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ABSTRACT

TITLE : FABRICATHON AND CHARACTERIZATION OF DY E-SENSITIZED
SOLAR CELL MODULE BASED ON NOYEL ORGANIC DYES

BY : PONGSATHORN TONGRASEE

DEGREE : BOCTOR OF FHILOSOPHY

MAJOR : CIHHEMISTRY

CHAIR : ASST.PROF TAWEESAK SUDYOADSUK, Ph.Ib.

KEYWORDS : DYE-SENSITIZED SOLAR CELLS / SCREEN-PRINTING FROCESS /
DRGANIC SENSITIZER

Dye-sensitized solar cells (DSSCs) have aroused infenise intercst over the past decade
awing to their low cost and simple preparation procedure. The screen-printing technique s the
simple procedure for preparation and improvement of the DS5Cs performance. The efficiency of
DSSCs device could be improved by using the suilsble TiQ, paste and enough amount of TiO,
layer. The amount of TiQ, layers were affected fo the quantity of dye absorption and device
tesistivity. The novel organic dyc is a choice of sensitizer as application in DSSCs performance
due to the advantage of simple synthesized, low cost, non texicity and easy molecular designed.
The studics show the operation of orpanic sensitizer in DSSCs test cells and applii;d fo protetype
cells. The improvement of DSSCs operation by modifying the light absorbing or moch sasier
approach, optimization of the electrolyte component would also Jead to increased device
efficiency. These procedure and novel synihesized materizls could be alternative for development

of low cost DSSCs module,
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CHAPTER 1

INTRODUCTION

1.1 Intreduwetion

The primary ensrgy was used in the twenticlh century as fossil fiels. Between 1980
and 2006, the world®s wide annual growlh rate was 2%, The fossil fuel was supplied for the world
energy as 36%. From 1965 to 2008, the use of fossil fucls has continued to grow and their share of
the energy supply has increased. From 2003 to 2008, coal, which is onc of the dirtiest sources of
energy, was the fastest growing fossil fuel. In 2005 nuclear power acecunted for 8.3% of world's
total primary energy supply. The nuclear power prodection in 2006 accounted for 16% of world's
total electricity production. The development of nuclear power in lhe world cssential was stopped
with Chemobyl, but has been revisited in 2009 because of concemns of global warming from using
fossil fuels, and then in 2011, the Fukushima Dalichi nuclear dissster is the second disaster to
measurs Level 7 on the International Nuclear Event Scale, releasing an estimnated 10 to 30% of the
radiation of the Chemobyl accident [1]. Therafore, the wind power and solar power have emnerged
as the fastest growing energy sources, and the most likely replacement for fossil fuels [2].

Therefore, energy development is the progressing effort to give sufficienl primary
energy sources and secondary encrpy forms fo power the world economy. It invelves both
installation of established technologies and eesearch and development to creation & new eneriy-
related techmologics, Major considerations in energy planning imclude cost, impact on air
pothetion, and whether or not the source is renewable, Primary energy sources are substances or
processes with comeentrations of energy at a high enough potential o be feasibly encouraged to
convert to lower energy torms under human controd for human benefil. Txeept for noclear fucts,
tidal energy and peothermal encrgy, all terrestrial energy sources are [fom current solar or from
fossil remains of plant and animal life that rehed directly and indirectly upon sunlight,

tespectively.




Renewable energy is generated [rom natural rescurces-such as sunbight, wind, rain,
tides and gecthermal heat-which arc renewable (maturally teplenished). Renewable cnergy
teckmologies included solar power, wind power, hydroelectricity, micro hydro, biomass and bio-
fuels. In 2006, about 18% of plobal final energy consemption came from renewable encrgy, with
13% coming from traditional biomass, such as wood-buming.

Hydropower was the next largest renewable source, providing 3%, tollowed by hot
water/heating, which contributed 1.3%. Modern techuologies, such as peothermal, wind, selar, and
ocean energy together provided some 0.8% of final cnergy consumption.

The renewable resources zre svailable cach year, unlike pon-rencwable resonrces
which are eventually comparison is a coal mine and 2 forest, while the forest conld he depleted, if
it i managed properly continuous supply of energy ,versus the coal mine which ence it kas been
exhausted is gone. The most of earth’s availeble cnergy resources are renewable resources.
Renewable resources account for more than 93% of total U.5. energy reserves. Annuals renewable
tesources were multiplied times thirty years for comparison with non-renewable resources.
In other words, if all pon-tenewable soorces were aniformaly exchausted in 3 years, they would
only account for 7% of available resource each ycar, if all available renewable resources were
developed [3].

ozt of the world's energy- resources are from the sun’s rays hitting earth, Some of
that energy has been preserved as fossil, which is directly or indircctly usable, for example, via
wind, hydro-or wave power. The estimates of remaining not-renewable woridwide energy
resources vary, with the remaining fossil foels totaling an estunated 0.4x10™ J and the available
nuclear fuel such as uraniom ciceeding 2.5x10™ J. Fossi! fuels raige from 0.6x10™ to 3x10™ I it
estimation of reserve of methane is aceurate and beeome technically extractable. Mostly thanks to
the Sun, the world also has a renswable usable enerpy fhax that exceeds 8,000 times total nsage of
all non-rencwable resonrces [4].

Therelore, the solar energy was selected for world™s eneney supported. Solar covrgy
can be converted dircelly indo other BEwms of energy, such as heat and eleciricity, The magjor
dizadvantages of solar encrgy are:

(1) The inability to contral or predict how much salar energy arrives on the earth’s

surface at any place.




{71 The technology to date requires that a large surface is Tequired for collection of
useful mmoututs of solar cnergy.

The sirengih of the solar encrgy available at any point on the carth depends, on the day
of the year, the time of day, and the Jatiude of the coliection point. The amount of energy
collected can be furiher changed depending on the orientation and shape of the vbjeet doing Lhe
collection, which is 2 measurement of the amount of solat eneryy that reaches the surlace of the
earth. ‘The amount of solar energy an area reccived was depended on the Sun's angle, the amount
of dusl and water stcam in the air, and the amount of ¢lond cover. Less than half of the radiation
etiergy we reccive from (he sun makes it to the ground. The rest is absorbed by the atmospherc or

teflected back out into space as show in igure 1.1

S et 0 Trap e by
y iri the atmgaphere
e 0ACk L Earth

woecl e absoshed <
“helard sea sudaee
d as Long wawa

Figure 1.] The irradialion of suntight on the world [4].

In Facl, several of the altemative cneegy souTCEs usrad today was indireetly derived
from solar energy 15). The sun provides the earth with apﬁf@;imalcly 190,000 TW, which iz
almost 13000 tmes more than the current encrgy mnsumptiﬁh:."_.-"_.l"tﬂs abundance of energy makes
solar cells very attractive [or electricity production. )

Therefore, the first device was produced solar energy to cloctrical encrgy as solar cell
[6]. The Solar cell or photovoltaic cell is a device that converts light encrgy to electrical cnergy by

photovoliaic effect. Phalovoltaic is the ficld rechnology and research related to the application of




solar colls as solar energy. Sometimes the term solar cell is reversed for device intended specially
to capture encrey from sunlight, while the tenm photovohaic cell is used when the source is
unspecified. Solar cell has many applications. Tndividual cells are used [or powering small devices

sucl as clectronics calculators. The types of solar cell as show in Figure 1.2:

Mo coystalline

Uaerraiihe e g 41: Baly Cq‘smllin:

l_ Sﬂiu(}n Thil'l filami h‘lﬂﬂl‘l L'I}'Siilllil‘ll’.‘

Sular Cell Antorphous group Poly Crestalling

CI5, CdTe, ete.

Com pound Grahs, [nP, cre.
Semiconductor

I (nheoos

Figure 1.2 The types of solar cell.

‘I'he advent of the space program, photovoltsic cells made trom semiconductor-prade
silicon quickly became the power source of choiet for use on satellites. The commmon solar power
conversion cfficiencies are between 15 o 20% [7]. However, the relatively high cost of
manufacturing these silicon cells has been prevented their widespread use. Ancther disadvantage
of silicon cells, were used of toxic chemicals on their manufacture. Ihese aspects prompted the
search for environmental friendly and low cost solar cell alternatives F{}

Even if the efficiency since then has increased and the production cost decreascd, it is
still too expensive to be unable to compete with the conventional cnergy sources. This has lead to
a preat research interest in finding new ways of viiizing the solar cnerpy with cheaper and more
etficient methods.

Since the 1950s, several new types of solar cells have been studied and developed.
Among them, the dye sensitized solar cell (DSSCs). The DSSCs is a vory attractive choice for
utilizing the solar cnergy, due to its potentially low production cost. [n contrast wo cotventiona)
systems, where the semiconduetor works as both the light absorber and charge carricr, the DSSCs

separalc the two funciions which facilitate the production of the device. Other advantages with




DSSCs are flexibility, short energy payback time and relatively high performance at diffuse light
conditions [9].

A schematic presentation of the structure and working prineiple of a DS8C were given
in Figure 1.3. A typical, DSSCs is composed of two sheets of glass coated with a transparent
conductive oxide layer. One of the glass plates (the working clectrode) is covered with a film of
small dyc-sensitized seniconductor particles; the lurge surface arca of the nanoparticles, which is
much as a tactor of 1,000 greater than the geometric area of e film, allows a monolayer of
surface bound dy o absorb neatly all of the incident sunlight in the region of the speetrum where
the dye absorbs. The other glass plate {the counter clectrode, CF) is coated with a catalyst. From
Figure 1.3, on illumination, the dye molecule absorbs phaotons ol wavelength corresponding to the
eneryy difference betwoen its highest uecupied molecular orbital (HOMO) and lowest unoceupicd
molecular orbital (LUMO) (step 1). Electrons from the ground clectronic slate of the dye are now
promoted to exciled state, known as photoexcitation of dyc. This glectron in the exeiled state of
the dyc is then injected into conduction band (CB) of Ti0, {(step 2). The electrons after bring
injected in to the CB of Ti0), are transported through the semiconducior layer by diffusion to reach
the conducting layer (step 4), FTO on glass substrate. 'The wodide ion now donates ¢loetron to the
oxidized dyve at anode and regeneraics the dye molecule (step 1), The oxidized species of the
electrolyte, i.e. triiodide in the iodide-triiodide complex, is reduced lo iodide at the cathode {step
5), The above processes go in cycle and consequently eurrent tlows Lhrough the exlernal cironit as

lonigz as light is incident on the cell (siep &)

Brangy Phodcalac rods Coaantar & b ct oo
+ s TAD T, [+ Elritrobas Pt 150 Gides
— A .].,_
- L. =i
. " !
b s |

e e

Figure 1.3 Schematic of'a DSSCs structare [10].




Two electrodes arc sandwiched topether and (he elecirolyle, fypically containing
the iodideftriiodide (I /T.7) redos couple m an organie solvent, fills the gap between them,

The basic sequence of events in the D55Cs is as follows:

Activation:
TiO,Dye —*TiO,Dye
Electron injcction:
TiO/ye ——=TiQ,Dye +¢ (Ti0,)
g (Ti0)—* ¢ (8n():F)
Electran reception:
I7+2e{P) — =30
Inter¢eption reaction:

3217+ TiOMye — 121, + Ti0,/Dye

Upon absorption of light, an clectton is injected from a metal-to-ligand charge transfer
excited state of the dye into the conduction band of the metal oxide. The rate of this electron
injection reaction is ultrafast, typically occurring on the order of hundreds of femioseconds to tens
of picoseconds, The injected electron percolates through the TiQ), film, and is thought to move by
2 “hopping mechanisn™ and is driven by a chemical diffusion gradient {rather than an electric
ficld), and s collected at a transparent conductive substrate of fluorine dope tin oxide glass
(810,:F), on which the Ti0, film is printed. After passing through an cxwernal circuit, the electron
is reintroduced into the solar cell at the platinum counter electrode, where trilodide is reduced to
iodide. The iodide then regensrates the oxidized dye, thereby eomploting fhe circuit with no net
chemical change [10-12].

The solar ¢eil i3 a solid electrical dewice that converts solar energy directly to
electricily. There are two fundamental of funclions of solar cells: photo-generation of charge
carricrs (glectrons and holes) in a light-absorbing materiat and separation of the chargs casrics o a
conductive interaction to transmit eleetricity, adding to the wide range of solar cells, hybrid sotar

¢ells based on incrganic and organic compounds ate a promising rencwable encrgy source,




The solar cell systern developed in this project is DSSCs, composed of the TIO, layer
asting as e clectron carrier and the erganic dyc layer acting as the electron generation, which
will recover to its original state by electron donated by the ¢lectrolyte solution. The ettficiency of
solar cells is one of the greatest limiting Factors for solar cells. In order to become an efficient
solar cell, the photo sensitizer, which is the orgamic dye layer mentioned above raust have
characteristics corresponding to the spectrum of available light. Different photo sensitizers will
have different absorption of available light, thus a dilfcrent etficiency and cost.

Much research has been devoted to device fabrication and material development.
In terms of the device fabrication process, the device operation can be improved by adsorption
the dye molecule uniformly with the whole negative electrode material, which facilitated the preat
enhancement of adsorption capacity for melecule [13-16], designed and synthesized dye molecule
for use us sensitizers [17-21], alternated electrolyte system [22, 23] and improved counter
electrode system [24].

The preparation of DSSCs, the suitable for preparing TiO, film are doctor-blade
technique, screen-printing and spin coating [25-27}. Techniques for TiG, film preparation will had
a. great advantage because this is conventent and allows larpe-scale mannfacturing. Tn DSSCs,
the sensitizer is one of the key components for high power-conversion efficiency. In recent years,
tich intcrr:s-t in metal-free organic dyes as an altemative to noble metal compleses has increased
due to many advantages, snch as diversity of molecular structures, high molar extitction
coefficient, simple synthesis as well as low cost and envirommental 1ssucs. The reguirements of
sensitizer should be good photo response in the visible region, high long-term stability under sun
soaking, and appropriate HOMO and LUMO levels matching the redox potential of electrolyte
and the conduction band of Ti0, [28, 29].

So far, the commercialization has mostly wached prolotypes of solar cell modules,
maletials and components for the building and study of small scale colls,

Here we have developed the new materials, recently, +-Butyl carbazabe-alkyl-carbasole
derivatives based dyve as shown In Figure 1.4, Carbarole-dendron derivatives (G-series) based dye
as shown in Figure 1.5 and t-Bufyl carbazole-phenotiiazine derivatives based dye as shown in
Figure 1.6, Up to now, the development of large size DS5Cs modules based on novel grganic dye,

which has restricted the wide practical use of this prpe solar cells. The novel dves had been




designed and synthesized by our group. We hoped that these matcrials will be high efficient

sensitizer for DRSCs.,
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Figure 1.4 1-Butyl carbazole-alkyl-carbazole derivatives based dye {C-series).

Figure 1.5 Carbazole-dendron derivatives base dye {G-serics),
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Figure L6 i-Bityl carbavote-phenothizzine derivatives based dye (CT-sentes).

1.2 Objectives

The L}bject:ive:;'. of this work were divided into two parts. The first part was the methodical
fabrication of the TiQ, ¢lecttode exploring the optimal cell design, while analyzing the influence
of various technical procedures on the photovoltaic performance of highly cfficient DSSCs.
The second part of this project was developed new dye derivatives from some simple well-known
organic dyes and experimentally deterinine the efficiency of DSSCs based on titaninm diexide.

The novel organic dye was used as the sensitizer for the large size DSSCs modules.




CHATER 2

LITERATURE REVIEWS

This Chapter will provide all of the background information and literature review on
the solar energy background, the dye sensitized solar cells, the photovoltaic cell performance, the
incidence photon to current conversion efficiency, the basic component and the strategy for
DSSCs development. In additional, the focus on the modification and apply of organic dye in

DSSCs are explained.

2.1 The Dye sensitized solar cells

2.1.1 Background

Dye sensitized solar cells (DSSCs) have aroused much attention as a cheap and
next generation solar cell. It is well known that a typically DSSCs consists of porous TiO, film,
dye molecules which are sensitive to sunlight, and an organic liquid electrolyte, essentially
containing iddide and triiodide ions as a redox couple [30, 31]. These three layers are sandwiched
together between two conducting glasses, one covered with a thin layer of TiO, and the other with
a platinum layer. DSSCs show considerable potential as a relatively low cost alternative to silicon
based solar cells. These cells were developed by Gritzel and coworkers in 1991 with an
impressive overall efficiency higher than 7%, using a ruthenium based sensitizer and a porous
TiO, layer as the semiconductor material [32]. In the case of conventional DSSCs, the DSSCs as
an alternative to conventional Si-based solar cells because of their several advantages such as
transparency, efficiency comparable to that of an amorphous Si solar cell, color and low cost. The
DSSCs has a very simple structure, photoactive anode with nano-crystalline TiO,, Pt-coated
cathode, and electrolyte in between. As a lab scale cell, its maximum efficiency has reached near
12% [33], and 10% in sub-modules [34]. Another attractive feature has been the enhanced
performance under real outdoor conditions or indoor applications (relatively better than
competitors at diffuse light and higher temperatures). Other advantages for DSSCs also include

flexibilities in the designs (transparency and multicolor options for building integration and
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consumer products), thbwiéht, short cnergy payback time {<1 yeat), bifacial cells capturing
light from all angles, ete. Although the efficiencies of DSSCs at the present slage are lower than
fliose conventional solar cells, the high ratio of the pesformance/price still identifies DE5Cs as an
attractive potential golar cell technolopy 1o be commercialized {35].
2.1.2 Selar irradiation and availakility of solar clectriclty

The intensity of solar radiation in the carth’s distance from the sum iz
approximately 1333 kWh m ", a number also called the solar consfand. The solar radiation is
emitted fom the sun's photosphere at 6000 K lemperature, which gives it a spectra distribution
resembling closely that of a black body at the corresponding temperature. Passing through
the earth's atinosphere the solar radiation is attennated by scattering from the air molecnles,
serosols and dust particies, as well as by ghsorption by the air motecules, in particular exygen,
ozone, water vapor, and carbon dioxide. This gives a characteristic fingerprint to the solar

radintion spectrum on the earth's surtace {Figure 2.1).
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Figure 2.1 The standard AML.5 global solar spectrum.

The available solar itradiation in a certain place deperuds on the latimde,
the altinde and the climatic type in a yearly basis, and on the season, the time of day and

the weather conditions in a specifie time. The total yearly solar imadiation on horizontal surface is




12

700-1000 kWh o in North Furope, 900-1300 kWh m * in Middle Furope, 1300-1800 kWh m
in South Gurope, 1500-2300 kWh m in the equator, and 2000-2500 YWh ™ in the so called
wsolar belt” Le. between 207 and 30° latitade.

An order of magnitude estimate of the usefulness of these yearly solar encrgy
densitics, converted to electricity with a grid-connected PV system, can e made by comparing
these to an area telated yearly electricity consumption of a typical detached house. In Finland,
a typieal of electricity consumption for a 4 person family living in a detached house with floor
area of 120 m and using eleetric heating is 18300 kWhiyear, The yearly solar irrgdiation falling Lo
the same horizonta) area it North Europe conditions (about 1000 KWh rn_zf'}rea.r}, converied to
solar clectrcity with total PV system efficiency of 10% amounts to about 12000 KWh m

2.1.3 Solar spectrum

Each second, the sun teleases an €nOTMOUS amount of radiant energy into
lhe solar system. The temperaturc af the centre of the sun is high enough to facilitate tuclcar
reactions, which are assumed to be tho source of the sun's energy. Jt cmits light with a range of
wavelengths from the ultraviolet (200 - 400 mm) and visibic (viclet, 390 nm -red, 740 nm) o
the infrared (700 nm 1o 1 mm) [36]. (Yellow arca in Figare 2.2) It peaks in the visible, reseinbling
the spectrum of a blackbody at a temperaturt of 5760 1. Tt 15, however, influenced by atmospheric
absorption and the position nt: the sun.

As the Sun's rays pass through the atmosphers certain wavelengths are absorbed
and a proportion of the wtal encrgy is scattered. Thus the sclar spectrum at the Earth's surface has
some wavelengths missing (Orange area, Figure 2.2 [36] and the overall intensity is reduced.
In particular, ultraviolet light is filtered out by ozenc, and water and CG, absorb mainly in
the infrared making dips in the solar specinun at 900, 1100, 1400, and 1900 nm {H,C}and at 1808

and 2600 nm (C0,), respectively.
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Figure 2.2 The solar specirum at the Earth's surface.

The amaunt of encrpy reflected, scattered and absorbed depends on the amounit
of attnosphere that the incident radiation travels through as well as the levels of dust particles and
water vapor present in the atmosphere. The latter is difficull to judge but the distance travelied
tlrough the atmosphere by incident radiation depends en the angle of the Sun. This distance is
the shortest when the sun is at the zenith, i.c. directly overhead. The ratio of an acrual path length
of the sunlight to this minumal distanee is known as the optical air mass. When the sun s al 1ts
zenith the optical air mass is unity and the radiation is desctibed as air mass one (AM1) radiation.

When the sun is at au angle 8 to the zenith, the air mass is given by the equation:

Mir rmass - [cnsﬁ}_1 {2.1)

AMO radiation is the cxtaterrestrial spectrum of solar radiation outside
the Earth's atmosphere, which power density is the salar constant, Opposed to the siluation outside
the Eartfi's atmosphere, terrestrial solar radiation varies both in intensity and spectral distribution
depending on the position on the Earth and the pesition of the sun in the sky. In order 1o allow
comparison between the performances of solar cells tesled] at different lecadions, a terresirial solac
radiation standard has to be defined and measuremeats referred 1o this standanl The standard solar
spectrum used for efficiency measurements of solar cells is AM 1.5 G {global), corresponds to

an angle of 48.2 degrees between the Sun’s position and the zenith {Figurc 2.3}
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Figure 2.3 The Sun’s position and the zenith.

This spectrum is normalized so that the integrated irradiance (the amount of
radiant encrgy teceived from the sun per unit area per unit time) is 1000 W m ™. The standard
solar spectrum used for efficiont AM1.5 G (global) radiation serves at present as the standard
spectral disiribution. The iradiance varics depending on the position of the Sun, orientation of
the Enrth, and sky conditions, We can also distinguish sunlight i direct or diffiise light. The dircet
component can be concentrated, which increases the solar cell efficiency by increasing cell
voltage uutputé. Diffuse light arises by scattering of the sunlight in the atmosphere, This fraction is
around 15% on average but larger at higher latitudes and in regions with a significant amount of
clond cover. Materials with rough surfaces such as DSSCs are relatively better suited for diffuse

lipht than pesfectly flat surfaces and are less sensitive to moverments of the sun.

2.2 Photovoltaic cell performaince

A photovoltaic cell is a device, which converts meident light to electrical cnergy.
Generation of eleetrical power under illumination is achieved by the capability of the photovoltaic
device to produce voltage over an external load and cument through the load at the same time.
This is characterized by the cumeni-voltage (IV) curve of the cell af certain illumination and
temperature (Figure 2.4).

When the cell is short civcuited under illumination, the maxinum cutreat, the short

cironit current (£.), is generated, while under open circuit conditions no current can tlow and
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the voltage 1s at i1s maximum, called the vpen cirenit voltage (¥, The point i the IF-cutve
yielding maximum product of current and voltage, L.e. power, is called the maximum power poinl

(MPF). Another important characteristic of the solar cell performance is the il factor (FF),

defincd as
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Figure 2.4 Typical shape of the currenl-voltage curve of a photavoltaic ¢ell showing

the open-circuit voltage V., short-circuit current Iy, and the maxinmm power point

MPP, and the current and voltage at the MPP 0, Virpe

FF i3 an indication of how close J,  and ¥, come 1o the boundaries of power
production of J,. and ¥, and also indication of the sharpness of the tend in the exponential SV
curve that connects J,. and ¥, Since higher £F is related o higher maximum power, high £F is
desired; however, the dinde-like behavior of solar cells results in FF always being less than one.
~ Devices with high [/ and ¥, can still have low £F, suggesting that something must be done to
improve device quality.

The most discussed performance parameter of a solar cell is the power conversion
cfﬁcieny;y 7) and is defined as the pereentage of incident irradiance 1, {light power per unit area)
that is converted into output power, Because the point where the cell aperates on the SV cutve
changes depending on the load, the ontput power depends on the load. For consistency,
fhe maximum output power is used for caleulating eificiency. In eqguation foﬁ, efficicncy is

written.
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This form clearly shows that FF, J,_and V. all have dircet effects on #. Furthermore,
the area used to calculate J can affect i and should include inactive areas that are integral to
the solar cell, such as grids and interconneets, when calculating efficicncy for large arca devices or
modules,

Power conversion efficiency is important since it determines how effectively the space
oceupied by a solar cell Is being used and how much area must be covered with solar cells fo
produce a given amount of power. Since larger areas require More resources to cover with solar
cells, higher 1 is often desirable. However, there are teacdeoffs between 7 and cost [or each solar
cell technology that must be balanced.

Power conversion efficiency is also very dependent on the power and spectrum of
the light sources since solar cells do not absorb and convert photons to electrons at all wavelengths
with the samnc cfficiency. To draw comparisons between various solar cells, a standard spectrum
must be chosen for the calculation of 1. Although the spectrum of the sudight at the earth’s
surface varies with location, cloud coverage, and other factors, the AM1.5 G spectrum in Figure
2.5 is the most commonty used standard speetrum for measuting and comparing the performance
of photovoltaic that are intended for cutdoor use. Because of difficulties recresting this cxact
spectrum in the laboratory with standard lamyps, power conversion efficieney measurements rust

often be corrected based on the external quantum cfficiency.
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Figure 2.5 Spectral irradiance of the AML5 G solar spectrum up to 1,350 mum.
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2.3 Incident photon to curreat canversion efficiency (IPCE}

IPCE is one of the tandamental measurements of the performance of the solar. It is
also known as the “external quantum efficicncy™ and describes haw efficientiy the light of
a specific wavelength is converted to cunent i.¢. {electrons out) / (photons in), The IPCE can be

caleulated aceonding to equation (2.4):

1240

e

A,

IPCE(%) = 00 (2.4)

.. is the short circuit current density, A is the wavelength of the incident light and d}.m

is the intensity of the incident light. The factors determining the TPCE can b expressed as

IPCE = LHE.¢ .7}

inj rag'?}lcﬂ {2.3)

LIIE is the light harvesting efficiency, Pinj: Hreg, g g are the quantum vield of
charge injection, dye regeneration and charge collcotion efficiency, respectively.

The cell performance, that i3, solar-to-glectric conversion efficicney, is determined by
thie short-circuit photocurrent (J_), open-circuit photovoltage (V. ), and fll factor (FF} under
a definite intensity of light such as the AMLS solar spectrum. J, can be increased by raising
the light-harvesting efficiency (LHE), that is, light absorbance by the dye-sensitized Ti(}, film. For
the cell employing sensitizer dye, c:‘s—(l,zr-himrrIdyln4,4rdicmhoxylatc}i(NCS}zmthcnjum{ﬂ}, att
jncident photon-to current conversion efficiency (IPCE) was mear unity in the 400-550 nm
wavelength range, which in nurn indicates that the LHE is also near unity in the same wavelength
range (156). It has been know that the power conversion efficiency (#) of a DSSC is strongly
related to the light harvesting efficicney (LHE) of the dye sensitizers, The LHE has been eslimated
using Bqg, (2.6%

LHE() = 1-10°4% = 110 (2.6)

where, Abs is the absorbance of the dye adsorbed on Ti0), film at wavelength A, £ is
molar cxtinction coefficient at wavelength b and Lis the adsorption capacity onto the TiQ,

photoancde {the dyc uptake).
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2.4 Materials development of DSSCy

The operation of DSSCs can be improved by development working electrode (Ti),-
electrode) with ligh dyc loading, design dye-molecule with high lighl-harvesting, countcr
lectrode with high stability and electrolyte with maiching with dye. So, the matcrial development
is revicwed.

2.4.1 Mesoporons, napostructured oxide {semiconductor) electrode

The nanocrystalline materials have recently attracted ruch atteriion owing to
their peculiar physical and chemical properties [37). Among wide-band gap metal exides such as
zine oxide, tin oxide and titanium dioxide [38, 39], nanocrystelline titania is most promising
material for clectrode of dyc-sensitized zolar cell (DSSCs) s the position of the condlustion band
edze of the titania suitable allows eleciron injection from the excited state of the dye. 110, leads to
the highest DSSCs efficiency.

Ti0, is a stable, non-toxic oxide, oceutring naturally through a variety of crystal
structures including anatase, rutile, and brookite. Rutile is the most stable from a thermodynanmic
point of view. Anatase however is the preferred structure in DSSCs, because of a larper bandgap
(3.2 eV vs 3.0 6V for rutile), and a higher conduction band edge. This leads to a higher Fermi level
and ¥V, (open-circuit voltage, which is the difference between the sanﬂcunductorl Fenmi level and
the tedox potential of the electrolyte).

Thus, to preparation titaninm dioxide thin film, & mumber of methods have been
reporied such as chemiezal vapor deposition, hydrothermal, DC magnetron sputtering [449] and sol-
gel method [41]. The sol-gel methods have been widely applied for the preparation of thin films in
comparison with vapor-phase methods because of their relatively inexpensive manufacturing cost.

The mesopotous TiO, elecirode was prepared by micto-plasma oxide method
{MPO) for DSSCs, thal shown suitable preparation of working electrode at 20 A dm”. The open-
circuit voltage and the short-circnit currents are 603 mV and 105 pA om-, respectively. Also,
using MPO to produce Ti0, electrode is propitiated to fabrication of the large area Jdye-zensitized
solar cells [42]. The application of nanoporous lilanium diexide to DEsCs was enhanced
considersbly compared with that using nanometer sized Ti0, prepared using a hydrothermal
method. The cniergy conversion cfficiency of tbe DSSCs prepared from nanoporous structored

TiD, wasz approximately 8.71% with N719 dye under 100 mW cm” simulated light,
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‘That explained by the ¢lectron density and Mow of electrons on the DSSCs film from roughness
analysis in the AFM images [43]. The novel Ti0, nanorod/nanoparticle {NR/NP} bilayer electrode
was synthesized by sol-gel methed, in Honda Ilafez zesearch group [44]. The new NR/NP bilayer
design that can posses the advantages of both building blocks, i¢, the high surface area of NP
aggrogates and rapid electron transport rate and the lipht scattering offort of single-crystalline
NRs. The influence of Ti0, nanocrystals were applied in Puheng’s work (45]. The
motphology and size of 110, nanorystals can effect on the UV-vis and FT-IR spectra of the
censitized anchored on their surface. The main reason is that the morphology aad the size of Ti(),
nanoctystals can affect the cnerpy level binding mode between the N719 and the TiO,
Shantikumar Nair and co-worker tried to improvement the DSSCs cfficiency by using Tid,
panotube [30]. The using of TiO, nanotube length shows a good lateral spacing could significantly
improve the performance of back illuminated DS5Cs. By employing the Ti(), nanotube amay
apodized at 24 h showing a diamneter ~ 80 am and length ~ 15 pm as the phots-anode for back
illuminated DSSCs, a fMll-sun conversion efficieney (1) of 3.5% was achieved.

The enhancement of dye-sensitized solar cells by using graphene-TiO,
composites as photoelectrochemical working cleetrode was stndied by Tsung-Hsuan mﬁd colleague
[46]. The composite fikms of graphens-content TiO, were depaosited on indium tin oxide {ITO)
subsirates by spin c:}a;ating at room temperature and applied as working electrodes of dye-sensitized
solar cells (DSSCs). The amount of dye absorption is increased with increase in the content of
graphene and cyclic voltanmetry (CV) measurement show a gradual incresse in the anodic
content. The optimum content of grapheme (1 wi¥%s) involve in TiO, film, & 15% improvement in
the cell efficiency (from 5.98% to 6.86%:) is achicved. The Korea researcher trizd to improvement
the 1DSSCs efficiency by using of mesoporous S-N-vodoped Ti0, loaded with Ag nanoparticles
[47]. Mesoporous S-N-codoped 110, photocatalyst loaded with Ag nanoparticles (MNPs) were
synthesized via a facial photochemical deposition approact. The samples posscssed
a homogeneous pore diameter and a high surface area 53.3 m’ E ? for the Ag-loaded S-N-codoped
TiQ,-vis samples, which facilitated Lhe great enhancement of adsorption capacity for dyc methyl
orange (M} molecules. I'he present photocatalytic system with noble etal-loaded TiO, and
mesoporous struchiue might be good candidates to convert abundant visible of solar light energy
inte usclul chemical enerpy. Because of the efficient visible light absorption capabilivy and

pruminent adsorption  capacity, the noble metal modification of nonmetal-doped  Ti0,
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nanocomposites might be used for other plhoto-applications such as photoeicetrochemical cells,
solar ells, and photocatalysts for hydrogen production.

‘The study compares the visible light reactivitics and propesties f two sensitized
PUTID, photocatalyst (PYTiO/Rul,) on which ruthenivm bipyridyl complexes (Rul,) are
anchored thmugh carboxylic {c-Rul.,) or phosphonic { p-Rul.,} acid groups [48, 491, The surface
complexes of c-RuL, and p-Rul.; were shown in Figure 2.6, The PUTiOfp-Rol, cxhibited
cousistently higher visible light reactivities in waters than Pt/T i0,/c-RuL, for all tested reactions

and conditions, despite the Tact that p-RuL, has a lower visible light absorptivity than ¢-RuL,.
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Figure 2.6 Structures of the possible surface complexes of {a} ¢-RuL, and (b} p-Rul,
anchored on Ti0, [48].

Teoukleris and co-worker [50] suggested the screen-printed titania films for
dye-sensitized solar cells. The screen printing of titanin pastes based on 2-ethythexanal and
commercially available TiO, powder (Degussa P25) leads to development of nanostructired, and
high surface avea Ti0, thin films, with increased surface rouphness and complexity, homogeneity,
compact structure without crack/defects and good adherence on the conductive glass substrate.

The screen printing schematic was shown in Figure 2.7 L50].
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Figure 2.7 Schematic representation of the screen-printing process [50].

Yor (urher improvementi of eell’s performance, a combination of changes
including fine tuning of the film thickness and surface properties {(via better oplitnization of the
sereen printer conditions, mainly screen mesh, air pressure, printing speed, and screen-substrate
dlistance) as well as higher firing temperature are pecessary.

2.4.2 Dye

The molecular structure of the dye plays an imporlant role in DSSCs. After
absorption of light, charpe separation is generally injth-ated at the interface beiwecn the dye bound
to the Ti0, surface and the hole-transporting ‘material. The performance of DSSCs generally
depends on the relative energy levels of the sensitizers and the kinetics of the electron-transfor
processes at the interface between the dye bound to the scmiconductor surface and the hole-
transporting material. Some general principles to construct an efficient dye and efficient DSSCs
are a5 follows [51]:

2.4.2.1) The absorption spestrum of the photosensilizer should cover the whole
vigihle region and even the part of the near-infrared {NIR).

2.4.2.2) The photosensitizer should have anchoring proups (-COOH, -I,PO,, -
H,30,, ete.) to strongly bind the dye anto the semiconductor surface.

2.4.2.3) The excited state level of the photosensitizer should be higher i encrgy
than the canduction band edge of the semiconductor, so that an efficient electron transfer process
between the sxcited dye and conduction band of the semiconducior can take place.

2.4.2.4) Yor dyc regeneration, the oxidized state level of the photosensitizer
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must be mare positive than the redox potential of electrolyte.

2.4.2.5) The photosensitizer should be photostable, and electrochemical
and thermal stability are also required.

The sensilizers used in DESCs ate divided into two types, viz., organic dyes and
inorganic dyes according to the structure. Inorganic dycs include metal complexes, such as
polypyridyl compliexes of rutheninm and osmium, metal porphyrin, phihalocyanine and inorganic
quantum dots, while organic dyes in cleed natural and synthetic organic dyes.

Compared with organic dycs, inorganic melal complex dyes have high thermal
and chemical stability. Among these complexes, polypyridyl ruthenium sensilizers were widely
vsed amdl investigated for their high stability and outstanding redox properties and good response
to natural visible sunlight [51].

Melal complexes and ratheniom (Ru(IE}) complexes, in particular, have been
investigated infensively for DSSC application because of their broad absorption spectra and
favorable photovollaic properties. Generally, melal complex photosensitizers consist of a central
metal ion with ancillary ligands having at least one anchoring group. Light abserption in the
visible part of the solar spectrum is due to a metal to ligand chorge transfer process. Anchonng
groups are employed-to link the dye with the semiconductor and facilitate the ipjection of
the excited clectron into the conduction band of the semicenductor. One can modify any part of
the complex to mune the epergy levels of the metal to ligand charge transfer process and to
optimize electron injection and regeneration kinetics [52}.

Most well kuown Ru-complexes for DSSCs are N3, N719, N749 and Z907 [52),

The dye structures were shown in Figure 2.8.

Nidyc poom N719 dye
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Figure 2.8 The molecular structures of mthenium (Ru(Il)) complexes dyes [52].
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The N3 (cis-dilthiocyanalo}-bis(2,2 -bipyridyl-4-4°-dicarboxylic acid)
rutheniurm(T)), that has several advantages when used as a sensitizing dye, including a broad
range of visible light sbsorption and demonsirated stabilily over many hours of cell operation [53].
N3 has two bipyridine and two isothiocyanato (NCS7). Tt absorbs up to 800 nm radiation duve to
the loosely attached NCS group. Even thongh, the dye provides (he high J.,. {short circuit current},
that give low ¥, [54}. The N3 is a paradigm in this ficld; the cfticiency using relatively thick
Ti0, films under standard air mass 1.5 reporting conditions stands presently at 10% [55].
However, the hydrophilic terminal and light-captuning ability of this sensitizer proved
nnsatisfactory in permitting DSSCs devices to achieve robust stability and higher photovoltaic
performénce, This initial time period these drawbacks have been suceessfully addressed with
significant improvement of these criteria through the embodiment of two well-known rutheninm
complexes are N719 and 2907 [56).

N719 has the same structure as N3 dye but has TBA® (tetraburylammonivi)
instead of H™ at two carboxy! groups. The difference in ¥, is rationalzed as due to the difference
in proton concentrations at the surfaces which has been so far the most successful dye for DSSCs,
[51]. Z907 has different features than others. DSSCs using N3 and N719 have shown degradation
during -long-term operation. This is because water moleenles penetrate into the electrolyte and
desorbed the dyes from the TiO, surface [57]. Z907 has hydrophobic alkyl chains attached to one
of the bipyridine ligands and it keeps watct molecules away from the chemical bonds between the
dye and TiO,. The conversion cfficiency of Z907 was reported by Wangdong .chg et al. of 7.2%
base on solyent-free icnic liquid electrolyte EL0O2 {(DMIVEMIIEMITCBA/GNCS;  molar
ratio: 12/12/16/1.67/3.33/0.67) [58, 591

In receni ycars, interest in metal-free organic dyes as an alternative to noble nietal
complexes has increased due to their many advaniages, such as diversity of molccular structures,
high molar cxiinction coefficient, and simpte synthesis as well as low cost and environmental
benefits [58]. Organic dyes with large T-aromalic such as coumnarin [59], phenvthiaxine [60],
berzothiadiazole [61], triphenylamine 162]. perylene, thiophene [63] and porphyrin [64]
derivatives, have been investigated as scnsitizers in DSSCs.

Porphytins are one of the most widely studied sensitizers for DSSCs beeause of
their strong Sorct (400-450 nm) and moderate Q bands ($50-600 nm). The porphyrin-based dycs

have several intrinsic sdvantages, such as the good photostability prefered by the natural
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chlorophylls, theit rigid molccutar structures with large absorption cocfficients in the visible
region, and their many reaction sites, that is, four meso and eighl beta positions, available for
functionalization, Kang Deu Seo and et al. further designed and synthesized the novel zine
porphyrin dyes which have D-m-A system base on porphyrin derivatives conlaining a
triphenylamine (TPA) electron-donating group and a phenyl carboxyl anchoring group substituted
at the meso position of the porphyrin ring [58]. The ITKK-Por dye structutes were shown in

Figure 2.9,

HKX-Por-3 dye ‘I HEK-Por-4 dye

HEK-Por-5 dyc

Figure 2.9 The molecular structurés of HKK-Por dyes [35]).

A maximum photon-to-glectron conversion efficiency of 3.36% was achicved
with the DSSCs based on HKK-Pors dye due 1o the introduction of the alkoxy group in to the
TPA oiety at the mese position of porphyrin ring (7. = 2.04 mA em 7, V.= 0.57 V, FF = 0.66;
under AM1.5 irendirtion {100 m'W e

The novel mesa- or B-derivatized porphyring with a carboxyl group wers
designed and synthesized by Cheng-Wei Lee and et al. [65], the molecular structure of porphyrin 5
was shown in Figure 2.10. From a comparison of the cell performance based on the same TiO,

films, the devices made of perphyrin 5 co-adsorbed with chenodeoxycholic acid (CDCA) on TiG,




23

in tatios Dye/CDCA = 1.1 and 1:2 bave efficienecies of power corversion similar to that of an N3-

bases] DSSCs.
1= 6.00
Ve =071V
Porphyrin 5 dye
R Joo= 1433 mA e
FF=0239

Flgure 2.16 The molecular structure of Pesphytin [65].

Hseu-Pei Ly had reporied the photovoltaic performance and kinetics of
femtosecond fluorescence of three ¢ine-porphyrin sensitizer (Y DO-Y132) [65]. The dye siruclutes

wera shown in Figure 2,71,

Y2 dye

Figure 2.11 The molecular structures of zine porphyrin sensitizer YDO-YD2 [65].

The cell performances were optimized on TiQ, films of ~ 10-um thickness with
n seatieting layer of — 4-pm thickness: the efticiencies of power conversion of YD and ¥D2 are
slightly smaller than, but near, that of N719, being 6.5% and 6.8%%, respectively, compared to
7.39%, Without a scattering layer on the films, the performance of N719 was degraded significantly
(6.3%), whereas the efficiencies of YD1 and YD2 decrcased only slightdy (6.4% and 6.5%),
making this serics of green scnsitizers promising candidates for [ulure light-penetrable

photoveltaic applications [65].
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The new dopor-T-acceptor (D--A) metal-frec-organic dyes, in which desditric
wriphenylamine acts as donor, and furan, thiophene and henzene as wt-tinkers, were synihesized,
characterized and used for the application of dye sensitized solar cells (DSSCs) by Junhui Jia and
ot al [66]. Among the Eabricated DSSCs, the device based on the furan as #t-linker exhibited 2
short circuit current density of 14.56 mA cm™, and apen eireuit voltage of 0.71 V and a fili factor
of (.59, implying a power conversion cfficiency (1} of 6.10%. The devices sensitized by dycs
with thiophene and benzene as n-linker possessed relative lower I 5.92% and 4.97%, respectively.
The results suggests that the introduction of furan and thiophene as a A-spacer increases the

efficiency of DSSCa. The molecular struetares of TT, TTH, TT2 zad TT3 were shown in Figure
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Figure 2,12 The molcular structures of TT, TT1, TT2 and 113 [66].

The thiophene unit was applicd in the various works, The eomparison spacer
unii between thiophene and triphenylamine moiety were sidicd by Ki-Hyum Kim and et af {67].
The dye structures were presented in Figure 2.13. The thiophene unil and triphenylamine were
introduced a5 a T-conjugated bridge. The H-PTZ-TPA-T-sensitized cell showed the highest
overall conversion efficiency of 4.01% {2 %.64 mA em”, Voc: 0.69 Y, FE 0600, while the H-
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PI7-sensitized cell showed fhe lowest value of 3.57% (Jo: 7.76 mA cm '2, Vo 070V, FF:06D)
among the cells based on the hree organic dyes compared to 5.09% for the celi based on fhe N719
dye (J,.- 1277 mA em Ve 072V, FF 0.55) under AML5 iltumination (100 mW crn'z}.
According (o the results, the measurement of photovoitaic properties to confirm the effects of 7-
conjugated bridge of the dye on the performance of the DSSCs. The ¥, valug is influenced by
blocking the 1" in clectrolyte approaching the Ti0), surfacc. Also, the Jg; value increases with
incrensing T-conjugated bridge length. The device show the possibifity of the replacement of the
rutheninm complex dyes using phenotiazine bascd sensitizers in the dye scnsitized solar cells

especially due to a chesp price of pheniithiazine.

H-PTZ-TPA-T dye

HPTZ d H-PTZ-BT dye HE
- ye N

N \‘\N G COH <

X ;

Figure .13 The struciures of the organic dyes H-PTZ, H-FTZ-BT and H-PTZ-TPA-T [67).

H

The research of Wenjun Wu and et al. introduced phenotiazine in the thres
organic dyc derivatives [60]. For three dyes, the phenothiazinic derivative meoiety and the
cyanoacetic acid take the role of clectron donor and electron aceeptor, respretively. The molecular
structures of PL, P2 and P3 werc shown in Figure 2.14. The P2 molecule showed the best
photovoltaic performance of 4.41% (J,: 10.84 mA om™, 3 0.59 V and FF: 0.69) due w its

broader photo current action spectra (Figure 2.15),

COOH

P1-P3 dye

Ar=

Pl P2 @ 3
e ool

Figure 2.14 The molecolar structure of dyes {Iz1, P2 and P3) [61].
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Figure 2,15 Photocurrent action spectra of the TiO, clectrodes sensitived by Pl (m}, P2 (@)
and P3 (&) [60].

Figure 2.15, all the three dycs can efficiently convert visible light to
photocurrent in the region from 350-700 nm. The IPCE spectrum of PI-P3 is red shifted.
This important red shift in the photocurrent respond is attributed to lateral interaction in the
adsorbed Jayer of the sensitizer. In 2011 [68], Wenjun Wu and et al. studied the effect of
chenadeoxyxholic acid {CDCA) additive on the two organic dyes containing phenothiazine and
triphenylamine segments (P1 and P2). It was found that the coadsorption of CDCA can hinder
the formation of dye aggregation and improve electron injection yield and thus J.., which is
atitibuted fo the decrease of charge recombination. The PCE action specira of the TiD, film
exposed to the dyc alone and to both the dye and CDCA with 5, 10 and 20 M in the dye solution

was compared in Figore 2.16.
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Figure 2.16 (a) IPCE spectra for P1 and P2 based DSSCs without CDCA and (b, ¢) dependence

of IPCE on the concentration containing 0, 5, 10 20 mM CDCA [68].

From the Figure 2.16, the CDCA is known to improve DSSCs efficiency due to
its preventing dye aggregation, resulting in improved electron injection efficiency, and thus
leading to increase in the device photocurrent.

The double donor-acceptor (D-A) branched dye (DBD) phenothiazine unit as
electron donor and a 2-cyanoacrylic acid unit as electron acceptor were synthesized and used as
sensitizers for DSSCs in the work of Derong Cao and et al. [70]. That presented the conversion
efficiency of the DSSCs amounts up to 4.22% (2.91% for single D-A branched). The dye

structures were shown in Figure 2.17.
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Flgure 2.17 The dye stroctures {DB1)-Bu, DRD-Hex, BDYB-Bn and SB) [69].

Phenothiazine was selected as an electron donor D on the basis of the followmng
reasons: (1) the heterocyclic compound  contains electron-relcasing  nitrogen and  sulfur
heteroatoms; {2} the phenothiazing ring is nonplanar and therefore can impede the molecular
aggrepation and the formation of intermolecular cxcimers [69).

Another strategy, the improvement DSSCs efficiency used different acceptors.
The work of Zhongguan Wan and et al. studied the effect of diffcrent acceptos groups
(cyanoacetic acid and rhodinine-3-acetic acid; Figure 2.18} in phenothiazine-triphenylamine 7ol
The conversion efficiency of the su_iar cell based on the cyanoacetic acid accepior moiety Was
improved, The lower efficiency of solar cells based on rhodinine-3-acetic acid due to the

delﬂealizéd of the excited state is broken.

PTEfd;@ N FTZ2 ‘;O !k -
b
S0 oy

Figure 2.18 Molecular sirictures of PTZ-t and PTZ-2 [70].

%]

However, n the provious studies were shawn that inclusion of alkyl [71-73) or
pulky aikoxy [74] eleciron-donating substitucnt efficiently suppress recombination, Improve the

open-circuit voltage, suppress the aggregation of Me sensitizers, increase the clectron life time ,
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and hence fo merease the solar to-clectric power conversion efficicncy. The lydrophobic long
alkoxy aliphatic chains could also cuhance the long-term stability of the solar vell through
preventing water induced dye desorption from the Ti0, surface. The functionalized organic dyes

structures were shown in Figure 2.19.

ME1-3 (7%

D35 (76)
E O
Mﬂf %?-i“

Figure 2,19 Molecular structures of MK-1 {alicyl substituent meiety) and D33

{alkoxy substituent roiety} [71, 74k

2.4.3 Elecirolyies

In DSSCs, the ¢lectrolyte comprises a redox medja_tur. The reduced form of this
mediator has to regenerate Ihe dye ground state prior to the back clectron wransfer. Ideally, this
tedox mediator should not absorb Jight to prevent photon-lo-current efficiency losses.

The redox couple is a key component of the DSSCs. The reduced part of the
couple regencrates the photo-oxidized dye. The formed oxidized species dilfuses to counter
electrode, where it Is reduced. The phote voltage of the device depends on the redox couple
becsuse it sets the electrochemical potential at the counier electrode. The redox couple also affecls
the electrochemical potential of the Ti0, electrode throvgh the recombination kinctics between
electrons in Ti0, and oxidized redox species [75].

The significant limitation of DSSCs to date has heen the relatively low number
of choices for the electrolyte [76]. So far the T/I, couple has been mast efficient and commonty
used redox mediator in DSSCs, due to the fast regeneration of the exidized dye provided by I on
a nanosccond time scale [77). The first DSSCs was reperted in 1991 by M. Gritzel [78] using
organie liquid electrolyte containing Lilf,, which obtained an overall light-to-electricity

conversion efficicney of about 7.1% under irradistion of AM1.3, 100 mW e, Leller, many
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Kinds of liguid electrolytes containing iodidefriiodide redox couple and high dielertric constanl
organic solvent such as acetonittle (AcN), cthylenc carbonate (ECY, 3-methoxypropionttile
{MePMN)}, propylenscarbonute (PCY, y-butyrolactone (GBL), valerenimile (VIN) [75, g0l

Rescarch during the decade shows the component of liguid electrolyte. One
such additive is the Li ion, which is known lo improve the photocurrent of DSSCs winle
simaltansonsly reducing the open-ciromt voltage. It is weliknown that small cations such as Li
are potential deternining for metal oxide electrodes and that specific adsorption of Li" results in a
positive shift of the semicenductor enetgy levels. The intlyence of lithium ion concentration on
the DSSCs performance was reporied [81]. The ccll characteristics become progressively more
wdeal® as LiT concentration s increase, with transfer cocfficient of cal.l for 1 M Li' in the
electrolyte, The conduction band edge is shifted positive by increasing Li ion concentrations, this
positive shift in conduction band edge is also found to cause a dramatic increase in the
photocutrent gencration cfficiency of the cells especially in the long-wavelength region of the
photocurrent action spectrunt.

The most convenient way to enhance the photovoltaic efficicncy is the addition
of appropriate chemical speeies in the elcctrolyte to fine tone the semiconducior-clectrolyte
interface. For instance, nifrogen heterocyelic compounds such as 4-tert-buylpyridine (TBP) was
added in the clectrolyte to impreve the open-circuit potential {¥,.) but decrease short cireuit
guerent (), while guanidinium thiccyanake (GuNCS) was found to increase both ¥, and Ji
[86]. Thercfore, Thomas Stergiopoulos ang et al. reported the influence of electrolyte co-additives
on the performance of dye-sensitized solar cells [83]. The co-additive composted of d-ert-
butylpyridine (TBP), N-methylbezimidazole (NMBI) and guanidiniurn thiocyanate {GuNCS),
adsorbed onto the photoclectrode/electrulyte  intertace, thus shifting the semiconductor’s
conduction band cdge and preventing recombination with triiodide. The TBP ¢nhanced the initial
officiency under [1,) = 0.02 M from 3.5 up to 4.1%, while NMPI boosted the corresponding initial
efficicney at [1,] = 0.08 M from 2.5 o 4.1%. Further addifion of guanidinium cations in the above
systoms incrcased the efficiencies by another 0.5-0.7% (by increasing both ¥, and -
The oplinmm stralification has been shown cfficiencies of 5.8% with NMBI-GuNCS and up o
.0% with TBP-GuNCS co-additives, respectively. |

According 10 the work of Qinging Yu mnd st al. [0}, that introduced the

co-additive of TBP-GuNCS in e elcctrolyte as application in DS5Cs based on C106-dye.
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The DSSCs based C106-dye presented the conversion efficiency of 11.7-12.1% were attained at
the AM1.5 conditions. On the other hand, it is culy a small amount of the clectrolyte clectric
additive into the electrolyte, the superfluous electric additive will cause a poot photovoltaic
performance of DSSCs [79).

The use of liquid electrolyte is not idea) for commercial applications {especially
the comman use of acetonitrle derivative as Lhe solvent), duc to problems with sealing, volatility
and toxicity [76]. Although iodide/triiodide has been demonstrated the most cificient redox couple
for regeneration of the oxidized dye, is severe corrosion for many sealing matenials, especially
metals, cause 4 difficult assembling and senling for a large-arca DSSCs and poor long-term
stability of DSSCs [77, 79]. Besides these practical problems the search for new eleptron transfer
modiators potentially capable of replacing the I/I” couple challenging for a mumber of reasons
related to the strict requircments that must be fulfilled by an efficient clectron mediator [77].
Therefore, other kinds of redox couples such as Br/Br, guininehydroguinons [84],
(SCN)/SCN, (SeCN),/SeCN, CollvllY, CufUal)’, Fefe', and bipyridine cobalt (IVIID)
complexes were investigated for use in DSSCs [85-28], owing to their energy anmatehable with
dyes or their intrinsic low diffusion coefficients in electrolyte, these redox couples show lc.nwar
1385Cs® light-to-electricity conversion efficiencics than the iodide/triodide redox couple does.

| According the properties of liquid electrolyte, tocord efficiencies cxceeding
11% under standard AMI.5 solar lumination have been reached with volatile elecirolyte having a
boiling polnt near 100°C. Howover, due to their high vapor pressure, they are difficult to use
outdoor in warm climates; hennetic sealing requirements pose a challenge for practical
applications [88). I the decade, much attention has therefore been paid to the development of
non-volatile electrolytes meeting the stability requiterncnis for outdoor applications. Roem-
temperature jonic liquid (RTIL) has good chemical and thermal stability vapor pressure, nou-
tlammability, and high fonic conductivity, whereas large viscosity of the jonic liquids is a serious
problemn fot the development of such devices using these promising solvents. [89]. Phomcurrents
in such systems are affected by the series resistances of the clectrolytes, which are usually in
propottion to the viscosity. According to the publication of Griltzel and coworkers teported [30]
the use of ionie liquids, consisting of 1-hexyl-3-methylimidazolium iodide {HMImI) and 1, as an

electrolyte of DSSCs and revealed the high short-cirenit currents (Fy, ), m spite of the cxtromely
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high viscosity. When incorporated inte 138SCs, RTL can be both the source of lodide and the
salvent itself.

The ionic tiquids (ILs} were first used in the DSSCs in Gritzel’s Jaboratory,
with the primary aim of preventing voliage drop by the Li and K jons because the T1. cations can
replace the absorption sites on the TiQ, surface [91). The first IL tested in DSSCs was based on
flie imidazohium cation, and subsequently, [Ls based on Lhis family has been widcly used in the
electrolytes for DSSCs. The kinds of ienic tiquids were shown in Figure 2.20.

The performeance of DSSCs containing different ILs reportedly depends upon
different factors: viz, viscosity, ionic conductivity, diffusion coefficient, size of the cation ring,
mumber, position and length of alkyl groups, melting point, efc. Tac Yeon and colleague [91]
studied the effoet of ionic liquid with different cations (imidazolium, pyrrolidinivm, piperidininn

and pyridinium) on the performance of DSSCs based on electrolytes contaiming a TBP i 3~

methoxypropioitrile (MNN).
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Figure 2.20 The kinds of ionic liquids {211

‘T'he 1Ls based on four types of 5- and 6-member ring cations have different
mono-, &i- and tri- alkyl groups were used in the glectrotytes for DSSCs. The deviee containing -
hexyl-pyridine was presented the best overall conversion efficicney of 7.21% {(Fopo=003V J. -
16.18 mA cm ", FF =1{.61) based on N719 dye. The length and position of the alkyl groups of the '
{Ls were ohserved to have more effect on the performance of the cell than the nature of the 5- or

G- membered ring of the ILs cation.
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The 1is using imidazolium cations have fured the best for the DSSCs [88, 89,
92, 93], the very high concentration of b {ca 5.8 M) present in the pure imidaxolinm indide melts
entails two other advantages, the first being a reduction of the open circuit voltage (V) of the cell
due to the lowering of the Nemst powential of the counter elecirode and the second the occurrence
of reductive quenching of the rutheninm sensitizer comparing with clectron injection from the
excited state and decreasing the short-cirouit photocirent  density {Jb of the cells
These problems are alleviated by adding a {ow-viscosity IL having an inert anion (o the iodide-
containing L. A variely of such binary ILs containing different anions have been explored, such
as  bis-(tripluoromethylsulfonyl)  inmde (TEN), thiocyanate (NCS7), wicyanometanantide
(C(CN),") and tefracyanoborate (B(CN),”). The TEN and B(CN), have shown the stable
performance in the DSSCs, but the 1-ethyl- 3methyl-imidazolivm tetracyanoborate {(EMIB(CN},),
whose viscosity is only 19.8 cP at 20°C was intercated. The publication [88, 89] reported the effect
of the binary ionic liguid elecirolyle (1-propyl-3-methyl-imidazilium iodide (PMII) and 1-ethyl-3-
metlyl imidazolivm tetracyanoborate (EMIB{CN),), that present the improvement of PEECs
performance and exhibit excellent stability (92, 93l

However, if the celis are not hermetically sealed, volatile solvents can leak out
and evaporate under thermal stress, leaving only ionic liquids behind and deteriorating the device
performance, Hence, it is pertinent o employ nonvelaiile-free fonic liquid or polymer electrolyte.
Hence, it 1s pertinent to employ nonvolatile solvent-free jonic liquid or polymer electrolyte or all-
solid-state hole transporting materials in DSSCs. Yiming Cao and colleague [95] studied the
temperature-dependent physicochemical, such as density, conductivity, and fluidity, of 1,3~
dialkylimidazelium jodide. In combination with the amphiphilic Z90TNa sensitizer [Figure 2.21],
that found the important o use low-viscosity jodide melts with sinall cations fo achieve high-
efficicney dye-sensitized solar cills. These stulies reveal that the viscosity-deprndent fransport of
todide in jonic liquid electrolytes with high iodide concenwation can be explained by lwo parallel
processes, Apart from the normal physical diffusion, the coupling process of physical diffusion
and bond cxchange is responsible for the obscrved abpormally high diffusion coefficients.
The stady has provided useful insight for further improvement of solvent-free electrolyle based on
rational design of their constituents, facilitating the larpe-scale practical application of lightweight,

flexible dye-sensitived solar cells.
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Figure 2.21 The molécular stracture of Z907Na.

Beside, the solidifying elcotrolyte forming gel of quasi-solid-slate electrolyte
has been the primary. solution to make the sealing process easier and to minimize the loss uf
clectrolytes for enhanced durability. The agarose zel slectrolyte was studicd by Hsin-Ling Hsu
and et al [95]. The environmental benign co-solvent such as dimethyl sulfoxide (DMSO)
propylene carbonsie (PC) can significantly increase the conversion efficiency to 3.4% with
agarose compared to pure 1-methyl-3-propylimidazolium jodide (MPID) with agarose {1.4%),
while retaining~80% of the encrgy conversion efficiencies of the reference cell without agorose
under the illumination at AMLS {100 mW em ). Zhipeng Huo and co-worker (6] teported
the improvement of electrolyte for DSSCs by using quasi-solid-state Poly {(vinylidensfivotide-co-
hexafluorenepropylene} (P(VDF-HFP)) introduced with Ti0, nanoperticles. These gtudies showed
that the nano-170, composite gel electrolytes based devices could maintain 90% of their nitial
value after heating at 60°C for 1000 h. From the results, that was contributed significantly to
improvement of the performance and long term slability of the quasi-solid-state DSSCs [97, 98],

24,4 Counter electrode

Generally, a DSSC is eomposed of a dye-sensitized mesoporous semigonductor
photoanode, an electrolyte containing an iodide/griiodide redox couple, and a catalytic counter
cloctrode (CE). One of the moust important components of DSSCs is CEs which collect electrons
artiving from external civcuit and catalyze reduction reaction of triicdide ion. Thus, the CE should
possess high catalytic activity and high cicetrical conductivity for ctficient charpe transport [_99].
At the counter electrode trilodide should be effeiently reduced to iodide. The counter electrode
must be catalyfically active to ensure rapid reaction and low overpatential. The overpotential 77

acoded o drive the reaction al certain current density gives rise to a charge transfer resistinee (Roy
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=7, which acts as 4 serles resistance in the solar cell: Lloally R should be down to ~ 1 0 em
to avoid significant losses [75]. Many eleclrode materials were used as CE, such as carbor, gold,
platinum and polymer. The Patinized counter clectrode has been widely used in DSSC so far, due
to its high comduetivity and catalytic activity for reduction of L, ions [100}.

‘Therefore, tmost of the work on DSSCs have stitized a5 the cathode material.
The several methods were used to preparation of CE, for example, thermal decomposition of Pt
precursor [80, B1, 101], doctor blade [85), sputtering [50, 8%, 95), dropping (85, 88, 90, 97, 98,
102] and spin-coating [103]. The preparation CE by dropping of Pt procursor solution oh the FTO
subsirate i fundamental method and inexpensive. The dropping technique was applied into the
work of Min-Hye Kim and colleague {102]. That reported on a method to preparation Pt
elecirodes with homopgenecusly dispersed It nanoparticles on FTOQ substrates by addinpg an
organic additive, hydroxylpropyl celiulose {HPC) in Pt precursor solution. The distribution: of Pt
precursor at the surface is an important factor for the improvement DSSCs performance.

According the regenceation of dye elcetrons oecurs through clectron donation
from & tedox electrolyte in contact with dye. This typically ccours through an organic solvent
containing an iodide/iriiodide couple. Triiedide is reduced in turn at the counter electrode.
Therefore, the DSSCs fabrication by using the different of counter electrode (gold and graphite)
was observed [10]. Althouph, the FF for both cells was found to he 70%%, short ¢ircuit cwrrent
density and open circuit voltage for operation with praphite and gold coated counter electrodes
were increased from 1.44 to 2.13 mA em” and 360 to 370 mV, respectively. Overall cotversion
effiviencies (1) for fabricated cells fund to be 3.63% for cell operated with graphite and 5.51% for
gold counter electrodes.

However, for cost-effective fubrication and long-term stability of the DRSC, i
CFs saffer from its high price, rarity, and susceptibility to corrosion by iodide elecirolyte.
Therefore, developmert of Pt-free CEs using aliernative materials is expected to reduce
production costs of DSSCs [99], it is desirable to develop low-cust and more stabic materals such
as carbon, carbon Dlack, graphite, activated carbon or single-wall carbost nanotubes and
conductive polymers. Carbonaccons materials contain significant features such as high clectronic
conductivity, corrosion sesistance toward trilodide, high reactivity for triledide reduction and low
cost [104]. Ongon Topou and et al. applied carbon nancfubes (CNT) as counter electrode for

DSSCs. The counter electrode was fabricated by microwave plasma-enhanced chemical vapor
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deposition (MPCVD), that the charge transport impedance of T'Ay redox reacton on a CNT
counter eleetrode is fundamentally smaller than that of a Pt counter clectrode, suggesis that the
{'NTs ‘directly grown on the metal substrate are promising as the counter gleptrode of a highly
efficient DSSCs [104, 105]. Moreover, the carbon like graphene wag incorporated in CE for
DSSCs application due to its excellent conduetivity that can decrease charge transfer resistance
[107]. Josef Velten and colicague reporied the replacement of the Pt catalyst normally used in
DSSCs by a nanocomposile of dye spun carbon multi-walled nanctube (MWNT) sheets with
graphene flakes (Gr-F) | 106). The DSSCs free of platinum that give a power conversion efficieacy
of 7.55%, which shows a performeance 86% as efficient as the Pt reference cell.

Furthermore, the Pt-free connter electrode for low cost DSSCs was invented.
Many candidatcs were studied the preparation of CE based on easy way and less capital. Jo-Lin
Lan and ¢t al. and Yurong Gac and colleague reported the use of carbon powdor for preparation of
CE paste [99, 107], with prepared by mixing with organi¢ binder. The CE past baged carbon
ﬁﬁwdars showed the 93% of that of sputtered Pt CE. In addition, the applied nanocarban powders
in CE were reported by Easwaramoothi Ramasamy and co-worker. The charge transfer resistance
of nanocarbon powders electrode in liquid elecirolyte is 0.74 £ cmdz, which is two times less than
that of screen printed platinum. The low cost DSSCs using nanocarbon CE with 6.31% energy
conversion efficicney with good stability [108, 109]. | -

Besides, the integrated materials were applied as CE for DS5Cs operalion, such
| as, poly-N-vinyl-2-pyrrolidene (PVP}-capped Pt nanoclusiers (betier performance for the charge-
tronsfer Tesistance (R} and the cell efficiency (7)) [110], poly(brilliant eresyl blue) (PBCRB) with
mniti walled carbon nanotubes (MWOCNT) {low cost counter ¢leetrode) [111], and
Pticarhonaceous count electrode (Pi/activated carbon and fow layered graphme}’Pt-nann patticles;
DSSC performance was superior o that for active the Pt electrode) [112, 113].

In reeent years, several studies of DSSCs have employed PEROT for
preparation CILL. Carbonaceous materials are quite attvactive due to their high clectric conductivity,
corrosion resistance toward iodine, catalytic activity for the reduction of uiiodide ion and low
cost. However, there alst is a disadvantage in that the contact between carbon patticles amd FTO
glass is very poor [114]. Therefore, the work of Sho sakurai and et ab. used €10, doped polyl3,4-
ethylencdioxythiophene) (FEDOT)-supported catbon particle (PEDOT-CIQ, /C} composite film

electrode. The clectrode was prepared by electrophoretic deposition on transparent conductive
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oxide glass to improve the performance of carbon-based counter electrodes for DESCs, which is
hnproved the FF and presented the conversion ificiency of 4.05% [115].
2.4.5 DSESCs Module

Dye-sensitized solar cells (DSSCs) have attracted considerable attention in last
two decades. As the efficiency of small area DSSCs became higher and higher, many groups have
made their efforts to develop lange arca modules [116, 122]. The confirmed highest efficiency of
the large module is 9.20%, which is still apparently lower than the best small cell efficiency of
11.20% [123]. The most important cause for the lower efficioncy of the modules was considered
as the high resistance of the substrates | 124], sheut resistance of the substrale and sealing of the
electrolyte inside the cell. The most employed technigue to reduce the power loss by shect
resistance is to draw conducting Hnes onto the substrate (125] Silver is the most widely used
imaterial to draw conducting, lines, which is ofien done by screen printing technique [126, 129].
According to the repotted of Dong Yoon Lee in 2007 [126], the screen-printing technology is used
to fabricate large dye-sensitized solac cells (DSSCs). The DSSCs module, which consists of five
stripe-type working elcetrode on a 5 em x 5 cm, embedded silver grid FTO glass substrate, show
stable performance with an energy conversion cificiency of 5.45% under standard test conditions.

The photographs of DSSCs on 5 ¢m x 5 cm F1O glass substrate as shown in Figure 2.22.

Figure 2.22 The Photographics of DSSCs on 5 om x 5 cm FTO glass substrate with (a) plain-type
and (k) stripe type working electrode [126].

ln 2008, the grid type dyc-sensitized solur cell module with carbon counter
clectrode was reported [127). The 5 ¢m x § om size carbon counter clectrode module with an

active area of 11.2 cm’ shows V0 073 W, B 118 mA, FF: 0.55 with 4.23% active arca
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efficicney, which is comparable (o 3.26% of platinum counter electrode module, shows that
carbon can be successfilly nsed in commercial scale DSSCs,

Tn addition, the DSSCs modules are fabricated by connccting few millimeter wide
sirips type area devices in Z or W type interconnection (125, 1271, Figure 2.23 shows two possible
layouts in which cells arc connected in serjes and it has been demonstrated that both the layouts

have their advantages and disadvantages.

Figure 2.23 12-Cells conneeted in serics in {(n) W fashion, {b) Z fashion, and (c}} cells conneoted
in parallel [125].

The scries interconnect modules are prepared by connecting individual small ceils
i series. Since each unit cell is prepared under ideal conditions, it is to be expected that
he performance will be the same as that of the unit cell. Yi-Duo Zhang and colleague reported
the optimized geometry of DSSCs module, which are tainly influenced by the manufacturing
technique rather than the perfurmance of the small cell [124]. Simulation shows that the large area
DSSCs module with aperturc area efficicney of 10.57% can be produced based on the small cell
with efficieney of 11.1%. The module and division of a cell was shown in Figure 2.24.
The module consisted of scvernl sub-modules, which were scries connected {7-bype) along
direction x (only two sub-modules were shown in Figure. 2.24). Fach sub-madule consisted of
several rectangular cells, which were conneeted in paratlel along direction y. The active area of
each ccll had length L, and width L. Bach cell was circled by silver fingers. The width of the

silver finger between neighboring cclis was W, and the width of tﬁc silver finger at the edge of
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cach sub-module was W2, The distance between the active area and the silver finger was dg.

‘I'te: distanice berween the neighbeoring sub-modules was o, (extra space for serics connection).
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Fipure 2.24 Sketch of a module and division of a cell. Euch ¢ell was divided inlo many
rectangutar sub cells. Each sub cell inactive area way simulated as eight

resistances and one source [124].

Then, with the durahility of the larpe size madules, some reports wene published
[130-133]. Hinsch et al. [131] reported that aficr 900 h ageing at 85°C with 4 em” x 5 eclls, a
decrease of 30%% in maximum power was observed. Shuji Nada and co-worker reported the D35Cs
module of 120 mm® which has high temperature durabilily [130]. The durabilily was tested under
85°C for 100 I, at the end of the test the conversion efficiency was retained over 25% of the indtial

one. Figure 2.25 was shown the image of 120 mm’ sub-module and 225 mm” module.

[E:1] ()
Figure 2,25 The image of {a) 120 mm sub-module and {b} 255 mm’ module [130].
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The 255 mum’ module has G-umit sub-nodules on the FTO glass (255 mm =255
mm * 4 mm), cach sub-module is scries-comnected and similar to the 120 mm’ sub-rmodule,

therefore the module is fabricated using nearly the same method of the 120 mm’ sub-module.




