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CHAPTER |

INTRODUCTION

Among the alternative energy resources, the solar energy is more notable
because of its low environmental impact. Therefore, the research on photovoltaic cell
has attracted considerable interest. Particularly, the dye-sensitized solar cell (DSSC)
proposed by O’Regan and Gratzel (O*Regan and Gratzel., 1991) have attracted much
attention since 1991. The dye-sensitized solar cell (DSSC) based on nanoporous TiO;
electrodes divectly convert sunhight into eleetrical energy. This is attributed to its
properties, low manufaeturing.eost, relatively high-energy conversion efficiencies,
easy fabrication, portability.and flexibility when compared to conventional silicon
solar cells (Green et al., 2007). To date__,_ the highest solar to electric conversion
efficiency of over 11%awas/achigved usihg a photoelectrode containing 20 nm TiO,

nanoparticles film sensitized by a ruthenium-based dye (Gratzel et al., 2003).

The dye-sensitized solar cell (DSSC). possesses three major components: (i)
nanostructured metal oxide material to 'f'tr,air‘»sport electrons efficiently, (ii) dye
sensitizer in order to harvest selar energy and- generate excitons, and (iii) redox
electrolyte or hole transporting material, to support the performance of dye and metal
oxide (Thavasi et al.,-2009). Many efforts have been.-made to improve the energy
conversion efficiency of the dye-sensitized solar cell {DSSC) by developing novel
photoelectrodes, dyes, and electrolytes, (Jung et al., 2010).. The photoactive electrode
of the dye-sensitized solar cell (DSSC) is a‘transparent conductive oxide glass coated
with nanoporous TiO, sensitized with dyes forevisible light harvesting, while the
counter‘electrode s a‘transparent conductive oxide glass coated with platinum. The
gap between the two electrodes is filled with an electrolyte containing an iodide/tri-
iodide (I/13") redox couple. The TiO; electrode in the dye-sensitized solar cell (DSSC)
has a large surface area and provides sufficient anchoring sites for the dye sensitizers
to provide effective light harvesting and electron injection. However, electron transfer
from ruthenium complex dye does not work perfectly because many electrons

recombine with the holes at the interface between TiO, and the electrolyte. Efficient



operation of the dye-sensitized solar cell (DSSC) device relies on minimization of the
possible recombination pathways occurring at the TiO,|dye|electrolyte interface.

In order to reduce the recombination, many researchers have proposed devices
that include the use of insulating metal oxides with higher band gaps such as MgO
(Jung et al., 2005), Al,O3 (Liu et al., 2005), SrO (Yang et al., 2002), Nb,Os (Xia et al.,
2007), CaCOg (Lee et al., 2007), and MgTiO;3 (Yang et al., 2009) between the TiO,
and the dye interface. Recently, Ganapathy and coworkers. (2010) proposed that the
modification of TiO, by Al,Oz using atomie layer deposition could increase the
efficiency of dye-sensitized solar cells. A layer.of Al,O; on TiO, surface reduced the
loss of electrons by suppressing their recombination, resulting in a significant increase

in the short-circuit current and the overall power conversion efficiency.

This research focuSes'mainty -on-improving the power conversion efficiency
for dye-sensitized solar cells through imodification of TiO, electrode. Another oxide,
namely, Al,O; or Mg@, was mixed with TiO, sol and the thin film mixed oxide
electrode is prepared. The effects: of sevér-al preparation parameters on the cell
efficiency were investigated, including thé; éalcination temperature and the double-

layer structure.

Objectives

1. To enhance the efficiency of a dye-sensitized solar cell by adding Al,O or
MgQO te theTiO; electrade.

2. To study of the effect of calcination temperature of Al,O3/TiO; electrode
layer.on.the efficiency-of. a.dye-sensitized,solar. cell,

3. To improve efficiency of a-dye-sensitized'solar'cell by 'employing double-

layer structure of the thin film electrode.



Research scopes
Part |

- Titanium dioxide (TiO,), Al,O3 and MgO is prepared by sol-gel methods.
- Al,Oz; or MgO is added to TiO, in the amount ranging from 0 to 2 % (w/w).

- The mixed oxide electrode is characterized by several techniques.

X-ray diffractometry (XRD)

Nitrogen physisorption

UV-visible diffuse reflectance spectroscopy

Inductively coupled plasma gpticalemission spectrophotometer

O O O O O

Zeta potential measurement
o Fourier Transiorm Infrared Spectroscopy (FT-IR)

- The efficiency of dye-sensiiized solar cell is measured by an I-V tester.

Part 11 { 4
- Study the effectrof calgination tefnperature of the dye-sensitized solar cells
with mixed oxide glectrode from Parg' I'on their efficiencies.
- Study the effect of using doubléiif_éyg__r thin film electrode that possesses
similar specific surface areato that of a .sjingle-layer one.
- Characterize “the electrode and tﬁe '-_Céil using several techniques already

mentioned in Part .

This thesis is arranged as foilows:
Chapterd) presented the introduction of this study.

Chapter |1 presented the structure and operation principles jof dye-sensitizer
solar cell (DSSC).

Chapter 111 presented the literature reviews of previous works related to this

research.

Chapter IV presented the synthesis of the TiO, sol and modified TiO, via sol-
gel methods.

Chapter V presented and discussed experimental results.
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In the last chapter. Chapter VI presented overall conclusion and
recommendations for the future studies.

¢
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CHAPTER Il

THEORY

Dye-sensitized solar cell (DSSC)

The dye sensitized solar cell (DSSC) mainly consists of light sensitive dyes,
porous layer of TiO, (wide band gap semietnductor), redox electrolyte, front and
back electrodes made of transparent conducting oxide (FTO). At the heart of the
system is a mesoporous-exide layer composed of-nanometer-sized particles which
have been sintered together.to.allow for electronic eonduction to take place. The
material of choice has been T10; (anataée)__although alternative wide band gap oxides

such as Zn0O, and Nb,Oshave also been irj)/estigated.

The principle of 'DSSC is'the photoexcitation of dye resulting in electron
injection into the conduction hand-of the ri_@tél oxlde (MO), hole injection into the
electrolyte, and gets reduced as shown below:(Thavasi et al,. 2009):

Dyel"™~7+ MO >, Dye" + MO (2.1)
electron injection

Redox species,’ usually, comprises-of iodide/triiodide; redox couple, in the
electrolyte transport the holes from the oxidized dye to the counter electrode. In the
absence-of, redox speciesy-the-injected electrons-from, excited state, of dye undergo
recombination with oxidized dye; instead of 1odine:

Dye"* + MO __, Dye + MO (2.2)

recombination with dye

The redox electrolyte prevents the reduced dye recapturing the injected
electron by donating its own electron and thus regenerates the reduced dye.

Dye" + 2IT —> Dye + Iy (2.3)
dye regeneration



The oxidized iodide is then regenerated by the triiodide at the counter
electrode, with the electrical circuit being completed via electron migration through

the external load.
I+ MO —* 21 + MO (2.4)

iodide regeneration

Back electron transfer from metal oxide into the electrolyte is however the

primary and predominant recor&t\f" ,)/rathway in DSSC, which lower the

conversion eff|C|ency.

: —*-!—» _,—-21—-Mo (2.5)

-~ Electrolyte Counter electrode

Substrate - Substrate

@PM mmumm it 50
AR TN INGIRE

T11e performance of each components is crucial and have been designated

using the parameters: open-circuit voltage Voc, fill factor FF and short circuit current

density Jsc and expressed as efficiency (n) using the equation:

— VOC‘]SCFF and FF — Imameax
F)in ‘]SCVOC

Whereas Voc, is the maximum voltage obtained at zero current.



Jsc, the shot circuit current is the maximum current obtained under less

resistance (short circuit) condition.
Pin is the solar radiation intensity.

Imax and Vmax are the maximum current and maximum voltage,

respectively.

2.1 Components of DSSC

2.1.1 Photosensitized

The best photoveltaic.performance both in terms of conversion yield and long-
term stability has so fagbeen aghieved with polypyridyl complexes of ruthenium and
osmium. Sensitizers hawing the general st’rUcture ML2 (X) 2, where L stands for 2,2’-
bipyridyl-4,4’-dicarboxylic acid M is Ru or Os and X presents a halide, cyanide,
thiocyanate, acetyl acetonate, thiacarbamate, or water substituent, are particularly

promising.

The amount of the sensitizer molecules. available for light harvesting and
charge injection are_important upon adsorbing dye onto the metal oxide. Dye
molecules are to be_ oriented on the surface of metal oxide with attachment
functionalities of the molecule. Orientation reduces the covering area per adsorbed
molecule, providing a more*compact and packed arrangement of the dye molecules,
which allow far mare adsorption dye of molecules! The rate canstant for the migration
of the excited energy would depend on the relative orientation of the donor and
accepter. moieties;. However, .this is .na longer possible" if the 'dye lis adsorbed as
aggregates. Problem of poor electron transfer to the metal oxide conduction band
would be arisen if dyes are aggregated that results in an unsuitable energetic position
of the LUMO level. Lower current density could be resulted by poor injection
efficiency, due to unfavourable binding of dye onto the metal oxide surface. The
orientation of the molecule on the metal oxide surface is characterized by the
anchoring group present in the dye (Rochfoed et al., 2007). Anchoring groups of dye

to the semiconductor surface is the most decisive factor help in bringing the relative



orientation of energy level of donor and acceptor during the attachment on the metal
oxide and increase injection efficiency. Thus, the ruthenium complex cis-
RuL,(NCS),, known as N3 dye, shown in Figure 2.2 has become the paradigm of

heterogeneous charge transfer sensitizer for mesoporous solar cells.

The fully protonated N3 has absorption maxima at 518 and 380 nm, the
extinction coefficients being 1.3 and 1.33 x 10*M™cm™, respectively. The optical
transition has metal-to-ligand charge transfer (MLCT) character: excitation oft the dye
involves transfer of an electron from the metal to the p* orbital of the surface
anchoring carboxylated bipyridy! ligand from.where it is released within femto- to
picoseconds into the conduction band of TiO, generating electric charges with unit
quantum yield (Gratzel., 20083).

COO-

Figure 2.2 Chemical structure of the N3 ruthenium complex used as a charge transfer

sensitizer in dye-sensitized solar-cells. (Gratzel:, 2003)
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Figure 2.3 Inefficient electroninjection into metal.oxide arises from misalignment
and higher degree of protonation in N3 dye. (Thavasi et al., 2009)
|

N3 dye has twe blpyndlne Ilgands and four carboxyl groups in its structure
and adsorption may occur via sgveral modes viz. protonation of one or more of all the
four carboxyl groups (Nazeeruddin et al. -2063) which results in difference in their
energy levels that in turn lead to dlf‘ferenceé“ in their electron injection efficiency. For
example, the fully protonated N3 dye whHe_—possessmg an excellent light-harvesting

capability, shows poor electron |nject|on eff|c1ency due to the misalignment of the

dye on TiO; (Figure 2:3)-(Nilsing-et-al; 2007):—

2.1.2 TiO, electrode film

Nano-porous TiO, thin films have been widely used asthe working electrodes
in dye-sensitized solar cells (DSSC). In DSSC, titanium dioxide (TiO,) is one of the
most promising materials used far nano=parous thin film due to its appropriate energy
levels, dye adsorption ability, low cost, and easy preparation (Hsiue , 2010).

Titanium dioxide (TiO,) is a wide band gap (~3.2 eV for the anatese phase)
semiconductor material which has been under extensive investigations due to its
applications in a variety of fields such as photoelectrolysis (Mishra et al., 2003),
photocatalysis (Yu et al., 2001) comprise dye sensitized solar cells (Ko et al., 2005).

TiO, has 3 crystalline forms: anatase, rutile and brookite. Many important
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applications of TiO, depend on its structural and optical properties. The anatase phase
gained much attention due to its more active surface chemistry and smaller particles
for more dye adsorption, which has better response with ultraviolet photons is used
for photocatalysis (Yu et al., 2001). Anatase is metastable and can be transformed
irreversibly to thermodynamically more stable and condense rutile phase at higher
temperature. The rutile phase has good stability and high refractive index which
makes it suitable for protective coatings on lenses (Takikawa et al., 1999). Rutile to
anatase transformation occurs in the temperature range 700-1000°C depending on the
crystallite size and impurity content. The band gap energies for anatase and rutile
have been estimated to be 3.2 and 3.0 eV, respeetively.

Titanium oxide films have been made by a variety of techniques such as e-
beam evaporation, magnetron” spuitering technique, anodization, chemical vapour
deposition (CVD) and sel gels technique. Among the different methods for the
preparation of thin TiO, layer, sol-gel technique is widely used because of its low
processing cost, simplicity and @bility to produce thin and uniform films on large area
substrates (Mathews et al.; 2009). -

The sol-gel conventional method uses the hydrolytic route, which involves the
initial hydrolysis of ‘the alkoxide precursor followed by, continual condensations
between the hydrolysed particles forming the gel. The -~ hydrolysis and  the
polycondensation of titanium alkoxides proceed according to the following scheme
(Harizanov et al., 2000):

M-O-R¥ H,0 —* WM-OH +R-OH Hydrolysis reaction  (2.6)
M-OH + HO-M —» M-0O-M + H;0 Water condensation (2.7)
M-O-R + HO-M — M-0O-R + R-OH Alcohol condensation (2.8)

Then, M substitute the semiconductor material sach as Si, Zr, Ti, Al, Sn or Ce
OR  substitute the alkoxyl group
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2.1.3 Counter electrode performance

Solar cell studies employ usually a Fluorine dope tin oxide (FTO) as the
conducting glass electrode. Such electrodes are known to be poor choice for efficient
reduction of triiodide. To reduce the overvoltage losses, a very fine Pt-layer or islands
of Pt is deposited on to the conducting glass electrode. This ensures high exchange
current densities at the counter-electrode and thus the processes at the counter
electrode do not become rate limiting in the light energy harvesting process

(Kalyanasundaram et al., 1998).
2.2 Structure and operation principles of dye-sensitizer solar cell

The primary processes«n.dye-sensitized solar cells. At the heart of the system
is a nanocrystalline mesgporeus TiO, film with a monolayer of the charge transfer
dye attached to its surface./The film is placed in contact with a redox electrolyte or an
organic hole conductors Phetogxcitation 61_‘ the sensitizer dye (process (1) in Figure
2.4), the electrons are injected from the ei(}k:i"t-ed sensitizer dyes into the conduction
band (CB) of the semiconductor fitm (eleé_t';__'rén_;__injection) (process (2) in Figure 2.4).
The injected electrons recombine with the b"_xiaized sensitizer dyes (recombination).
This recombination process competes With’thé'—régeneration of the oxidized sensitizer
dyes by the redox mediator molecules (rereduction). The electrons can be transported
in the semiconductor film as the conducting electrons. The conducting electrons can
react with the redox mediator molecules or, with molecules in the solution during
transport, before reaching the 'back contact electrode (leak“reaction). Finally, the

remaining electrons flow into the external circuit (Katoh et al., 2004).
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Figure 2.4 Schematic diagram of bahd st@’é:ture including interfacial charge-transfer
processes oceurping at Ti02|f}yéfelectrolyte interface in dye-sensitized
solar cells. (Ganapathy. et aI.,’:z',p],Q)

id ¥/
Efficient operation of a/DSSC devfc_'éifblies on minimization of the possible
recombination pathways occurring at thQ:_TiQ2|dye|electrolyte interface to allow

efficient charge transport through the TiO, porous layer and subsequent charge

collection at the deviCe contacts. The energy band structure at the TiO,|dye interface
where charge separation processes take place in a DSSE with photon illumination is
illustrated in Figure 2.4. There are two.possible recombination losses to consider. The
photo-generated | electrons tmay: recombine either’ with ‘oxidized dye molecules
(process (3) in Figure 2.4) or with ¢he oxidized sedox couple (process (5) in Figure
2.4); the latter reaction,is thought to be particularly critical to the device performance.
In order to reduce the recombination, many groups have proposed device architectures
that include the use of insulating polymers (Gregg et al., 2001), high band-gap
semiconductor metal oxides like ZnO and Nb,Os. Also the use of insulating metal
oxides such as CaCOs;, BaTiO3, MgO and Al,O3 between the TiO, and the dye
interface has been attempted.



CHAPTER I

LITERATURE REVIEWS

This chapter presents the literature reviews for dye-sensitized solar cell (DSSC)

3.1 Modification of TiO, electrode with mixed-metal oxides

To improve the performance of solar cells, one effective approach is the
interfacial modification ofinanepeorous TiO; films with high band-gap semiconductor
metal oxide coating layes such as SrO, SrTiO;, CaCOs3;, Nb,Os, MgO and Al;O3
between the TiO, andrthe dye interface has been attempted. MgO and Al;O; have
been studied as an insulating barrier give'g its high conduction band edge compared

with TiO,. Recently, many groups have proposed as follows;

it ol

Luo and coworkers (2008) studiéa';_'ﬁye-sensitized TiO, electrodes were
immersed into a solution of aluminum isopropoxide (Ai-O; over layer, Figure 3.1)
using a “wet-chemical” method and after hydrolysis quasi-solid-state solar cell were
fabricated. The cells with Al,O3 coating shown lower back current and better

performance: under low light intensity illumination, the Voc increased by ~50mV, the

Jsc decreased @ little, and the overall efficiency was improved slightly; under
100mW-cm?/AM 45, both, the Woc and dsc increased; resulting-in @ significant 28%
improvement in overall efficiency. The Al,O3 coating also resulted in better stability
of solar cells without encapsulation due to depression of the dye desorption and

electrolyte degradation.
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Figure 3.1 Illustration of the interfacial charge transfer processes occurring at the

TiO,|dyelelectrolyte of a DSSC. Also shown is the Al,O3 overlayer as
developed in this study. (Luo et al., 2008)

Bandara and coworkers(2008) i;westigated how the MgO coating on TiO, and
SnO, affect of the flatsband (FB) potential levels. The results of coating of a thin
insulating MgO layer aa*T103 or SnO3 barticles to decreased a back-electron transfer
reaction rate and can be assumed that the.M'gO coating on TiO, and SnO, may change
the charge transfer and recombination ki'_netics which may in turn enhance the solar
cell performance and photogatalytic activify.. 4

Yang and coworkers (2002) prep_a——_r'_agiprn of nanoporous TiO, electrodes
modified with an MgTiOs layer (represented as TiO2/MgTiO3) and its application in
dye-sensitized solar ceils (DSSC). The conduction band of-MgTiO3 stands higher than
that of TiO,, so the MgTiO; layer can be beneficial to the improvement of nanoporous
TiO, electrodes. nanoporous.TiO; films weteprepared from colloids with particles of
about 20 nm diameter.” The-surface modified TiO,/MgTiO3 electrode was fabricated
by dipping a Ti®, thin film in 0.2 mol-L™* MgCl, and TiCl, mixture aqueous solution
and sintered in airat, 4502C for 30 ‘minute. As a result, the photoelectrochemical
propertieés of the modified electrodes were improved and the overall energy
conversion efficiency n was increased from 6.12% to 8.75% under the illumination of
a white light of 100 mW/cm?.

Ganapathy and coworkers (2010) studied Alumina (Al,O3) shell formation on
TiO, core nanoparticles by atomic layer deposition (ALD) to suppress the
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recombination of charge carriers generated in a dye-sensitized solar cell (DSSC).
ALD is an efficient process for controlling the nanostructure and layer thickness by
regulating the number of deposition cycles. For a porous TiO, later prepared by
applying a paste of TiO, nanoparticles (Ti Nanoxide T20) by means of a doctorblade
on the FTO glass substrates and then annealing at 450°C for 30 minute. Then, the
alumina coated TiO, electrodes and immediately immersed in solution of N3 dye.
After the analyzed, a layer of Al,O3; on TiO, surface reduces the loss of electrons by
suppressing their recombination, and this results in a significant increase in the short-

circuit current and the overall power conversion efficiency.

César and coworkers™ (2010) preparation and characterization of core-shell
electrodes for application.n gel glectrolyte-based dye-sensitized solar cells. The TiO;
electrodes were preparedsfrom [ TiQ, powder (P25 Degussa) and coated with thin
layers of Al,O3, Mg®, Nb,Os and SrTiOs prepared by the sol-gel method. The
improvement in the solar cell energy.conversion efficiency by the overcoat approach
may be assigned to the following factors: ('i)'-the wide band gap coating delays the
electron back transfer to the electrolyte an'd;rhi]r_limizes charge recombination, (ii) the
coating layer also enhances the dye adsorptioh onto the porous electrode and, as a
consequence, the dyeiloading, increasing thé phdtocurrent. The optimum performance
was achieved by solar cells based on MgO/TiO, core-shell electrode: fill factor of
~0.60, short-circuit current density Jsc of 12 mA-cm™, open-circuit voltage Voc of

0.78 V and overall energy_.conversion efficiency of ~5% (under illumination of 100

mW-cm™).

Bihui and coworkers (2010) studied MgO/TiO; core shell film was obtained
by using a simple chemical bath deposition method to coat a thin MgO film around
TiO, nanoparticals. After 20 minute dipping of MgO, Jsc is increased by 19.6% from
7.36 mA.cm™ to 8.80 mA-cm™, and n is increased by 21.8% from 4.32% to 5.26%.
The increase of the FF and n of the solar cell is due to the formed energy barrier by
the thin MgO layer. Moreover, the MgO coating promotes the dye molecular

adsorption ability of the electrodes, leading to the improvement of the Jsc.
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However, the use of mixed metal oxide as an electrode was an alternative approach to

enhance the efficiency of DSSC.
3.2 The structure of TiO, electrode of the dye-sensitized solar cell

Lee and coworkers (2009) investigated the improvement of the DSSC
performance afforded by using multi-layered TiO, electrodes by light-scattering
effect. Three types of TiO, electrode (shown iaeFig 3.2) of the DSSC device were
composed of TiO, particlesof 9 nm, 20'nm, and 123 im in the average diameter. The
use of the light-scattering layers resulted in an increase of the Jsc value, thus the
overall power conversio_p,efficiency by"j_,6.03% under illumination of simulated AM
1.5 solar light (100 mVV'-c_fm'Z) was attained with a multi-fayer structure using 123-nm-

TiO, layer for the lightscaitering layer an:d 9-nm-Ti0O; layer for the dense layer.

S A

Xu and coworkers /(2009) preﬁa[rgd bilayer-structured film with TiO,
nanocrystals as underlayer’andTiO, nanotubes as overlayer. The resultant double-
layer TiO, film could significantly improve the efficiency of dye-sensitized solar cell

owing to its synergig_ effects, i.e. effective dye adsorptjon mainly originated from

TiO, nanocrystal Iai'e‘ffand rapid electron transport in one=dimensional TiO, nanotube
layer. The overall energy conversion efficiency of 6:15% was achieved by the
formation of double layer TiO, film, with is“44.70% higher than that formed by pure
nanocrystalline TiOz film. It is expected that the idouble layer film electrode can be
extended to other composite film with different layer structures and morphologies for

enhancing the efficiencies of DSSC.

123 nm 20 nm
SnO,F glass SnO,:F glass SnO,:F glass
A type B type C type

Figure 3.2 Three types of TiO, electrode onto SnO,:F glass prepared for dye-
sensitized solar cells. (From Lee et al., 2009)



CHAPTER IV

EXPERIMENTAL

This chapter discusses various material and method employed in this research.
The experiments involved (i) preparation of TiO, film and metal oxide dope TiO,
film, and measuring their characteristics. (ii) preparation of dye-sensitized solar cell
components. (iii) assembled the DSSC by fit: the working electrode, the counter

electrode and the electrolyte,and (iv) physical-andelectrochemical characterization.

4.1 Preparation of TiO; film and metal oxide dope TiO; film

The preparation of the TiO; Titm and metal oxide dope TiO; film consisted of
two steps: the preparation/of T19;sol via sal gel method and the application of TiO,

sol onto electrode by ulfrasgnic spray coating. .

4.1.1 Preparation of TiO;sol

TiO; sol was prepared-via-a-sol-gel-meihod. A salution consisted of 14.44 ml
of 70% nitric acid and-2000 ml of distilled water. Titantum (IV) isopropoxide in the
amount of 166.80 ml was added slowly into the solution while being strirred
continuously at-foem temperature.cT he mixturessolution was.stirred for 3-4 days until
clean sol was ,obtained. Next," the clean sol" underwent dialysis in a cellulose
membrane, The distilled water used for dialysis was_changed daily until a pH of 3.5

was obtained. Andithen; TiO,solwas keptin a refrigerator.until needed.

4.1.2 Preparation of metal oxide dope TiO, sol

In this work , another oxide was added to TiO, film. The metal oxide chosen
for this study were Al,0O3 and MgO , which were added to a TiO, sol at concentrations
of 0.25%, 1.0% and 2.0% (w/w).
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4.1.2.1 Preparation of Al,O3/TiO; sol

To prepare Al;O3 sol, one mixed 2 g of aluminium iso-propoxide [AIP] in 44
ml of deionized water, which had been preheated to about 90°C. After the solution
had been stirred thoroughly for one hour, 1.2 ml of 1 M HCI was added (the molar
ratio of AIP : water : HCI is 1: 100: 0.05). Then the solution was stirred at 90°C for

another hour. An almost transparent sol was.

To obtain 0.25%, 1.0% and 2.0% (w/w) of Al,O3/TiO, mixture, one mixed
0.43 ml, 1.71 ml and 3.42 ml of Al,O3 sol, respeetively, with 80.44 ml, 79.84 ml and
79.03 ml of TiO, sol, respectively: The solution was stirred until homogeneity was
obtained. Then, the mixture seluiion underwent dialysisin a cellulose membrane until

a pH of 3.5 was obtained.

4.1.2.2 Preparation of MgO/TiO, sol

Preparation of MgQ sal; this Wofk ‘mixed Magnesium nitrate hexahydrate
[Mg(NO3),-6H,0] and Oxalic acid [(COOH)Z-ZHZO] precursors in 1:1 molar ratio are

first dissolved separately in ethanol and stirred to obtain two clear solutions.

To obtain 0.25%,.1.0% and 2.0% (w/w) of MgO/TiO,, this work mixed 0.21
ml, 0.83 ml and,1.66/ml of magnesium'solwith TiO, sol with‘the volume of 80.44 ml,
79.84 ml and 79:03 ml respectively. The solution was stirred until homogeneity was
obtained, Add thenxthe mixture solution underwent dialysisin a-cellulose membrane

until a pH 3.5 was'obtained.

4.2 Preparation of dye-sensitized solar cell components and the fabrication
procedure

The components of DSSC are mainly considered of transparent conducting

glass, dye, electrolyte, counter electrode and anode electrode.
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4.2.1 Transparent conducting oxide glass

The conducting glass is transparent conducting oxide coated glass, which is
the fluorine-doped tin oxide (FTO) coated on electrically conducting glass. The glass
was purchased from Solaronix (Switzerland) under the commercial name TCO22-15.
To identify the conducting side of fluorine doped tin oxide coated on glass, one used a
multimeter to measure resistance. The conducting side would have a sheet resistance

of ca. 15-20 ohm. The glass was cleaned with ethanol and dried with a hair-dryer.

4.2.2 Dye sensitized

In this research, this*Wwerk employed Cis-di(thiocyanate)bis(2,2’-bipyridine-
4,4’-dicarboxylate)ruthenium (11) .or N3 (R535) dye from Solaronix, which was
widely used in dye-sensitized solar cell. To prepare the dye solution, 20 mg of N3 dye
was dissolved in 100.ml of ethano! and the mixture was stirred until a homogeneous
solution was obtained. Fhe restlting product was a solution of 0.3 mM N3 dye in

ethanol.

4.2.3 Electrolyte

Electrolyte consisted of 0.5 M lithium iodine (Li1),"0.05 M iodide (I,), and 0.5
M 4-tert-butylpyridine-(TBP) in acetronitrile, one mixed 2.00 g of Lil, 0.38 g of I,
and 2.20 ml of TBP_ in“30_ml_of acetrenitrile. The solution was stirred until

homogeneity was abtained.

4.2.4 Counter electrode

The counter electrode for the DSSC was platinum coated on conducting glass.
To prepare a platinum counter electrode by ion sputtering, one first cut a conducting
glass to a rectangular piece that was 1.0x1.5 cm? in site. The glass was cleaned with
ethanol was dried with a hair-dryer. Then, tape was placed on one side of the glass as
seen in Figure 4.1. Wipe off any fingerprints using a tissue wet with ethanol. Then,

platinum target was sputtering on the conducting glass using ion sputtering (JEOL
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Figure 4.1 The counter electrode before sputtering

JFC-1100E) at 10 mA of ion curren ’ ﬁr minutes. After sputtering, masking tape
was removed. //
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After masking, TiO, was coated on the conducting glass using ultrasonic spray
coater. Stir well the TiO, sol before use, not shake unless bubbles could be formed.
The spraying liquid such as TiO, sol was placed in a syringe pump, which fed the
liquid at a rate 1 ml/min to an ultrasonic nozzle. The level speed of a moving stage
was 4. The power of an ultrasonic nozzle, provided by a frequency generator until was
3.5 watts.

This study effect of modified TiOQ,/electrode then this work controlled the
number of coats of TiO, sol; Al,O3/T10, sol 0rMgO/TiO, sol at 500 coats. After a
few coats, TiO, thin film was dried by a hair dryer. The thickness of film was
measured using profilmeter(Veeco Dektak 150). The anode electrode was sintered at
400°C for two hours. Afteranete electrodes was left to be cooled to 30°C. Before dye
impregnation, we heat elgctrode on' hotplate at 70°C for 10 minute, to avoid water
absorption. Put slowly‘the anode electrode was immersed in a solution of 0.3 mM N3
dye for 12 hours in the dark. Then, the‘anode electrode rinsed with ethanol (The
ethanol remove water fram the porous TiOz')- and dye with hair-dryer. Finally, the
anode electrodes were assembled. =

4.3 Assembled and'tested the DSSC

Assembly the two electrodes (counter and anode-electrode), First this work cut
two strips of a_sealing, material that were 0:15 cm wide and 1.2 cm long. The strips
were inserted asispacer.between the platinum counter electrode and anode electrode.
The platinum counter electrode was’placed on top, of the anode electrode so that the
conducting side of the _counter electrode was an top of the TiQ, film. The cell was
sealed by heating the sealing material with a hotplate at 60°C for 3 minute (see Figure

4.3)
The platinum counter electrode

Sealing material | <— Sealing material

Anode electrode

Figure 4.3 Cross-section of assembled dye solar cell showing sealing rim
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Figure 4.4 Fabrication of dye-sensitized solar cell assembly for testing

For electrolyte filling, in cell having a sealing rim with two small holes, the
filling is done by putting a droplet onto onlycne hole, and let it soak up (see Figure
4.4), then clean carefully the-area around the #Hhing holes with acetone. The cell is
ready for testing.

4.4 Physical and electrochemigal characterization

In this section discussed various techniques for physical and electrochemical
properties of TiO,, metal oxide dope TiO, and dye sensitized, various characterization

techniques were employed.

4.4.1 X-ray diffractometry (XRD)

XRD was performed to determine crystal phase-and crystallite size of TiOg,
Al,O3/TiO, and. MgO/Ti@z It was conducted using a SIEMENS D5000 X-ray
diffractometer with.Cu K, radiation (A= 1554439A) with Ni filter. The spectra were

scanned at a rate of 0.04 min™ in the260 range of 20-80-.

4.4.2 Nitrogen physisorption

To determine the specific surface area of TiO,, Al,O3/TiO, and MgO/TiO;
were measured through nitrogen gas adsorption in a continuous flow method at liquid

nitrogen temperature. A mixture of nitrogen and helium was employed as the carrier
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gas using Micromeritics ChemiSorb 2750 Pulse Chemisorption Ststem instrument.
The sample was thermally treated at 200°C for one hour before measurement.

4.4.3 UV-Visible Absorption Spectroscopy (UV-Vis)

To determine the amount of dye adsorption was determine by a spectroscopic
method by measuring the concentration of dye desorbed on the titania film into a
mixed solution of 0.1M NaOH and ethanol (1:1 in volume fraction). The absorption
spectra by UV-Vis Absorption Spectroscopy (Perkin Elmer Lampda 650, A between
300-800 nm and step size 1 nm).

4.4.4 Inductively Coupled.Plasma-Atomic Emission Spectroscopy (ICP-AES)

The amount of imetaldeposited on t_he surface of titanium dioxide (TiO;) was
measured with an Optima 2100 DV spéctrometer. The sample was solution, we
dissolved 0.01 g of catalyst in & m! of 49% hydrofluoric acid (Merck) stirred until
homogenous solution thensthe splutton make to 100 ml with deionized water. The
solution has concentration of 5 ppm (mg-1™). from the catalyst which was assumed to

have metal content of 2.0 wt %:.

4.4.5 Zeta potential'measurement

Zeta potential measurement were carried out on ZetaPlus (Malvern/Zetasizer),
which uses the,Daoppler shift ‘resuiting’ from ‘laser’ light ‘Scatter from the particles to
obtain a mobility spectrum. A sample was suspended in deionized water and the pH

of the suspension was adjusted-using a,0;1M,HCl.andyNa@H solution,

4.4.6 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR analysis of modified TiO, was carried out in a Nicolet model 6700 of
the IR spectrometer using the wavenumber ranging from 400-4000 cm™ with a

resolution of 4 cm™.
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4.4.7 Current-Voltage Tester (I-V Tester)

The electrochemical properties of dye-sensitized solar cell were determined by
I-V tester Current-Voltage measurements were performed using white light source
under air mass (AM) 1.5G condition. To determine current density, open circuit
voltage, cell resistance, and fill factor. This information was then converted to
efficiency of the solar cell. An area of our solar cell was 0.196 cm?. The equipment
used was MV systems Inc., Xenon short ARC (Osram XBO 1000 W/HS).

The performance of each componenis-s crucial and have been designated
using the parameters: open=circuit voltage Voc, fill factor FF and short circuit current

density Isc and expressed as effigiency (1)) using the equation:

VeI PR 1)
Pin .
| FEATE
and FF =G (4_2)
‘JSCVOC

whereas ; Voc, is the maximum voltage obtained at zero current

Jsc, the~shot circuit current is the maximum current obtained under less

resistance (short circuit) condition
Pin is the solar‘radiation intensity.

Imax and Vmax are the maximum current and maximum voltage,

respectively



CHAPTER V
RESULTS AND DISCUSSION

In this chapter, the experimental results and discussion were described and
divided into three major parts, namely, influence of mixed of Al,O3 and MgO to TiO;
electrode layer, influence of sintering temperature and influence of double-layer

structure of the thin film electrode on the performance of dye sensitized solar cell.

5.1 Effect of modification.of TiO; electrode layer
5.1.1 Modification of TiOzeleetrode layer by adding Al,Os

TiO, electrode dater was modified by addition of Al,O3; to electrode at the
percentage of Al,O3/TiQ; was 0.25 wi %,'-1.0 wt % and 2.0 wt %, the electrode
calcined at 400°C for 120 minutes-and the number of coats were 500 coats have film
thickness was approximately 10.5°pim which sinter temperature and the thickness
gave highest the efficiency of dye sensitized Sblar cell, this work study influence of

percentage of Al,O3/TiO, on performance of dye Sensitized solar cell.

XRD patterns-for the Al,O3/TiO, composite and bare TiO, are shown in
Figure 5.1. It is apparent that the crystalline form of TiO, is anatase, rutile and
brookite phase;{ltyhas:been reported;that-anatase jphase-has higher photocatalytic
oxidation-reduction “activity than ‘rutile "phase. 'The band ‘gap energies for anatase
phase and rutile phase have been estimated to be 8.2 and 3.0 eV, respectively (Chen et
al., 2010).  The ‘results fromcXRE showed thatcweight. fraction of anatase phase
increases when the mixing of Al,O3 increases (see in Table 5.1). The added alumina
oxide role was based on the crystal growth inhibiter, which leading to small grain size
correlated with high surface area (see in Table 5.1).

The amount of Al on Ti catalyst was determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). From ICP analysis the ratio of
Al,O3/TiO; atomic ratio of Al,O3-TiO, mixed oxide calcined at 400°C for 120
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minutes showed in Table 5.1. From result of ICP analysis found that the contents of
Al less than the nominal value may because the preparation of mixed oxide sol.

A A: Anatase R: Rutile  B: Brookite
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Figure 5.1 XRD patterns of Al,03/Ti0, p'-t’)wders at various percentages of
Al,05/TiOz(2) W%, (b) 0.25wt %,; (€) 1.0wt % and (d) 2.0 wt %

")
B |

Table 5.1 Crystal size, surface area and weighi,jraction of anatase, rutile and brookite
of Al,O3/TiO, powders calcined at400°C for 120 minutes

ALOTIO Cry§tal!|te Surface Amountof
23 2 5Ll ared Al from ICP Wa Wr Wpg
(Wt %) (Wt %)
(nm) (m*/g) ’
0 7.80 80.60 - 0.62 0.19 0.18
0.25 6.90 96.10 0.16 0.70 0.15 0.15
1.0 6.80 99.80 0.83 0.70 0.13 0.17
2.0 6.10 105.70 1.77 0.73 0.12 0.15

W : weight fraction of anatase phase

Wk : weight fraction of rutile phase

W;s : weight fraction of brookite phase
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That surface is more basic than bare TiO,, the higher basicity of surface favors
dye attachment through its carboxylic acid groups which can cause the increase of
absorbed dye amount (Wu et al., 2008, Yang et al., 2009). Therefore, an increase in
dye adsorption is expected. Formation of dye agglomerates mainly hinges on to the
high acidity nature of the carboxylic groups of the dye or pH of electrolytic
composition or surface chemical property of material. The isoelectric point (IEP) of
material is the pH at which the materials surface carries no net electrical charge. At a
pH below the isoelectric point (IEP), metal oxide surface carries a net positive charge,
and above the pH, the negative charge predominates. The isoelectric point (IEP) is
therefore an important parameter by which the.difference in injection efficiency at the
metal oxide|dye interface could also be arisen because it determines the stability of the

dye.

Figure 5.2 and Table 5.2 presents the isoelectric point (IEP) values of TiO,
and Al,O3/TiO; electrode. At is evident that the isoelectric point (IEP) of all mixing
Al,O3 electrode are some higher than that of the pure TiO, electrode. So when
adsorbed with N3, the absorbance of the Al_gd-ngiOZ electrode is enhanced compared
with that of the TiO, electrode, showing -i‘hétrlthe modification of Al,O3 apparently
increases the amount of adsorbed dye mq[e'cu;les (show in Figure 5.3). The higher
amount of dye molecules Is attributed to th'e-'rhigher bagicity of the TiO, electrode
upon Al,03; modification. It has been observed that the carboxyl groups in the N3 dye
molecules are more easily adsorbed to the surface of the layers if the modification
materials are more basic than TiO, (Jung et al., 2005).
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Figure 5.2 Isoelectric paint (IEP) of TiO; modified with various Al,O3 contents

Table 5.2 The isoelectri¢ paint (IEP) of TiO, and Al,Os/TiO, at various percentage of

Al,O3/TiO,
ALOSTiO, (Wt %) Isoelectric point (IEP)
0 il 6.69
0.25 6.81
1.0 7.20
2.0 .33

Quantitative, analysis was done by, desorbed| dye- molecules-from presoaked
TiO, and Al,O3/TiO; film into a solution of 0.1 M NaOH in ethanol (1:1 in volume
fraction) and measuring its absorption spectrum. The amount of the adsorbed dye on
TiO, and Al,O3/TiO, was also showed in Figure 5.3.

Figure 5.3 shows the UV-visible absorption spectra for N3 dye absorbed TiO,
and Al,O3/TiO; electrodes. The wavelength of laser was selected as 510 nm because

the dye molecules have maximum absorption around this wavelength. It can be
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concluded that absorption is enhanced with increasing the contents of Al,Os;
modification. The increased absorption led to enhanced light harvesting and thereby
increased short circuit photocurrent (current density) for the corresponding DSSC. It
is assumed that the Al,O3/TiO; layer can also adsorb the dye, which absorbs the light
and generates excited states of the dye.

Figure 5.4 shows the FT-IR spectra of modified TiO, with the different of
Al,O3 contents. The 1600 and 1380 cm™! peaks were attributed to the asymmetric and
symmetric stretching vibrations of -COO" group (Luo et al., 2008), and their intensity
increased with mixing Al up to 1 wt %. Tables5.3 shows the amount of functional
groups of carboxylic acid, obtained by calculating the area under the graph of the
functional groups divided by the surface area. Both UV-vis and FT-IR spectra data
support the finding that the carboxylate acid in N3-TiO, after Al,O5; addition. After
adding Al to 2 wt % the results are' shown carboxylate acid on the surface decrease
and the amount of dye absorption decreased. These results clearly indicate that N3
should also adsorb on¢Ti@, powder surfaces via its carboxylate form. Besides,
although a large number of the carboxyl gro_fub'-s In the dye sensitizer will increase the
electron transfer efficiency due-to their beﬁ{af anchoring to the TiO, surface (Chen et
al., 2010). — -

. 7 -2
Concentratiorr of dye/10° molcm
o [l N w I~ (2] » ~ [o0] ©

0 05 1 15 2

The contents of Al/Ti (Yowt)

Figure 5.3 Relationship between concentrations of dye with various contents of
Al,O5/TiO;
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Figure 5.4 FTIR spectra/of modified TiOz with various Al,O3 contents
(@) 0 wt %, (b)0.25 wt %, (¢) 1.0 wt % and (d) 2.0 wt %

Table 5.3 The quantity of carbexylate acid Qrb’ﬁp on surface of TiO, and Al,O3/TiO;

at various percentage-of Al/Tt = =

) : Surface Surface Area peak of
AlLO5/TIO,  Weight Area peak _
area areaxWeight = COOQO" per
(wt %) (9) ) of COO
(m*/g) Surface total ~ Surface total
TiO; 0.001 80.60 113.78 0.08 1411.70
0.25 0.001 96.10 161.74 0.10 1683.10
1.0 0.001 99.80 173.47 0.99 1738.20
2.0 0.0013  105.70 91.15 0.14 663.30

The overall view of the efficiency of cells fabricated from bare TiO, and
AlL,O3/TiO, electrodes under 100 mW-cmillumination. The corresponding solar cell
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parameters are summarized in Table 5.4. When the contents of Al,O3 is mixed for
less than 2.0 wt % a higher short circuit current, open circuit photo-voltage and
conversion efficiency with increased the contents of Al,O3 can be observed for the
electrodes. The cell showed great improvement in the cell parameters when the
contents of Al indicated that 1.0 wt % of Al,O3/TiO; electrode. The current density
increased from 6.89+1.4 to 7.85+0.9 mA.cm?, and the voltage from 0.60+0.1 to
0.80£0.04 volt. The cell conversion efficiency increased from 3.50+0.2% to 5.04+0.2
%, showing the positive role of the Al,Oz mixing on TiO,. When the mixing Al was
increased to 2.0 wt %, the amount of thesdye adsorbed shows decrease with the
increase of Al,O3 content, which will resuit_ia-the decrease of the light harvesting
efficiency. Upon further increase of mixing the contents of Al,O3, the conversion
efficiency drastically decreased along with other cell parameters. From the poor
conversion efficiencies, it"can be inferred that excessive Al,O; beyond tunneling
distance plays a negativesrole in the photoelectron conversion process (Wu et al.,
2008) '

Table 5.4 Electrochemical ‘properties of{dye sensitized solar cell of Al,O3/TiO;
electrode calcined at 400°C with 500 coats

ALOS/TIO, Voc Jee : Efficiency
(Wt %) Fill Factor
(Volt) (mA-cm?) (%)

0 0.60x0.1 6.89+1.4 0.89+0.3 3.50+0.2
0.25 0.73+0.01 7.74+0.3 0.71+0.01 4.01+0.08
1.0 0,80+0.04 7.851+0.9 0.81+0.1 5.04+0.2
2.0 0.76+0.01 4.53+0.4 1.00£0.06 3.45+0.09
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5.1.2 Modification of TiO; electrode layer by adding MgO

TiO, electrode layer was modified by addition of MgO to TiO, electrode at the
percentage of Mg/Ti was 0.25%, 1.0% and 2.0% (wt %), the electrode calcined at
400°C for 120 minutes.

The phase structure of the films was examined by XRD. Figure 5.5 show the
XRD pattern of the bare TiO, and the MgO/TiO, composite. The peaks are very sharp
implying that the TiO, films were well crystallized (Bihui et al., 2010). The XRD
pattern of the MgO/TiO, compaosite Is founato-be similar as that of bare TiO,. Table
5.5 indicated that the additions of magnesium inhibited the anatase phase increase

slightly.

Table 5.5 reported the wvarious contents of Mg on Ti catalyst from ICP
analysis. From result<of 1CPanalysis faund that the contents of Mg less than the
nominal value may begausg the preparatfon of mixed oxide sol. Besides, this table
showed that the crystallite size and surfaé_§ ‘area which the MgO/TiO, had higher

surface area than pure TiO..

i

Generally, for a given dye, the ’afr_lEL-mt of. dye adsorbed on TiO, and
MgO/TiO; is correlated with the specific area of TIO; and MgO/TiO,. The amount of
the adsorbed dye on TIO, and MgO/TIO; was also showed in Figure 5.7. It can be
observed that the amount-of the adsorbed dye decreases with the increase of the MgO
content, whilelits specific surface area increase compared to that of unmodified TiO,
(see in Table 55). So the specific surface area was not mainly responsible for the

decrease,of the‘dye adsorgtion.
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Figure 5.5 XRD paiterns.of MgO/TiO, powders at various percentage of Mg/Ti
() O wi%, (b) 025 wt %, (c) 1.0 wt % and (d) 2.0 wt %

Table 5.5 Crystal size, surface area and weight fraction of anatase, rutile and brookite
of MgO/TiO, powder calcined at §100°C for 120 minutes

Crys_talllte Surface “Amount of

MgO/Ti02 area .

size #4 Alfrom Wa  Wr  Ws

0, 0,

(Wt %) (o) (m¥g) ICP (%wt)

0 7.80 80.60 £ 0.62 019 0.18
0.25 6.40 94.60 0.22 0.70 013 0.17
1.0 6.90 90.80 0.42 0.70 012 0.17
2.0 7.30 8850 1489 0.71 013 0.16

In order to clarify the reason that a less dye uptake was obtained for MgO
modified TiO,, zeta potentials of the TiO, particles modified with various MgO
contents were measured. Figure 5.6 shows the zeta potential of TiO, modified with
various MgO contents and Table 5.6 presents the isoelectric point (IEP) values of
TiO, and MgO/TiO, electrode. The results show a clear difference in isoelectric point
(IEP) between the samples. It can be clearly observed that the isoelectric point (IEP)

of the particles shifts to lower pH values with the increase of MgO content. For a
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given curve, when independent variable of pH is less than the isoelectric point (IEP)
of TiO,, the zeta potential for the sample is low the horizontal axis, which means that
the surface of MgO/TiO, nanopareicles is the higher acidcity of surface, which is
adverse to the adsorption of dye molecules onto TiO; surface (Cheng et al., 2008). So
the isoelectric point (IEP) is responsible for the decrease of the dye adsorption for
MgO maodified TiO,.

—e—TiO02

—a— Mg/Ti0.25%
—x— Mg/Ti 1.0%
—— Mg/Ti 2.0%

Zeta Potential (mV

'40 T T T T T — ’;1;17"‘!7777 T T T T 1

15 2 25 37350445 5 55 6 65 7 75 8 85
pH

Figure 5.6 Zeta potentials of TiO, modified with various MgO contents

Table 5.6 The isoelectric point (IEP) of TiO>and MgO/TiO, at various percentage of

Mag/Ti
MgO/TiO, (Wt %) Isoelectric point (IEP)
0 6.69
0.25 6.30
1.0 4.55

2.0 0.63
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Figure 5.8 FTIR spectra of modified TiO, with various MgO contents
(@) 0 wt %, (b) 0.25 wt %, (c) 1.0 wt % and (d) 2.0 wt %
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If considered carboxylate acid on the surface of TiO, after improve. FT-IR
results showed that the position wavenumber 1380 cm™ was attributed to the
symmetric stretching vibrations of -COO™ group was decreased when the amount of
Mg increased. This means that among the adhesive surface is less. Consistent with the
results of dye absorption (show in Figure 5.7 and Table 5.7), the amount of dye
absorption is reduced. This is because the carboxylic acid group in the dye reacted
more favourably on a surface with a more basic nature or higher the isoelectric point
(IEP), as show in Table 5.6 (Ganapathy et al., 2010).

The photovoltaic parameters of DSSC«of MgO/TiO, electrode calcined at
400°C at various the amount of Mg are summarized in Table 5.8. The inset shows the
corresponding photocurrent” density: (Jsc) of DSSC. The photocurrent density
decreases as a function of M@O content, which confirmed the previous discussion
about the dye adsorption gffect of MgO modification. So, the overall efficiency of cell

was decease after added Mg on Ti sol.

Table 5.7 The quantity of Carboxylate acid“group on surface of TiO, and MgO/TiO,

at various percentage'cf MgO

g Area peak
) ) Surface
MgO/TiO, Weight'—Sufface-area—A~Area-peaic-of ) of COO' per
o g areaxWeight =
(wt %) (9) (m</g) COO Surface
Surface total
total

TiO; 0.001 80.60 113.78 0.08 1411.70
0.25 0,002 94:60 14.1:97 0:19 591.83
1.0 0.0016 90.80 76.73 0.15 528.06

2.0 0.0013 88.50 64.80 0.12 563.21
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Table 5.8 Electrochemical properties of dye sensitized solar cell of MgO/TiO,
electrode calcined at 400°C with 500 coats

MgO/TiO, Voc Jsc Efficiency
Fill Factor
(Wt %) (Volt) (mA-cm™) (%)
0 0.60+0.1 6.89+1.4 0.89+0.3 3.50+0.2
0.25 0.77+0.06 4.90+0.8 0.750.1 2.79+0.07
1.0 0.74+0.02 3.79+0.6 0.82+0.1 2.27+0.09
2.0 0.60+0.04 1.32+0.2 0.52+0.05 0.41+0.05

5.2 Effect of calcinations iemperature on mixed oxide electrode layer

Al,O3/TiO; (1.0 wit %) sol was prep_ér'éd via sol-gel method. It has been used
as a working electrode in DSSC. In Q{ahexal, sintering temperature affect on
photocurrent-voltage characteristic because of ;the change of crystallite size, surface
area and phase transformation of TiO, (NgéFﬁsinIapasathian et al., 2005). In this

study, the sintering temperature was varied to be 300°C, 400°C and 500°C.

The crystalline nature of the TiO, particles was investigated using XRD and
the results are.shown in Figure 5.9. X-ray diffraction analyses show the presence of
anatase structure al low temperature. Fraction of rutile phase is detected with

increasinghe calcinations temperature 5009C:

Crystalline size of the particles was estimated from the full width at half
maximum (FWHM) of the intense (1 0 1) diffraction peak of anatase phase according
to the Scherrer’s equation. The primary particle sizes of TiO, particle using Scherrer’s
equation are listed in Table 5.9. The estimated sizes were 5.2 nm, 7.0 nm and 8.2 nm
for sintered temperature at 300°C, 400°C and 500°C, respectively. When the higher

temperature, the smaller the BET surface area of the sample. It was also found that the
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crystalline size, surface area and phase transformation were affected by the

calcinations temperatures.

The increasing of particle size can be attributed of crystallization of the
surface amorphous structure and the connection of those small nanoparticles at higher
calcined temperature are important for help electron transport of TiO, film electrode
(Zhao et al., 2008).

Han et al., 2005 have reported that' a‘DSSC with 71% anatase (and remaining
rutile) in its film has shown a larger conversion-efficiency of 6.8% compared to 5.3%
of a cell with pure anatase TiO,. Conpared with anatase, rutile TiO, has superios light
scattering properties because Of itS higher refraction index and is chemically more
stable and potentrally cheaper 40 produce. Higher light scattering properties are

beneficial from the perspeetives of effective light harvesting.

A A: Anatase R: Rutile B: Brookite
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Figure.5.9 XRD paiterns;of 1:0% (wt-%) of Al,O3/TiO, powders sintered at different
temperature for 120 minutes, (a) 300°C, (b) 400°C and (c) 500°C
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Table 5.9 Crystal size, surface area and weight fraction of anatase and rutile phase of
1.0 wt % of Al,O3/TiO, powders at different temperature for 120 minutes

Calcined temperature Crystallite  Surface area
P Y Wa Wk  Ws

of 1.0 wt % (°C) size (nm) (m?/g)
300 5.20 134.40 0.85 0.04 0.1
400 7.00 99.20 070 013 017
500 8.20 66.90 0.66 0.20 0.14

W, : weight fraction of anatase phase
Wk : weight fraction of ruiile phase
W5z : weight fraction'of brookite phase « +

Concentration of dye/10” molem™
o [l N w SN ol D ~ [00) [{e)

300 400 500

Sintering tempe rature (°C)

Figure 5.10 Relationship'between concentrations 6f dye and sintering-temperatures
with 500 coats of 1.0 wt % of Al,O3/TiO, for 120 minutes

The resulting of electrochemical properties in Table 5.10 of the thickness of
TiO, was about 10.5 pm at various sintering temperature for 120 minutes indicated
that sintering temperature influence on performance of DSSC, this table ware show
short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and efficiency of
DSSC.
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The photocurrent characteristic (Jsc) increases maximal up to 400°C and it
decreases with increases in sintering temperature. Although surface area of the cell
calcined at 400°C less than the cell calcined at 300°C, in contrast the amount of dye
adsorption of electrode sintered at 400°C higher than the electrode sintered at 300°C.
In general, the amount of adsorbed dye increases related with number of inject
electron in metal electrode leading to an increase of Jsc. Hence, the electrode was
calcined at 400°C improve the connection between particles which help electron

transport of TiO; film electrode.

The efficiency of the eell sintered at"500°C decreases was show Table 5.10
because of the increasing of rutile phase was show in Table 5.9 leading to large
particle size, less of surfaceareawhich due to absorption of dye not enough. Beside, it
is well known that electron diffusion coefficient (Dn) for the rutile film is about one
order of magnitude lower than that of ‘the anatase film, implying that electron
transport is slower insthe gutile layer than in the anatase layer (Park et al., 2010), it

cause current density decreases with.the performance of dye sensitized decreases.

Table 5.10 Electrochemical propetties of_lt__'ji/q__sensitized solar cell of 1.0 wt % of
Al,05/TiO; electrode calcined at various temperatures for 120 minutes, the
thickness of. Al304/TiO film about 10.5 pifi

Sintering temperature

of Voc Jsc Efficiency
Fill.Factor
Al,O3/TiO, (1.0 wt %), (Valt) (mA-cm™) (%)
(°C)
300 0.59+0.005 1.90+0.5 0.49+0.07 0.54+0.1
400 0.80+0.04 7.85+0.9 0.81+0.1 5.04+0.2

500 0.74+0.01 5.51+0.3 1.01+0.04 4.16+0.14




41

Efficiency (%)

O T T T
300 350 400 450 500

Siatering te mperature ("C)

Figure 5.11 The efficiency.of 1.0% (wt %) of AlOs/TiO, at different calcined
temperatures for 420 minutes

5.3 Dye-sensitized solar gell using double-layered conducting glass

TiO, electrode was deposited onto conducting glass by the layer-by-layer
deposition of double-layered TiO> particl@.‘-’fhe layer was coated on conducting
glasses by using the ultrasonic spray coater, humber of coats constant at 500. After
deposition, thin film_was dried by a hair dryer and then sintered at 400°C. It is
expected that the double layer film electrode can be extended to other composite films
with different layer structures and morphologies for enhancing the efficiencies of

DSSC.

Type A: Deposition Al,O3/TiO, 1.0 wt %-sol on a condugting glass, calcined
at 400°€ for 120 minutes and the number of; coats were 500 coats have film thickness
was approximately 10.5 pm which sinter temperature, the thickness and the

percentage of Al gave highest the efficiency of dye sensitized solar cell.

Type B: Deposition pure TiO, sol on a conducting glass and the number of
coats were 250 coats and then sintered at 400°C for 120 minutes. Next, the deposition

process of the mixed oxide electrode Al,O3/TiO, 1.0 wt % was to obtain the desired
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film thickness same single-layer electrode. The electrode was finally sintered at a
temperature 400°C for 30 minutes.

After the above heat treatment procedure, the resulting TiO, electrodes were
soaked in an ethanol solution containing 0.5mM N3 dye at room temperature for 12
hour. Then the electrodes were sequentially washed with ethanol and dried. In order
to analyze the loading amount of dye in TiO, electrode, the dye was desorbed from
TiO, electrode into NaOH solution in ethanol. The UV-vis spectrophotometer was
employed to measure the dye concentration of the desorbed dye solution. The UV-vis
spectrum showing the adsorbent of wavelength.#or TiO, electrode can be observed to
have the absorption feature. Table 5.11 shows the comparison of concentration of dye
value between a single layered and double layered electrode structure. The adsorption
of dye in single layered and dotible layered are 7.9725%x10" mol-cm™ and 8.5048x10°
mol-cm™, respectively. Cofsedueéntly, it can be confirmed that the conjugation status
exists between dye and the'thin film electrode, and multiple layered organization will
affect photoelectrical electrode productioﬁ, When compared with single layered and
double layer thin film result the preparéﬁd “double layer thin film with a good
compactness can increase the dye adsorpﬁ&rf capability of the thin film and enhance
its adsorption percentage. These dyes f"s_héuld incorporate functional groups
(interlocking groups)as for example carbokyiajtés or chelating groups, which besides
bonding to the titanitim dioxide surface, also effect an enhanced electronic coupling
of the sensitizer with the conduction band of the semiconductor. The carboxylates
groups serve to attach the Ru complex to the surface of the oxide and to establish
good electronie:coupling between the ©* orbital of'the electronically excited complex
(Gratzel et al., 2003, Nazeeruddin et al., 1993).
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Al/Ti 1.0 wt % at 400°C for
30 min
Al/Ti 1.0 wt % at 400°C for 2 Pure TiO; at 400°C for 2 hr
hr
Conducting glass Conducting glass
(@) (b)

Figure 5.12 Type of the mixed oxide elecirode on conducting glass prepared for
DSSC (a) Single-layer and (b) Double-layers

Table 5.11The specific surface area of TiO, powders calcined at various temperatures

Calciped N, Surface Concentration
Crystallite size
temperature ! area of dye
€0 nm) (m?/g) (mol-cm?)
Single-layer :
AlL,O3/TiO, ,
1.0 wt % 400°C 420 min - 6.95 99.20 7.97x107
Double-layers :
Pure TiO;
(underlayer) 400°C 120 min 7.80 80.60
8.50x10°7
AlL,O3/TiO,
1.0 wt% 400°C+ 30 min 5,69 120:20

(overlayer)

Rigure 5.13 'represents the (diffused: reflection spectra of single-layered and
double-layer TiO, electrode. The diffused reflectance of the films increases as the

scattering layers were added.

Table 5.12 compared the properties and photovoltaic parameters of single
layered and double layered thin film electrode at nearly specific surface area, in which
the thickness of single-layered electrode was experimentally controlled to be identical
to that of double-layered electrode (ca. 10.5um). As a result, from many dye
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molecules are adsorbed on the surface of modification TiO, film structure, increases
the photocurrent value (Jsc) from 7.85+0.9 to 8.74+0.9 mA.cm? and the
photoelectrochemical properties of the double layer structure were improved and the

overall energy conversion efficiency n was enhanced from 5.04+0.2% to 5.50+0.5%.
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Figure 5.13 Diffused reflection of single-layered and double-layered
(a) Single-layer and (b) Double-layer
Table 5.12 DSSC performance of single and double layers-€lectrode
Voc Jsc Efficiency
Fill. Factor
(volt) (mA‘cm™) (%)

Single-layer :

AlLGg(Ti0z 1L.OWL% | [ 1 80+0.04 7.85+019 0.8140.1 5.04+0.2

Double-layers :
Pure TiO; (under)

AlO4/TiO2 1.0Wt %  0.73+0.005 8.74+0.9 0.86+0.03 5.50+0.5
(over)




CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE RESEARCH

This research has investigated the effect of TiO, with the addition of alumina
or magnesium oxide on the performance of dye-sensitized solar cell. In this chapter,
section 6.1 provided the conclusion that abtained from the experimental results of the
effect of the modification of TiO; electrode layer by adding Al,O; and MgO, the
effect of sintering temperature, effect of thickness'of TiO, electrode layer for single-
layer and double-layer O3 films on the performance of dye-sensitized solar cell.

Additionally, recommendations for future study are presented in section 6.2.

6.1 Conclusion

6.1.1 Modification/of Ti0; electrode layer by adding Al,Os

The modification of the TG electrcjde‘ Jayer by different amount of Al,O3; by
weight altered the performance of dye-sensitized solar cell. The surface area of TiO;
after the addition of alumina also has a lot more basicity. Resulting dye molecules
(with a group carboxylate acid) adhesive on the surface more. Lead to improved short
circuit current density-and the efficiency of the cells when compared to cells with
only TiO,. The 1% (wt %) of Al,Os/TiO, electrode sintered at 400 °C for two hours
at thickness of filmwas.10.5 um gave the best efficiency of icell of 5.04+0.2%.

6.1.2 Modification of TiO, electrode layer by adding MgO

The effect of adding magnesium oxide the surface of titanium dioxide after
the addition the acidity increased. The amount of dye absorption decreased, resulting
in reduced short circuit current density and efficiency of the cell decreased when

compared to cells with only TiO,.
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6.1.3 Effect of sintering temperature on mixed oxide electrode layer

The photovoltaic parameters of DSSC depend on sintering temperature, it was
found that a maximum of short-circuit current density with a DSSC with a TiO, added
alumina 1% (wt %) electrode sintered at 400°C for 120 minutes. The highest cell
efficiency of 5.04+0.2%.

6.1.4 Double-layered TiO, electrode

Double-layered TiO; electrode was febricated to increase the light scattering
and dye adsorption. The photoelectrochemical properties of the double layer structure
were improved and the overall energy conversion efficiency was enhanced from
5.04+0.2% to 5.50+0.5%.

6.2 Recommendations for future étudies

From the previous conclusions, the following recommendations for future

studies are proposed.

1. Improvingefficiency of dye-senrsiti-rzre-d solar cell by optimizing fabrication
procedure:

2. Improving of the light harvest efficiency of dye-adsorbed TiO; electrodes
by multi-layer (using a TiO; layer higher surface area increases the dye
adserption).

3. Improving the surface of TiO; electrode with other metal oxide.
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APPENDIX A

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystalline size by Debye-Scherrer equation

The crystalline size ean be calculated from the width at half-height of the

diffraction peak of XRD pattern using the Debye-Scherrer equation

From Scherrer'equation

% .c'?s_e (A 1)
where D = JCrystallite S|ze ‘A
K = Crystalline-shaﬁeiactor =09
A= X-ray wavelength, 1.5418 A for CuKa
i = Observed peak angle, degree
B | = X=ray diffraction/readening; radian

The X-rayo diffraction’ broadening '(B) is the pure 'width..of the powder
diffraction, free of all broadening due to the experimental equipment. Standard a-
alumina is used to observe the instrumental broadening since its crystallite size is
larger than 2000A. The X-ray diffraction broadening (B) can be obtained by using

Warren’s formula.



From Warren’s formular:
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B2 =B2, B2 (A.2)

M ~S

2 L2
B=yBpy - BS

Where Measured peak width in radians at half peak height
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0 = 12.775°

A = 15418 A

The crystalline size = 0.9x15418 = 7818A = 7.82 nm

0.0182c0s12.775
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Figure AL The (101)diffraction peak of TiO or caleulation of the crystallite size
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APPENDIX B

CALCULATION OF WEIGHT FRACTION OF ANATASE, RETILE AND
BROOKITE PHASE

The phase content of a sabe ere determined by XRD which can be

calculated from the integrated i 1S values of 25.32°, 27.44°, and 30.88°
corresponded to the anatase, ' e respectively.
'—

‘“w be calculated by (Zhang,

The weight fr
Banfield, 2000) as fol

Where

we GRS Y 8 7) S

Wr = ﬂ/elght fraction of rutile

AL Ltk DIAANIINGANY

Aa = the intensity of the anatase peak
Ar = the intensity of the rutile peak
Ag = the intensity of the brookite peak

ka = the coefficients factor of anatase was 0.886



ke = the coefficients factor of rutile was 2.721

Example: calculation of the phase contents of TiO, calcined 400°C

Where

The integrated intensities of anatase (Aa)

444 .47

The integrated intensities

122.25

The integrated intensi

The weight fraction o

d by (Zhang, Banfield, 2000)
as follows:

— = 0.62
A T 0.886(444.47 _..wf 721(41.

A = e 0-10

: [l"

iy

Sutangnsneng,

WAy 886(444.47) + (122.25) + 2.721(41.83)

Q‘IW’mﬁﬂ‘iﬂJﬂJﬂﬂﬂEﬂﬁﬂ
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APPENDIX C

DETERMINATION OF THE AMOUNT OF DYE ADSORBED ON TITANIA
SURFACE

oncentration of dye desorbed on the

titania film into a mixed sol ’ ethanol (1:1 in volume fraction).
7 ———

The calibratio
illustrated in the followi

Spectroscopy (UV-Vis) where

f dye with absorbance was

lﬁymwﬂmwmm “ e

q RIAINTO SMTANEA Y

Flgure C.1 The calibration curve of the concentration of dye adsorbed
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APPENDIX D
CALCULATION OF RESULT OF ICP-OES

Calculation of ICP-OES results

The results from ICP-OE terization were calculation the contents of
metal in catalysts. The examp following:
4
e ——

-_— | S
Example: calculation/ 0wt i in AlLO3/TiO, powder.

For 1.0 wt % ] initial powder was 0.0126 g.

Hence, the calculation of ihe alumina onte catalysts as follows:

ATl
e b Fii

The amounts of alumina in the catalys

..-"i‘ll.r.l" :I

In 100 g of tl’ﬁAbOﬁ ’ﬁ&d‘éﬁ nina 1.0 %
In 0.0126 g of the 0.0173x1.0
' 100

ﬂﬂﬂ?ﬂﬂﬂ‘ﬁ“ﬂﬂ?ﬂ‘i' e

For digest a samples were dl‘uted to 10 cm of volume

Therefawq aquﬁm lWi'n V] Elf]a E]

The sample had a concentration were = 0126>1000 ~ _ 12.6 ppm

10

From the result of ICP-OES, shown the contents of alumina was 10.46 ppm
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Therefore;
The alumina contents in the catalysts were calculated by

The alumina concentrations were 12.6 ppm refer 1.0 wt % of alumina in

catalyst.

10.46x1.0

The alumina concentrations were 10.46 ppm refer 126

.83 wt % of alumina in the catalyst
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APPENDIX E

THE ELECTROCHEMICAL PROPERTIES
OF DYE SENSITIZED SOLAR CELL

The electrochemical properties of dye sensitized solar cell as a file thickness
and sintering temperature of TiO, electrode by I-V tester. In this study three samples

were used, and the efficiency of average value follow by the standard

derivation.
Table E.1 EIectroche oJof: a? ar cell of TiO; electrode
calcined at 400 l{// s \ of TiO; film about 10.5 um
) AN \
= a Efficiency
Nur::ﬁr of \ =ill Factor

(%)

1 3.40

2 3.36

3 3.74

A 0.61+0.1 6.89+1.4 0.89+0.3 3.50+0.2
verage }'a -&,

HW
Qﬁﬂﬂﬂﬂ‘im UANAINYA Y
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Table E.2 Electrochemical properties of dye sensitized solar cell of 0.25 wt % of
Al,O5/TiO; electrode calcined at 400°C for 120 minutes, the thickness of
TiO, film about 10.5 pum

Number of Voc Jsc _ Efficiency
cell Fill Factor

(Volt) (mA-.cm?) (%)

1 0.74 7.39 0.71 3.92

2 0.70 4.07

3 4.03
Average 0.73+0.0 4.01+£0.08

Table E.3 Electrochemiea tized solar cell of 1.0 wt % of

Efficiency

cell (%)

_.90 5.28
ﬂuﬂﬁwﬂw‘%’wmﬁ*ﬁ

0.83 152 . 0.81

AR aﬁﬂ’jm e V]j,l’]ﬂ EISM "

Average 0.80+0.0
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Table E.4 Electrochemical properties of dye sensitized solar cell of 2.0 wt % of
Al,O3/TiO, electrode calcined at 400°C for 120 minutes, the thickness of
TiO, film about 10.5 pum

Number of Voc Jsc _ Efficiency
cell Fill Factor
(Volt) (mA-.cm?) (%)
1 0.77 4.11 1.06 3.37
2 0.76 4.80 0.94 3.42
3 0.75 4.67 1.01 3.55
Average 0.76x0.01 4,53+0.4 1.00+0.06 3.45+0.09

Table E.5 Electrochemigal properties of dye sensitized solar cell of 0.25 wt % of
MgO/TiO; electrode calcined at 400°C for 120 minutes, the thickness of

TiO; film about 10:5 pm

o

o

="

Voc Efficiency
Nun;l:lcler of - _Fill Factor
(Volt) (mA.cm™) (%)
1 0.78 4.46 0.81 281
2 0,77 581 0.61 272
3 0.77 4.43 0.83 2.86
Avérage 0.77+0.06 4.90+0.8 0.75+0.1 2.79+0.07
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Table E.6 Electrochemical properties of dye sensitized solar cell of 1.0 wt % of
MgO/TiO; electrode calcined at 400°C for 120 minutes, the thickness of
TiO, film about 10.5 pum

Number of Voc Jsc _ Efficiency
cell Fill Factor
(Volt) (mA-.cm?) (%)
1 0.71 3.42 0.93 2.25
2 0.76 3.44 0.84 2.19
3 0.74 4.53 0.70 2.38
Average 0.74+0.02 3179+0.6 0.82+0.1 2.27+0.09

Table E.7 Electrochemigal properties of dye sensitized solar cell of 2.0 wt % of
MgO/TiO; electrode calcined at 400°C for 120 minutes, the thickness of

TiO; film about 10:5 pm

o

o

Number of Voc JSF < _ Efficiency
cell S Fill Factor
(Volt) (mA-cm?) (%)
1 —0.56 1.41 0.47 0.37
2 0.64 1.05 0.58 0.39
3 0.60 1.49 0.51 0.46
Average 0.60+0.04 1:3240.2 0.5240.05 0.41+0.05




Table E.8 Electrochemical properties of dye sensitized solar cell of double-layers
electrode the thickness of Al,O3/TiO, film about 10.5 pm

64

Number of Voc Jsc _ Efficiency
cell Fill Factor
(Volt) (mA-cm?) (%)
1 0.74 71.76 0.89 5.10
2 0.73 8.53 0.82 5.12
3 0.86 5.10
4 0.84 6.08
5 . Y041 . oss 6.04
Average . g1t 086+0.03  550+0.5
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APPENDIX F

THE CRYSTALLITE SIZE AND SURFACE AREA OF 1.0 wt % Al,O3/TiO;
POWDERS AT DIFFERENT CALCINATION TEMPERATURE AND TIME

Table F.1 Crystal size, surface area of 1.0 wt % of Al,O3/TiO, powders calcined for

30 minutes
_ S\ I/ L
Calcined Temperature * Calcined Tifm Srystallite size  Surface area
(°C) (minute) —(nm) (m?/g)
300 161.69
400 120.16
500 79.88

Table F.2 Crystal size, surfac 3
60 minutes .

Calcined Temperatu

am)é size  Surface area
(°C) =

(minute) (n (m’/g)

AUEATEAN WIS an
QABAIN TGN Fi8) 1) o

500 60 7.37 80.85
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Table F.3 Crystal size, surface area of 1.0 wt % of Al,O3/TiO, powders calcined for
120 minutes

Calcined Temperature  Calcined Time Crystallite size  Surface area
(°C) (minute) (nm) (m?/g)

300 120 5.20 134.40
400 99.20
500 66.90

I |
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