as to absorb rar more of the incident 
was extended into the near-lIllrare regl 

f ocrystall inc 1'iOl films drives their usc in 
light [7, 248, 249]. The porous nature 0 nan 
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DSSCs due to the large surface area available fo d I r ye-mo ec ule adsorption. Moreover. 

n uc or-senSItiZer Interface (I .e., the the suitable relative energy levels at the semico d t . .. . 

2 gower t Ian I Ie cxcllCd·Sl:Hc pos ition of the conduction-band edge of 1'iO be,'" I I I . 

energy level of the dye) allow for the effective injection of electrons from the dye 

molecules to the semiconductor [250]. 

Eventhough the ljght-to-electrical energy conversion effi ciencies of DSSCs based on 

liquid electrolytes have reached over 10% under AM I.S (100 mWcm-
2

) 1531. there 

are some problems such as leakage of the electrolytes, evaporat ioll of the solvent. and 

high temperature instability, which cause difficulties in scaling and pcrfonnnncc 

degradat ion of DSSCs (25 I]. Enormous efforts have been devoted to solvc thesc 

problems by employing solid or quasi-solid-state elcctrolytes that substitutcd thc 

conventiona l volatile organic solvent-based electrolytes to fabricate DSSCs 158. 130, 

169, 252]. The polymer electrolyte is an important clllSS of the solid or quasi solid-

state electrolytes fo r DSSCs because il has the advantages of relativc ly high ionic 

conductivity and easy solidification [79J. 

Previously Sergawie el al. 1253] reported a work on regenerlni vc type PEe based on 

emeraldine base form of polyaniline as a sensitizer. Hcre the studics made on lin all­

solid-state PEC constructed with nc-Ti02 coatcd onto indium tin-oxide (ITO), 

covered with N-7 19 dye and used as a photoactivc electrode, the ion conducting 

. ( hi ») POMOE complexed with redox 
polymer po ly[oxymethylene-ollgo oxyel yene , ~, 

couple as a solid polymer electrolyte, and a PEDOT coated on ITO as counter 

e lectrode is presented. The polymer electrolyte POMOE, having Il rcpeating unil of 

. .' cod . nic conductor al room Icmpernture 
CI'hO(CH

2
CH20 )9 , was used stnce II IS agiO 

(232. 234 - 236J. 



4.2.2. Current- voltage characteristics 

The current density-voltage characteristics of the ITOIPEDOl l pOMOE:I)-/llri02: 

DyellTO PEC in the dark and under illumination arc shown in Figure 4.10. The 

device was illum inated through the ITOITi0 2:Oye side using white lightthc intcnsity 

of which is approximately 100 mW/cm2
• The current density- voltage chamelcristic of 

the polymer electrolyteffi02: Dye interface in the dark obeys the diode equation as 

depicted in Eq uation 4. 1. The forward current corresponds 10 a positive bias where the 

barrier height is lowered, whereas in reverse polarization the increased barrier 

prevents the passage of a current. 

Under illumination, absorpt ion of photons initially creates excitons, and latcr bolh the 

majority and the minori ty carriers. The concentration of photogenemted majority 

carriers is usually small . This implies that illumination docs not signific311tly perturb 

the majority carrier. Because the majority carrier conccntmtions are essentia lly 

unchanged. the majority charge flow is also unchanged . Majority carriers should thus 

exhibit the J-V characteristics that is well described by the diode equation, reg(lrdlcss 

of whether it is in the dark or under illumination. The currellt under i1\umil131ion can 

generally be described by adding the current from photogencraled carriers 10 the dnrk 

current (Equation 4.2). 
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Figure 4. to: Current density-voltage characteristics of ITOIPEDOTWOMOE:I)-II­

ITi02:N7191ITO cell (0) in the dark and (b) under iliUlninlllion through fronl side wilh 

light intensity of 100 mWcm·
2

. 

As it is depicted in Figure 4.10. the short circuit current densit), (he) and the Oprll 

circuit voltage were measured to be 33.2 ~LA/cm·2 and 762 mY, respectively. 111c fill 

factor which is the measure of the squareness of the output characteristicS was 

calculated to be 0.32. 

4.2.3 . The dependence of Jsc and Vo<: on illumination time 

Time dependence of shorHircuit current density (Jscl and open circuit voltage (Voc) 

was studied for the hybrid PEe through illumination wilh a while light intensity of 

100 mWcm·2, The short circuit current density and open circuit voltage induced by 

periodica lly blockin g the light path to the sample are shown in Figures 4. 11 and 4.12. 

. . h d h hotOCUrrent rises to II stcad) ·sIlHl: 
respective ly. When the light IS sWltc eon, t c P 

value of about 35 ~e",·2 and decays at approximately the . "ne rate to m o current 
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= 
when the light is switched off As ca be f . n seen rom eh . anges In photocurrcn\ with time 

of illumination, the photoactive mate' I na seems stable towards light. 
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Figure 4. 11 : Photocurrent response 10 transient illuminlltion with light intensity of 

100 mWcm·2 for the ITOIPEDOT\POMOE:I)- /nTi02:N7191ITO solid-stille PEe 

from the front side. 

The photovoltage, on the other hand, increased immediately (Figure 4.12) when the 

cell was illuminated and remained steady during illumination; it decayed slowly afte r 

slopping the illumination. Open-circuit voltage obtained from the transient 

measurements was 77 1 mY. The results of lime dependence study show Ihnl lhe 

steady state Jsc and Voc values are consistent with those obtained rronl the current 

density-voltage curve. 
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Figure 4. 12: Photovoltage response to switching illumination on lind off from Ihc 

front s ide of ITOIPED0l1POMOE:/J-lIlTi02:N719IJTO solid-Sllltc I'EC wilh light 

intensity of 100 m Wcm·2. 

4.2.4. Photocurrenl Action Spectra 

In conventional inorganic semiconductor solar cells, the absorpt ion with II phOian of 

energy greater than the bandgap leads to a direct generalion of an eleclron-hole pair 

that is separated by the built·in electric fie ld; the charges arc Irnnsponed 10 opposite 

electrodes and produce a photocurrenl. However. in molecular semiconductors (254. 

259J, the absorption of II photon creates an exeilon rather Ihan free charge carriers. To 

generate photocurrem, these exeilons must dissociate inlo free carriers Cilhl'r in the 

bUlk or at the interface. Based on experimental resu lts obtained from many molecular 

semiconductor solar cells, on ly those excitons that reach the active j unction produced 

free charge carriers. The excitons reach this infcrfacc by diffusion, then dissociafc into 

carriers that are transported 10 opposite electrodes for collection. 
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• 
To verify the generation of charge carr' lers at the ITOITO . 1 z:N719 polymer Clcclfolylt: 

mterface, we studied the phot . aeun-ent action specl d ' . ra un cr Illumination through the 

front s ide of the all-solid-state PEe Th . e pholOCUTTcnt action spectra urc shown in 

Figure 4.13. The maximum IPCEO/C b . d 00 tame for the hybrid PEe is 1.70/. at 330 11m 

Corrections for loss of incident photons thm" h r I ' . g Igll absorption and rcncclioll of Ihe 

electrodes have not been made . 
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Figure 4.13: Photocurrent action spectra for IT01PEDOT\pOMOE:IJ-/IlTiO
l
:N7 19 

lITO solid-state PEe. 

4.2.5. The dependence of J sc and Voc on light intensity 

The maxim um open-circu it phOlovoltage attainable in the dye scnsitii'.cd solar een is 

the difference between the Fenni level of the sol id under illumination imd the 

NcmS! potential of the redo, co" ple in the electrolyte. Ho"O'er. for these devices 

this lim itation has not been realized and Voc is in gcncrnl much smaller. 1\ appears 

that Voc is kinetically limited and for an n-type se",icond"ctO
r 

in a regenerJliv, cell 

the diode Equation 2.10 can be applied [2601 · 
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The plot of 10gJsc versus loglln of the ITOIPEDOllPOMOE:I)-fll Ti02:DycIITO Ill;. 

is shown in Figure 4.14. The illumination intensity was varied from 0.01 to 100 

mWcm·2. The Jsc increases with illumination intcnsity and is proportional 10 I'''". 

where a. is the power fac tor and lin is the incidcnt light intcnsity. , 11c plot of 10gJsc 

versuS logl," yielded a strai ght line with a ::::: 0.98 indicating Ihat recnmbintllioll I rnp~ 

are absent. For Schottky junction solar cells under open-circuit conditions. 110 nel 

current wi ll flow through the junction. The gai n in open circuit voltage cnn I>c 

ca lculated from the Equation [249}: 

(nRT) [I.. ] Vex: = F In 10-1 (4.4) 

where n is the idea li ty factor whose value is between 1 and 2 for the DSSC and 10 is 

the reverse saturation curren!. 

Figure 4. 
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As can be seen from Equat ion 4.4, Vee Increases log "I " . . ant lmlcally with the Iigilt 

intensity because Jsc is linearly propon" I lona to the incidc t r h " n IS t mtensity. The plot of 

Voc versus loglm of the ITOIPEDOTIPO -' I MOE:I) IllTiO,:D)'eIITO PEe " ~ IS shown 

in Figure4. 15.V . oc Increases logarithmically with the light " t " In cnslly. 
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Figure 4. 15: Plot of Voc versus log l,n of lTOIPEDOT1POMOE:IJ-fll Ti02:N719 

lITO sol id~state PEe. 

4.2.6. Conclusions 

A solid.slate photoelectrochemical solar energy conversion device based all nc-TiOl 

sensit ized wi th N-719 dye has been conSlnlt led and chnrnclcrized. 

Photoc!ectrochcmical properties of this device were studied together \\ jlh the 

depende nce of Jsc and Voc on ii1umination intensity. The currcnt dc nsit) - vohngc 

characteristics in the dark and under white light illum inat ion and action spectra under 

monochromatic illuminations have been studied. The following device parametcrs 

were obtained: an open-circuit voltage of 762.5 mV and a short circuit current of 33.2 
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~INcm2 at li ght intensity of 100 mW/cm2• th IPeE" . 
,C ;to obtamcd was 1.7% 111 330 11m. 

The dependence of the short·circuit current d . d enslty an an opcn-c ircu il voltage 011 the 

incident light intensity and illumination time h 1 1..__ • ave II so ~~n studied. 1111.' dependence 

of Jsc on intensity indicated that there arc no traps. 

4.3. Natural Dye sensitized Solar eel'- ", ,'ng I" 13 Igmcnts Extrllcll' tI rrOIll 

Syzyciunt gu;neense 

4.3.1. Background 

Synthetic organic dyes [26 1 - 263) and transition melal coord ination compounds. 

mostly ruthen ium polypyridil complex.es [53 , 2481, have been used <IS effecti" ... 

sens itizers, since they couple broad and intense charge tfllllsfcr bands to ruvornblc 

ground and excited slate energies for the electron injection reactions from the exc ited 

dye to Ti02 and the regeneration of the oxidil.cd dye with iodide. Ho\~ e \'cr. the 

preparation routes for metal complexes are often based on multi-step procedures 

in vo lving ted ious and expensive chromatographic puriliestion procedures. 111 order to 

rep lace the rare and expensive Ru(1I) compounds many kinds of organ ic s) nthctk 

dyes have been acti vely studied and tested as low-cost material s: chlorophyll 

derivat ives (203] , porphyrins [264J, phtalocyanincs [73]. carboxylated dcrivutivcs of 

anthracene [265], and coupled semiconductors with lower energy band-gaps. among 

others. 

Natural dyes arc substances that can easily be obtained from fruil , \'cge13blc. le!IVes, 

and flowers through so lvent extraction and can be employed in d)c se nsitized 

photoelectrochemica l ce lls. To date, selected chlorophyll 
derivali\'cs. row 

h 
t cessful nnlUral sensitil.crs. result ing 

allthocyan in, and beta lain extracts are I e mos suc 

h 
. photon to current conversion efficiency 

in the generation of monoc romallC 



exceeding 60% for liquid state h t I p 0 oe ectrochemical cell . Maximllm o\'crull 

convers ion effic ienc ies above 2% d . un er simulated sunlight have tx..-en nchic\cd. 

which is comparable to that of natural photosynthesis 120),1981. 

Fruit, vegetable, leaves, and flowers contain severa l dyes which clln cosily be 

extracted and employed in dye sensitized solar cells. For instance, TCllmlkonc C\ 01. 

[266] investigated the use of tannins and related phenolic substances cXlrtlcled frOnl 

black tea, nuts, and pomegranate, as well as anthocyan ins from flowers and Icn ves. 

The pigments contained in the flowers of Hibiscus species arc BTllhocynnins such as 

cyanidin.3-glucoside and delphinidinc-3-glucoside [267]. Recelil ly Zhau cl 01. 12681 

also investi gated 20 natural dyes extracted from natural mutcrials such as flowers. 

leaves, frui ts, trad itional Chinese medicines, and beverages as sensitizers. Among thc 

20 natu ral dyes an ethanol extract of mangosteen pericarp without fu rther purification 

gave a power convers ion effic iency of 1.17%. 

In th is work natural pi gment was extracted from fru its of Dokllla (Syzygilllll 

guineense). To the best of our knowledge dye from frui ts of Syzygilllll gll inef! /u'e arc 

not reported as sensitizers of DSSCs. The extractcd dye was characterized by UV-vis 

absorption spectra . The photoelectrochemieal propert ies of the quasi-solid- slntc 

DSSCs using these extracts as sensitizer and polymer polyvinylpyrrolidone (PVP) 

mixed with l_ethyl_3_methylimmidazolium iodide (EM 1m-I). sodium iodide and 

iod ine as quasi-so lid-state electrolyte were investigated. Additionally, stcpwise 

~ d d the photovohnic properties of OS Cs 
purificat ion of the extract was penonne an 

sensitized with purified products were studied. 

cial attcntion among thc pol) mers bcc:lUSC 
Polyvinyl pyrrolidone (PVP) deserve a spe 

b 'lilY moderate elcctrical conductivil). 
of good environmental stability. easy processa 

1 • 
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and rich infomlalion in charge transpon h ' 
mcc amsm 12691. I'VI' ,'s a . IIltrogen_ 

conta ining heterocyc lic polymer which ea Ii p 
, n ann VP-12 by reaction with J2(Equatioll 

(4 .5)) [270]. 

• 

·tclI-clI,L. 
/'.)"'--'! L 

(4.5) (rb 
It has been demonstrated we ll that N-containing heterocyc les can en hance the open. 

circuit photovo ltage (Voe) of the solar cell [I I3J. 

4.3.2. Absorption of the natural dyes 

We anempted 10 use the extracted colorful natural dye as sensitizers for DS es. 

Figure 4.16 shows the represcnlative UV-vis absorption SPCClflI for the ethanol. 

methanol, and water extracted fruits of SyzygiulI/ g ll ;lIeellse. As shown in Figure 4.16, 

the absorption peak show negati ve solvalochromislll , resulting in II blue-shin liS the 

solvent polarity increases. Such solvent·induced shifts arc usually il1 lcrprcled ill lerllls 

of the difTerenl solvation inleracl ions belwcen Ihe polar groups of Ihe dye molecule 

and the solvent, and mainly depend on solvenl polarilY and hydrogen-bond [271 J. TIle 

ethanol, methanol, and water exlracts exhibit an absorplion peak of nboul 540 11m, SJO 

nm, and 520 nm, respeclively. These absorption peaks indieale Ihal nnl hocynn ins nrc 

present, a group of natural phenolic compounds. The chemica l adsorplion of Ihese 

dyes on the surface of nanostruclUred Ti02 is generally aeceplcd 10 occur because of 

Ihe condensation of alcoholic.bound protons wilh the hydroxyl groups (2121, 
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Figure 4. 16: Light Absorpt ion spectra of dye solution of fruit s of Syzygilllf/ 

g fl ineellse extracted from (a) ethanol (b) methanol and (e) water. 

4.3.3. Effect of extracting solvent on DSse'! efficiency 

Effect of extracting so lvent on DSSC performance was stud ied by varying the 50lvenl. 

Three different solvents; waler, methanol, and ethanol were used as extracting 

sol vent. The typica l J- V curves of the DSSCs fabricated with the dyes extracted from 

Syzygillm gllineense using methanol, ethanol, and waler as extracting solvent are 

shown in Figure 4. 17. The PEe parameters obtained are given in Table 4.2. The 

respec tive photocurrent action spectra are given in Figure 4.18. 
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Figure 4. t 7: Current density.voltage curve of DSSCs sensitized wilh the dye offnli ts 

of Syzygillm guineense extracted with (3) ethanol (b) mcthanolond (c) wilIer. 

It was reported that the extracting solvent has an eITect on the efficiency of DSSCs 

[273]. The efficiency of the DSSCs was found to increase immensely when ethanol 

was used for extracting anthocyanin from aged Jaboticaba sk in [273 \. In this study. 

similar finding was also obtained. As shown in Table 4.2. the DSSC fabrica ted from 

extract obtained using ethanol as a solvent showS the highest power conversion 

effic iency than using water and methanol. This might owe to the (aeltha! anthocyanin 

is more so luble in ethanol [2741, and hence, the aggregation of dye molecules is less 

as expected. A good dispersion of dye molet:ules on the oxide surface could in ract 

improve the efficiency of the system. 
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Table 4. 2 : Effect of extracting solvent on DSSC effie,'c"c rs . . y o ')'1:)'gllllll gl/mee"se. 

Solven t Jsc/mAcm'~ VocN FF(%) II W·) 

Water 1.22 0.430 55.0 0.30 

Methanol 1.21 0.507 49 .0 0.30 

Ethanol 2.03 0.506 50.0 0.5 1 

As can be secn from the incident photon to curren! conversion efficiency (lPe E) 

curves in Figure 4. 18, the tpeE for the device made frolll ethallol extract dye is the 

highest (24% at 600 om) and covers the largest area a5 compared to methanol and 

water extract. At 600 om the device from methanol and water extract dye showed 

IPCE values of 14.4% and 12%, respectively. The tpeE onset of the device frolll 

ethano l extract dye starts at the longest wavelength as compared 10 methanol and 

water extract. The di ffere nce in the IPCE values belween the devices is consistent 

with thei r difference in short circuit current va lues. 
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d f
' t of Sl1'7\lgillnl gl/inecnse extracted from (a) 

Figu re 4. 18 : IPeE spectra of the ye n1l s rJ 

methanol (b) ethanol and (c) water. 
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4.3.4. Effect of pH of ext ract solutions on DSSC's efficiency 

The chemica l structure of anthocyanin is shown in Figure 2.15 (ChApter 2). 

Equil ibrium between flavylium and quinonoidal fonn of anthocyan ins in solution and 

in presence of Ti02 to bind with the anthocyanin is shown in Figure 2.16 (Chapter 2). 

Irrespective of the kind of solvent, upon changing the pi-I the re lative amounts of the 

flavyliulll and quinonoidal fonus of the dye will be affected shift ing the equilibrium 

to e ither side. For this reason the effect of pH invest igated in Ihis study was for wuter 

extract of fruits of Syzygillm guineense. The original pH of this extmet was found \0 

be 3.3. As shown in Tab le 4.3 , the pH of the extract solution hilS a significant effect 

on the pcrfonnance of DSSCs. The efficiency was found to increase with decreasing 

pH and reached a maximum at the optimum pH 1.0. The reason for this is at pH 

below 2.0 ant hocyanin exists as fla vylium ion (Figure 2.16 (a»), which is stable fonn 

of anthocyanin (275 ). The pH dependence of absorption spectra also shows that the 

peak intensity fi rst increases with pH and then decreases as shown in Figure 4.19. It 

has been observed thai as the pH of the water extract of S)'z)'gill/1l guilleellse fruit dye 

decreases from 3.3 10 lower pH value, the color changes progressively from light red 

to intense red (Figure 4.20). For the pH be low 1.0 the color graduully disappeared. 

Th is might be due to the decomposition of the dye. 

Table 4. 3 : Effect of pH of waler extract on DSSC paramcters, 

pH JsdmAcm 
. VocN rr (./.) 11 (.;.) 

0.430 55 .0 0.30 
3.3 1.22 

0.401 49.4 0.32 
2.0 1.58 

0.404 40.0 0.35 
1.0 2.20 

0.391 48.0 0.23 
0.5 1.20 
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Figure 4. 19: Light absorption spectra for the Wlter extrlct of the dye solution of 

Syzygium gui",ns,., (a) pH ofJ') (b) pH of2.0 (e) pH of 1.0 aod (d) pfl of 0.5. 

Figure ... 20: Aqueous extract of Syzygiwn guineeme at different pH va lues. 

gui"unsr 

Flow chart I and n presents the whole purlfation process of the emact from fruits of 

Syzygium guineense. As shown in Flowchart I. two kinds of extracts were obtained 

from Syzygium guineense. denoted as solution x and solution y, respectively. Solution 

y was further purified, as displayed in Flowchart If. Four kinds of CXlracts were 

• 
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obtained from solution y using four solvents, corresponding 10 chlorofonn. ethyl 

acetate, n-butanol, and water, respectively. Among the four extracts, chlorofonn 

extract was colorless. whi le the other three extracts had colors. 

Flow chart I: Preparation of solution x and solution y. 

Extract in ethanol 

Filtration 

Prec ipitate 

Flow chart D: 

o in 

Water extruction 
Fi hrlliion 

Solution x 

Solvent-solvent extraction from solution y. 

r Solution y I 
Chlorofonn extraction 
50 ml )l 3 times 

J, 

Solulion y 

r ell lorofoml extract I r AqueouS layer I 
Ethyl acelate extraction 
50 ml )( J times 

r Ethyl acetate extract J 

J, 

r AqueOUS layer J . 
n-butanol extraction 
50 ml )( 3 times 

r n butanol extract I - J 1 AqueouS In) er I 
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The UY·vis spectra of solution x: and so lution y and the remaining three extracts 

displayed in Figure 4.21 were investigated; the extracts with difTerent solvents exhibit 

difTerent absorption peaks, and the absorption of solution y (Figure 4.21 (b» i the 

superposition of the ethyl acetate (Figure 4.21 (c» , n·butanol (Figurc 4.21 (d» extract 

and the aqueous layer (Figure 4.21 (e». The UV·vis spectra of solution x (Figure 4.21 

(a» which is an ethanol extract shows small peak at about 665 nm, a chnrnclcrislic 

peak for chlorophyll , showing that it conta ins chlorophyll. 
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. . etm of the extracts wilh different solvents frolll 
Figure 4. 21 : UV.vtS absorptlon spe 

. (b) solution y (c) ethyl ocel:ne extract (d) 
fruits of Syzygillnl guineense (a) solullon x 

n.butanol extract and (e) aqueous layer. 

.. d b the dyes extracted from fnlits of 
. . f DSSCs senSitize Y The photovoltalc properties 0 

d· d by measuring J. V curves, and 
. h . s solvents were stu Ie 

SyzygiulII gui"eense Wit vanou 
rc listed in Table 4.4. As 

photoe lectrochemieal parametcrs 0 
the corresponding 

. . f h DSSCS usi ng solution x and y as 
depicted in Table 4.4, the effiCienCies 0 t e 

the • -tracIS Ihe highest \\as . I A",ong .' • 
d 0 40o/c respective y. 

sensitizers are 0.49% an . o. 
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obta ined with aqueous layer. The efficiency of DSSC with y as sensitizer is morc or 

less comparable with the sum of the efficiencies of DSSCs sensitized with ethyl 

acetate, n-butano l extracts, and aqueous layer. This result indicates that the mixed 

extract adsorbed on Ti02 shows synergistic photosensitization compared wilh 

individual extracts. Such behavior was also reported by Kumara el [I I. 12761 . 'nIe 

efficiency o f the DSSC sensitized with the extract conlaining shisonin and chlorophyll 

was 1.31 %, which was about the sum of the efficiencies of DSSCs sensit ized wil h 

shi sonin (1.0 1%) and chlorophyll (0.58%). Th is was due to synergistic scnsiti7,Ution 

by the dye mixture extracted from a single natural resource 1276]. 

Table 4. 4: Photoe lectrochemica l parameters of the DSSC using the extracts of fmits 

of Syzygillm gllilleense with various solvents as sensitizers. 

Natural dye VocN JsdmAcm FF (%) '1 (./.) 

Solution x 0.500 2.08 41 .0 0.49 

0.395 2.92 35.0 0.40 
Solut ion y 

Ethyl acetate extract 0.415 0.63 52.2 0.16 

0.41 2 0.29 49.1 0.06 
n-butanol extract 

0.431 1.1 2 44 .0 0.22 
Aqueous layer 

4.3.6. Conclusions 

from fruits SyzygiUIII gll ;l1eense were used as 
Dyes obtained from nature, i.e. 

fi h' material contained onthoc)amn. 
sensitizers in DSSCs. The dyes extracted rom t IS 

photoe lectrochemical performance of the 
carotene, chlorophyll, etc. The highest . 

bserved for ethanol exlnlCI With 
b d on these dyes was 0 

quasi-so lid state DSSCs ase 
-2 d power conversion efficiency of 0.51%. 

Voc of 0.506 V, Jsc of 2.03 mAcm • an 
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Furthennore, the ethanol extract was r.I'rthc, I' purified stepwise. The 

or t e extracts with different solvents indicated photoelectrochemical perfonnance fi h 

that the individual components have syneog' t' f' ' IS Ie e leet In the pcrfonnallcc of the 

s arc pronllSlIlg because of their osse. Overa ll, natural dyes as sensitizers of DSSC ' , 

simple preparation technique, wide availabili ty, environmental friendliness. and 10\\ · 

cost production. 

4,4. Sola r Energy Conversion based on Quasi·Solill Slate Oyc·Scnsili7.clt Solar 

Ce lls us ing Leaf and flowe r Extracts as Sensitizers 

4.4.1. Background 

Natu ral dyes containing anthocyan ins [273, 277 - 2801 and carotcnoids 12811 have 

shown overall solar energy conversion efficiencies below 10/ •. 8ctalain pigmcnts 

represent an additional class of dyes of potential intcrest lind purificd c)(.tntcls from 

commercia l sources have been subjected to a detai led photoclCClrochclIlicai study 

l200]. These dyes are present in plants of Amaranthaceae family and have high molar 

extinction coeffi cients in the visible region. The pigments arc present in the different 

part of the plant including Oowers, fruit s, leaves, stem s, and roolS. 

Natura l dyes, such as ch lorophyll derivatives, have previously been used to sensitize 

Ti0 2 nanocrystalline solar cells, achieving efficiencies of 2.6% and short circuit 

current density of 9.4 rnA/cm2, but these dyes still requirc involved pigment 

purification and the coadsorption of other compounds on the TiOl surfnce (2021 · 

Tennakone and co.wo
r
kers[ 125] have used cyanidin (cyanin v.ithoUI the sugar 

mo iety) in a dye sensitized nanocrystalline solar cell . However. cyanidin is harder to 

iso late and less photostable than cyanin [266]. 
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Here the results of a series of experiments carried I eu on raw extracts of the following 

species: leafs of Amaranthus cauda/Ils and Iresi lb ·· d n ne ler 5111, an ower of moming 

glory (Ipomoea indica) and Karkade (Hbisclls sabdartiffia) 3 d ··' rc prescntc . II emm(I/IIS, 

as w ith many others of the amaranths are originally fro th A · . , m c mcncan troPICS. The 

exact origin is unknown, as it is believed to be a wild Amarallill/u hyhridlu' aggregate. 

The red co lor of the inflorescences is due to a high content of bctllc),anins. like in the 

related species known as " Hopi red dye" amaranth . I. herbslii also consists of II high 

content of betacyanins. The prevailing pigment coloration of A. C(III{/m lls and I 

herbslii varies fonn orange to red, due to the combination of IwO ma in dyes: 

betacyanin (red-purple) and indicaxanthin (yellow-orange) whose schematic 

structures are reported in Figure 2.19 and Figure 2.20 (Chapter 2) [2821· As sho\\11 in 

these figures. these dyes contain carbo)(ylic functions which facilitate TiOz surface 

binding. The main component of the 0. 1 M HCI e)(tract of A. ClllldolllS and /r /!sl/Il! 

herbst;; ;s betalains. Whereas the respective ethanol e)(tract is chlorophyll (Figure 2.22 

shows these families of compounds). The main component of the ethnnol and 0.1 M 

He l e)(tractcd dye from flower of Ipomoea indica and llibiJCIIS Jobdorljfo is 

anthocyanin (Figure 2. 15 in Chapter 2). 

In thi s work natural pigment was e)(tracted using 0.1 M HCI and ethanol. 111e 

extracted dye was characterized by UY-vis absorption spcctm, 

, ' I'd tate DSSCs using these extnlcts 
photoelectrochemical properties of the quasI-SO I -s 

1 
. 1 yrrol idone (PVP) mixed with I-ethyl-) ­

as sensitizer and polymer po yvmy p 
. od ' 'od 'de and iodine itS quasi-solid state 

methylimmidazolium iodide (EM 1m-I), s lum I I ' 

electrolyte were investigated [208] , 
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4.4.2. Absorption Spectra of Raw Natural Dye Extract 

Beta lain extracted from Leafs of A. calldallls and 1. herbSlii in 0.1 M Hel solution 

displayed an intense absorption in the 400 - 600 nm region due to the pre sence of the 

red-purple betacyanines (Figure 4.22). These absorption bands originate from n-,, · 

tran sitions and DFT ca lculations carried OUI on betanidin 12831 have po inted OUI ils 

essential charge transfer character, with the LUMO centered on the dihydropyridine 

portion o f the molecule. Compared to neutral extracts, dyes e:<lnlclcd in (tcid ic 

conditions present a stronger absorption contribution at lower wavelengths. indicating 

an increase of the indicaxanthin concentration [2841- Thi s is consistent wilh Ihe fact 

that indicaxanthin is mainly contained in vacuoles whose melll bnlllcs (Ire lysed in 

acidic conditions. 

As previously observed by other authors [200}, the acidic environment was essential 

for obtaining beta lain sensitized photo-electrodes characterized by high opticll i 

densities, capable of an almost complete absoflltion of visible photons in the 400 -

600 11111 range . The reason is most probably related to prolOTlation of bcmlainic 

. . . bl ' their anionic form to bi nd to Ihe 
carboxy lic groups wh Ich are otherwise una e, In 

Ti
0

2 surface . The conditions of dye extraction have also an eITect on Ihe light 

od [284 J II was found thai the 
harvesting e fficiency of the sensitized photoan es . 

absorption peak of 0.1 M HCI extract for both A. COIlc/alUS and I. l/erhslii is about 530 

. band frolll 400 nlllto 600 nlll. 
nm and 536 11 m, respect ively and the absorption 
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Figure 4. 22: UV-Vis spectrum of leaf extracts in 0.1 M Hel solulion (a) off herbs/if 

showing betanin (536 om) and (b) of A. caudaws showing betanin (530 11m) visible 

absorption. 

The ethanol extracts of A. caudalUs and J. herbslii leaf, whose colors arc green. rench 

a maximum absorption peak of 433 nm and 664 nm which is a characteristic pcuk of 

chlorophyll a. It also showS absorption maxima at 466 nm and small peak al61 8 nm 

showing the presence of chlorophyll b. Figure 4.23 showS Ihe rcprcsenllll;vC UV.v;s 

absorption spectra of ethanol C)(tracts of these plant materials. 
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Figure 4. 23: UV-Vis spectrum of leaf extracts in ethanol for (0) I. herbs/if und (b) If 

cQudalllS 

Fi gure 4 .24 shows the UV-vis absorption spectra of the dyes extracted from ethanol 

and 0.1 M He l for l. herbslii. and their mixtures. It was found thaI the absorption 

peak of 0. \ M Hel extract for I. herbstii is about 536 mn and the absorption band 

from 400 nm to 600 nm while those of ethanol extract show absorption pcnk al 433 

nm, 466 nm, 618 nm, and 664 om and absorption band from 400 om 10 500 nm and 

from 600 nm 10700 nm. The difference in the absorption characteristics of the dyes 

extracted in these twO solvents is due to the different types of pigments namely 

betalains and chlorophylls, respectively. The combination of thc ethanol and 0.1 M 

He1 extracts of I. herbstii did not affect the absorption peaks, thc distinct peaks " cre 

detected, corresponding to the absorption nature of both extracts. 
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Figure 4. 24: UY.Vis spectrum ofleafextr8cts for I. herbslii (a) in 0.1 M Hel (b) in 

ethanol and (c) mi xture of dyes extracted in ethanol and 0.1 M 1·lel. 

Figure 4.25 shoWS the representative UV-vis absorption spectra for the ethanol lind 

0.1 M HCI solution extracted from flowers of of J. indica and Figure 4.26 shows the 

representative UV-vis absorption spectra for the ethanol and 0.1 M H I solution 

extracted from flowers of H. sabdariffa. The ethanol and 0.1 M IK I extl1lClS of I 

indica exhibit an absorption peak of about 550 nm and 530 nm rcspccti\'ci), whereas 

the ethanol and 0.1 M Hel solution extracts of /-l. sabdariffa exhibit an absorption 

peak of abou' 550 nm and 520 nm, respectively. These absorp'ion peaks indicare the 

presence of anthocyan ins. The chemical adsorption of these dyes on ,he surfoce of 

n.nostructured TiO, is generally accepted to occur because of the eoudensa,;on of 

alcoholic-bound protons with the hydroxyl groupS 1272}. 
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Fig ure 4. 25: UV~Vis spectrum of leaf extracts solution of I. indica (3) in ( thonol 

showing anthocyanin (550 IlIn) visible absorption and (b) in 0.1 M lIe l 5ho\\ing 

anthocyan in (530 nm). 

So lvatochromic properties of squarn ine dyes have been extensively investiga ted, As 

studies on so lvatochromic and molecular hyperpolarizability studies ofullsymmetriclIl 

squaraine dyes have indicated that these dyes possess large dipole in the ground Slate 

compared to their excited stale [285J. which would result in II vcry large solvent 

reorganizat ion following the exc itation process. This is the reason why unsymmetrica l 

squarine dyes become solvent polarity sensitive showing solvatochromism. S. I\lcx ('I 

a l. [286} studied the dependence of absorption max ima of unsymmetrical squnra inc 

dyes as we ll as that of two representative symmetrical squaraincs in ommon 

so lvents. This study indicated that the unsymmetrical squaraine dyes sho\\cd 

hypsochromic shift with increasing solvent polarity. 

. I I J s nrc expecled 10 sho\\ 
Similarly, anthocyanins, being unsymmetrlca rna ecu c , 

4 25 d Figure 4.26, Ihe absorption peaks 
solvatochromism. As shown in Figure . an 
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n Increases. Such solvent-induced shins arl' show a blue-shift as the solvent pola .ty . 

nI solvation Interactions between the polnr usually interpreted in tenns of the differe . . 

, mam y cpcnd on solvent polnr;ty groups of the dye molecule and the solvent and . I d 

and hydrogen-bond [271]. 
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Figure 4. 26: uv.vis spectrum of leaf extracts solution of N. salx/ariff(l (3) in 0.1 M 

Hel showing anthocyanin (520 nm) and (b) in ethanol showing anthocyanin (550 

11m). 

Figure 4.27 depicts the ethanol and 0.1 M He l extract dye solutions of nowcr and lcof 

lIsed in this study. 
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• • 
Figure 4. 27: Flower and leaf extm::ts used in this study. 

Figure 4.28 shows the J-V (current density-voltage) curve for the light-illuminated l 

herhstii extract sensitized solar cell. A DSSC sensjtized by • mixed extract had 

efficiency be low value of those sensitized wittJ purely ethanol and 0.1 M Hel 

extracts. However. this is rather different from the resuh. by Kumara et al. l276}. in 

which a DSSC fabricated using chlorophyll and shisonin dyes showed synergistic 

effect of both dyes. Although the mixture of 0.1 M He ) and edwtol extract of l 

herhstii absorbs wider range of the visible spectrum compared with the individual 

dye's absorption spectra. the mixed dye does not show synergistic chancteristics 

(Figure 4 .24). We hypothesize two possible reasons for this phenomenon in which the 

mixed extract of I herbstii did not show synergistic photosensitization. First. the 

coadsorption suppresses electron injection possibly due 10 the increase in 

concentration quenching. Second. the strong stcr'ic hindcranc:e of basic molecular 
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• 
structures fo r the main co.npo nents of the t ex racts of I. herbstii with . various solvents 

m e ecttvely arraying on the TiOl film. Hence this prevents the dye molecu les fro ffi ' 

leads to a deficiency of electron t " • ranSler lrom d I . ye rno ecules to conduction band of 

Tl02· 
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Figure 4. 28: J-V curve for DSSC sensitized by the extract of I. herbstii cx(rueted 

from (a) ethanol (b) 0.1 M Hel (c) mixture of dyes extracled in ethanol and 0.1 M 

He!. 

Table 4.5 presents the performance of the DSSCs in tern's of short circuit current 

densi ty (Jsc), open-circuit voltage (Ved, fill factor (FF), and energy conversion 

effic ienc), (11) of ethanol solution ofSlandard N719 dye based DSSe, 0.1 M He l and 

ethanol extract dyes based DSSC of the plant materials stud ied in this work. 

Obviously. the efficiency of cell sensitized by plant extracts from ethanol was 

sign ificantly higher than those sensitized by the 0.1 M HCI extracts. This is du, to the 

di(ferenee in the kinds of dyes extracted using ethanol and 0.1 M HCI ". solven. for 

I. herbs!;; and A. cauda""" For these materials the eth.nol extract m.inl)' ,on"ins 
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chlorophyll where as the 0.1 M HCI extract mainly contains betalains. For Oo\\er 

extracts o r H. sabdariffa and l. indica based DSSC in which both or them contuin 

anthocyanin, here also ethanol extract dye pcrfonns better than 0.1 M He l extract 

This might owe to the fact that anthocyanin is more soluble in ethanol, Gnd hence. the 

aggregation or dye: molecules is less as expected as it was explained in St."Clion 4.3.3 

for SYZygilllll gllineense based osse. A good dispersion or dye molecules on the 

oxide surface could in fac t improve the efficiency or the device. 
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Table 4. S: The photoe lectroch . I em lca performance of the DSSCs based on a dye 

extracted from I. herbslii using di"'e t I II' ren so vents. 

Dye source Jsc/mAcm' Voc N FF ('I.) '1 w.) RrrrrU ft 

N7 19 15.74 0.590 58.30 5.41 

15.72 0.626 55.00 5.41 12081 

I. herbs/ii in ethanol 1.54 0.580 51.00 0.45 

I. herbstii in 0.1 M He l 0.94 0.490 50.00 0.23 

Mixture a 0.45 0.460 56.00 0.12 

A. cQl/dalflS in ethanol 3.44 0.570 50.00 1.00 

A . CQl/dOIUS in 0.1 M He! 1.00 0.470 55.40 0.26 

I. i"dica in ethanol 3.11 0.550 55. 10 0.94 

I. il1dica in 0.1 M Hel 1.56 0.490 57.00 0.43 

fI. sabdariffa in ethanol 3.21 0.490 62.30 1.00 

H. sabdariffa in elhanol
b 2.5 I 0.488 58.00 0.72 12871 

H. sabdariffa in 0.1 M He l 1.83 0.470 57.80 0.50 

H. sabdariffa in water at 2.72 0.408 63 .00 0.70 12871 

pH= 1.0 b 

Mixture': mixture of extract of /. herbstii in ethanol and I. herbslii in 0.1 M Hel 

b; liquid state electrolyte (0.5 M KI mixed with 0.05 M 12 in water - frec cth) \cnc 

glycol). 
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Figure 4.29 shows the action spectra of the monochromatic inc idem photon-to-currcnt 

conversion effic iency (lPCE) for the DSSC sensitized with I. herbsl;; dye clttmctcd 

from ethanol, 0.1 M He l and a mixed dye extracted from ethanol and 0.1 M Ile i. TIle 

IPCE for the DSSC of ethanol and 0.1 M HCI extract reached about 56% at 410 nm 

and about 43% at 350 nm, respectively. For mixed dye the IPCE reached about 32% 

at 330 nm. The result from the action spectra was also observed to be consistent and 

similar to that of the current density-voltage measurement. 

Wllwlt!ngth/am 

. f DSSC sensitized by the extract of I 
Figure 4. 29: PhOIOCUrrenl action spectrum 0 

\ (b) 0 1 M He l and (c) mixture of dyes ex.tracted in 
herbslii extracted from (a) ethano . 

ethanol and 0.1 M HC!. 

COl/dOlUS extract and Figure 
Ii OSSC based on A. 

Figure 4.30 shows the J- V curve or 
Ii th DSSC of ethanol cxlract reached about 

43 1 the respective IPCE. The tPCE or e It 
. , . h d bout 55% at 340 mil . The res\! 

M \ 'CI extract II reac e a 
800/0 at 410 nm that of 0. 1 ' 

\ 27 



from the action spectra was also observed to be consistent and similar to thaI of the 

current density-voltage measurement. 

DSSCs based on ethano l extract of A. em/daills dyes show higher performAnces dum 

I. herbs,ii whereas more or less similar result was obtained from 0.1 M He l extract 

(Table 4.5). Eventhough their ethanol extracts conlain the same dye namely 

chlorophyll , the decreased perfomlance for ethanol extract of I. II('rbslii compared 

with the respective ethanol extract of A. cauda/us might be due to II higher 

concentration of ch lorophyll in I. herbslii ethanol extract which mighl also result in 

dye aggregat ion on TiOz film leading to self quenching. The similarity in the 

perfonnance fo r 0.1 M Hel extracts show that both of them are the sources of the 

same dye mainly composed of beta lain. 

3.5 

3.0 

2.5 ta) 

N • 
E 2.0 ., 

(b) e 1.5 -~ 
1.0 

0.5 

0.0 0.3 11.4 11.5 D.6 

D.D 0.1 0.2 

r otentiall\" 

.. d by the extract of A. calldaflls extTneted 
Figure 4. 30: J-V curve for DSSC sensLtLze . 

from (a) ethanol and (b) 0.1 M He l. 
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Figure 4 31' Photoc t . 

cal/dalUs extracted from (a) 0.1 M Hel and (b) ethanol. 

Figure 4.32 shows the JoV curve for I. indica extracted in ethanol and 0.1 M Hel d)c 

sensitized solar cell and Figure 4.33 shows the JoV curve for H. s(lbdwilf" cxtmctcd 

in ethanol and 0.1 M Hel dye sensitized solar cell . It was reported thaI the extracting 

so lvent has an effect on the efficiency of DSSCs [273]. We have also found similar 

results from our pevious study on the photoelectrochemical behavior of Syzygim
ll 

gu;neeuse dye based DSSC (Section 4.3 .3). In this study, similar ~nd ing was .150 

obt.ined. As shown in Table 4.5, the DSSC based on the dyc cxtmctcd from /. Indlc" 

using ethanol as solvent shoWS higher power conversion cflicicncy th,n the one 

extracted frOl" 0.1 M HCI, which is 0.94% and 0.43%. respectively. Similarly. for /I 

sabdariffa, ethanol and 0.1 M HCI extract dyes used as sensiti"r shown ' power 

convers ion efficiency of 1.00% and 0.50%. respectively. Thc !peE also sho" s the 

same trend (Figure 4.34 and Figure 4.35). 
= 
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Figure 4. 32 : J-V curve of DSSC sensitized by nower extract of I. indica C)(lraClcd 

from (a) ethanol and (b) 0.1 M He!. 
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extracted from (a) ethanol and (b) 0.1 M Bel. 
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The IPCE curve of DSSC based on ethanol and 0.1 M HCI extract from I. ;ml'C(1 nnd 

H. sabdariffa is depicted in Figure 4.34 and Figure 4.35 , respect ively. The IPCE for 

the DSSC of I. indica ethanol and 0.1 M HCI extract reached about 75% at 420 11m 

and 56% at 340 nm, respectively. Similarly for N. sabdariffil ethanol and 0.1 M II I 

extrac t the (PCE reached about 50.2% at 600 nm , and about 33.8% al 590 11111 

respective ly. This is because of higher solubility of anthocyanin in ethanol \2741. 

which reduces the aggregation of dye molecules. A good dispersion of dye molecules 

on the oxide surface could in fact improve the efficiency of the system. 
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Figure 4. 34: Photocurrent action spectrum 

I d(b)O I M Hel. 
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Figure 4. 35: Pholocurrcnt action spcctnlffi for DSSC sensitized by nower extract of 

H. sabdariffa extracted from (a) ethanol and (b) 0.1 M He!. 

Table 4.6 presents the wavelength at maximum absorbance in the visible region of the 

dye solutions extracted from 0.\ M Hel and ethanol and maximum IPeE'!. of the 

quas i. solid state dye sensitized solar cells of the respective of the plant materials 

studied in this work. 
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Table 4. 6: Wavelength at m . 
ru(Jmum absorbance of h 

. ' . t e dye SOlutions in the visible 
regIon and maxImum IPCE% of lhe . . 

. quasl·sohd state dye sensitized solar cells of the 
respectIVe dyes. 

Na tural Dye Solvent 
Absorption spectra 

PhOIOcurrcnl action -'pecIna 
} .... aJnm 

lm .. /nm II)Cf.% 
H sabdariffa Ethanol 550 

600 50.2 
0.1 M BCI 520 

590 33.8 
1. indica EthanOl 550 420 15 

0.1 M HCI 530 340 56 
1. herbstii Ethanol 433,466, 618, 664 410 56 

0.1 MHCI 536 350 43 
A. caudatlls Ethanol 433, 466, 618, 664 410 80 

0.1 MHCI 530 340 55 

4.4.4. ConcJusions 

In this work dyes obta ined from nature, mainly flowers and leaves of plants. \\cre 

used as sensitizers in DSSCs. The dyes extrac ted from leafs of A. cOlldmlls and I 

herbstii, and flower of 1 indica contained beta/a in. chlorophyll. ilnd nnthocyanin. Wc 

have reported an investigation on these pigments as nalural pholoscnsililers, 

describing and comparing their sensitization activity with respecl 10 one of the best 

ru thenium dyes (N719). Betalain raw pigments simply extracted in 0.1 M IICI from II 

caudatus and I. herhst;; ach ieved IPCEs higher thnn 50% and solnr energy con \ersion 

effiC iency of 0.26% and 0.23%, respectively. Whereas the pigments C'Xlm led In 

elhanol which contains mainly chlorophyll aehk\'ed the highest solar energy 

133 

= 



convers ion effic iency of 1.00%. Mixing orO.1 M HCI extract and ethanol extract of /, 

herbsti; didn ' t show any synergistic effect. Anthocyanin pigments extracted in 0.1 M 

HCI and in ethanol from I. indica also gave IPCE higher than 55% tlnd power 

conversion efficiency of 0.43% and 0.94%, respectively and similarly those of I/. 

sabdariffa extracted in ethanol gave IPCE higher than 50% at 600 nm whereas the onc 

extracted in 0.1 M HCl gave about 34% at the same wavelength and the power 

conversion efficiency are 1.00% and 0.50%, respectively . Although the eOiciencies 

obtained with these natural dyes are still below the current requirements for large 

scale practical application, the results are encouraging and may boost additional 

studies oriented to the search of new natural sensitizers and to the optimilJllion of 

solar ce ll components compatible with such dyes. 
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