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Abstract

Photovoltaic technology has been regarded as a renewable power source which
converts sunlight directly into electricity with least impact on the environment. Dye
sensitized solar cells (DSSCs) is one such 3" generation photovoltaic technology which
drawn a significant attention due to its low manufacturing cost, simple preparation
methodology compared to other technologies. It is an electrochemical cell consist of
working electrode/photoanode, dye, electrolytes and counter electrodes. The electrodes in
DSSCs play a significant role in charge transport and collection during operation. Dye
(N719) in DSSCs harvests solar energy and transfer electrons to a semiconductor material
(TiO2) for the generation of electricity. DSSCs assembled with abundant and cheap
materials seems to be a substantial contributor for commercial development in the near
future. The thesis focuses on the development of economically competitive rigid and
flexible electrodes with the motivation to further enhance energy conversion efficiency of
DSSCs.

The experimental works in this thesis has been broadly divided into three parts. The
first part focus on development of efficient working electrodes for conventional DSSCs.
Basically, the working electrode made of a Titanium dioxide (TiO.), treated with UVOs
system and doped with Cesium Bromide (CsBr) to further enhance the performance of
DSSCs. The study revealed that UV Os treatment increases oxygen vacancies, conductivity,
and surface energy that leads in enhancing dyes absorption. As a result, the UVOs exposure
working electrode outperformed with a power conversion efficiency (PCE) of 8.31%. With
an aim to design an efficient electrode for DSSC, the bandgap of TiO2 ETL is tune through
doping with different concentration of cesium bromide (CsBr). An attractive PCE of 9%
was achieved for TiO,-CsBr doped photoanode based device. The results demonstrated that
bandgap engineering of TiO, ETL provide an efficient electron extraction and improves
charge transfer properties. The second part deal with an inexpensive polyaniline (PANI),
carbon nanotubes (CNTs) and their composite as a counter electrodes material to replace
traditionally used Platinum (Pt). The PANI-PSSNa and CNTs-PANI CEs enhanced
effective surface area of the catalytic film that improved electrocatalytic activity, faster
electron transfers and suppressed charge recombination. As a result, the PCE of 7.15%, and
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6.67% are achieved for the fabricated devices based on PANI-PSSNa and CNTs-PANI CEs

respectively.

The third part deals with the fabrication and characterization of flexible DSSCs. The
objective of fabricating DSSCs on polymer substrates enables cost-effective and speedy
roll-to-roll (R2R) processing systems along with making the device light-weight and
flexible. However, flexible plastic substrates set restrictions to their materials and annealing
processes. So, extensively studied have been carried out concentrating on the factors related
to colloid binder free paste preparation, deposition and processing of ETL to improve the
photovoltaic properties of FDSSC. The ETL processed with UVO3 system improved inter-
particle connectivity and hence better solar cell performance was found with maximum
PCE of 2.5%.

The efforts made in this thesis highlights an efficient development of electrodes for
rigid and flexible DSSCs.
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CHAPTER 1 Introduction

Photovoltaic technology as a solution to global
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Design and Development of Efficient Electrodes for Rigid and Flexible Solar Cells

1.1 Photovoltaic

Energy plays an essential role in our modern lifestyle such as transportation, cooking, lighting,
cooling, heating, operating computers, and machinery etc. Therefore, the global energy demand
is growing continuously due to increasing population and industrialization. The major source
of energy consuming today for the generation of electricity depend on fossil fuels. The
combustion of fossil fuels has polluted the environment by the emission of carbon dioxide
(CO2), methane and other greenhouse gases. Fortunately, a large number of renewable energy
resources are available in nature such as hydropower, biomass, wind, tidal, geothermal and
solar energy. Renewable energy is sustainable, and seems to play a major role in the near future
to overcome the energy crisis and climate changes. Among the renewable energy sources
available solar energy is considered as a champion, owing huge amount of energy on the earth
from the sun which is inexhaustible, free and non-polluting. The quantity of solar energy that
radiates on Earth’s surface in 60 minutes is approximately equivalent to the annual energy
required for humans. According to statistics, energy needs worldwide can be fulfilled by just
covering 0.1% of Earth's crust with a solar cell having a power conversion efficiency of 10%
[1]. Photovoltaic (PV) technology is particularly very attractive, which directly converts solar
energy into high quality electrical energy. It has been considered as an appropriate renewable
power source for the fulfillment of demanding world energy consumption with least impact on
the environment [2]. So far, various types of PV technologies have been developed and name
as first (1%, second (2"%) and third (3™ generation solar cells. The fabrication process of 1%
generation solar cell such as monocrystalline, multi-crystalline, microcrystalline, nano
crystalline, and amorphous silicon (Si) based solar cells involves high vacuum systems, which
are costly, complicated, and energy consuming [3-4]. 2" generation are often called thin film
technologies such as cadmium telluride (CdTe) [5-6], copper indium gallium selenide (CIGS)
[7-8], gallium arsenide (GaAs) [9-10], and CZTSSe [11] cells etc., [12]. 3" generation are
described as an emerging PV technology, as it is still in the development or research phase.
The motivation for developing 3" generation solar cell is to replace the conventional expensive
silicon based photovoltaics with simple production method. These technologies are cost
effective, ease manufacturing, energy efficiency, and also compatible on flexible substrates.
With the abundance of PV technology potential yet to be harnessed, the percentage of CO>
emission can be dramatically reduced in near future. A PV based energy transition is the most
realistic avenue to avoid the worst effects of climate change [13]. Recently, PV technology has
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been turned out to be a multi-billion and fast-growing renewable technology industry.

Currently, the 1% generation solar cells have dominated the PV market worldwide [14-16].

1.2 Dye Sensitized Solar Cell (DSSC)

The dye sensitized solar cell (DSSC) is a photoelectron chemical device directly converts solar
radiation into electrical energy. The development of DSSCs initiated with the pioneering work
of O’Regan and Gritzel in 1991. A thin layer of TiO2 nanoparticles film approximately 8-12
pm is successfully coated on the surface of FTO glass substrate and sensitized with dye for
absorbing light. The photoelectric conversion efficiency (PCE) of the first Grétzel’s cell
exceeding 7% under the condition of AM 1.5G. This solar cell is popularly known as Grétzel
cell after his invention [17-18]. Among various PV technologies, DSSCs is very attractive due
to their potential advantages like easy fabrication, low production cost, transparency,
compatible with flexibility substrates, light weight, and multi-color options. Flexibility and
multi-color design offer huge potential as a part of the building architecture and portable
electronics applications. DSSCs performance better than other PV technologies under different
solar incident angles and low light environments. And also almost all the components of DSSCs
are "tunable” such as semiconducting electron transport layers (ETLS), photoactive layer (dye),

(a)

I~ /15 (Electrolyte)

TCO coated substrate

(b)

¢ .
I~ /I3 (Electrolyte)

Figure 1. 1: Structure of (a) Rigid and (b) Flexible DSSCs
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electrolytes and the counter electrodes [19]. So many features of DSSCs are unique and
advantageous over the 1% generation silicon (Si) based solar cells. Si solar cell fabrication
process need high vacuum systems, which are complicated, costly, and energy consuming [20].
Therefore, an alternative to Si solar cells is DSSC. The structure of DSSC typically consist of
three major components, namely (i) working electrode or photoanode, (ii) an electrolyte (I~ /I35
couple), and (iii) counter electrode. It has a sandwich structure of dye loaded TiO:
photoanode/electrolyte/counter electrode. Fig. 1.1(a and b) illustrates the structure of rigid and
flexible DSSCs.

1.2.1 Rigid and Flexible Substrates

DSSCs are usually fabricated over transparent conducting oxide (TCO) substrates. The
functions of TCO substrate in DSSC is to support the electron transport layer (ETL) and
catalyst of CE to transport and collect the electrons. Therefore, TCOs with high conductivity
and optical transmittance are the basic requirement for higher performance of devices. The
electrical conductivity helps in charge transport while transparency allows the sunlight to pass
through it to the photoactive layer i.e., dye anchored on TiO2 film. Among the TCOs, the most
popular indium doped tin oxide (ITO) and florine doped tin oxide (FTO) are widely and
commercially demonstrated in optoelectronics and photovoltaic devices. For rigid glass
substrate, TCOs is dc-magnetron at high temperature approximately 300 °C to 400 °C or
sputtered is done on the cold substrate and then sintering at high temperatures would form high
degree of crystallinity structure that are very effective in enhancing its conductivity. In the first
and second part of the thesis that is based on rigid substrate we used FTO coated substrate.
Under atmospheric conditions the FTO coated glass substrate is known to have chemically
inert, mechanically robust, resistance to high temperature and relatively better stability.

Moreover, it has high abrasion, low absorption, reflection and cost effective.

The electrical conductivity of TCOs in polymer based substrate is lower than rigid glass,
due to relatively poorer carrier concentration of TCOs film on polymer substrate. The
microstructure of TCO film at low temperatures is generally amorphous in nature, that create
defect sites for charge traps leading to poor electrical properties. Therefore, the overall
performance of FDSSCs would be lower than that of conventional DSSCs due to inferior
optical transmittance and conductivity of plastic substrates [21-24]. Due to the lower sheet
resistance and better transmittance, ITO is one of the most extensively used TCO in polymer

substrates. Deposition of TCOs on plastic substrates such as Polyethylene naphthalate (PEN)
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and Polyethylene terephthalate (PET) is carried out in low temperature or power due to their
limitation in thermal sensitivities. The optical and electrical conductivity properties of FTO
and ITO mainly depend on film composition and deposition parameters like film thickness,
oxygen pressure, substrate deposition temperature and sputtering power. The sheet resistance
of ITO PET increased at 180 °C and ITO PEN at 135 °C, respectively. Polymer substrate also

absorbed visible and ultraviolet light to some extent and relatively showed lower transmittance.

The selection of a suitable substrate is crucial for the device's performance and stability.
Substrate can be divided into two part rigid and flexible. Several desired characteristics of
substrates are listed as follows (i) optical properties: high transparency of light, more than 90
% in the visible region as solar cells are light absorbing devices. (ii) conductivity properties:
transparent conducting electrodes (TCES) substrates are usually coated with TCO as a charge
collecting layer. The sheet resistance of substrate is directly related to photovoltaic parameters,
exclusively the photocurrent and fill factor (FF) of the solar cells. (iii) chemical properties: the
substrates must have good resistance toward various solvents exposed during the fabrication
process. (iv) barrier properties: some flexible substrates are vulnerable to moisture or oxygen,
severely affecting the device's performance. (v) mechanical properties: under stress and strain,
the flexible substrate must comply with deformation transformation and effectively release
stress to maintain its original dimensions without losing functionality. (vi) thermal properties:
softening temperature of the substrates must be compatible with the maximum processing
temperature that the film can be subjected to. The substrates can be contracted or expand during

temperature change resulting in additional stress on the lattice and creating a crack [21][25].
Glass substrates

Conventional DSSCs used FTO or ITO coated rigid glass as a substrate, and an efficiency of
over 14.30% has been fairly achieved in a lab so far [26]. The glass substrate possesses
excellent conductivity, transmittance, thermally stable properties which withstand high
temperature above 450°C, and good stability against water permeability and oxygen. However,
it cost around 20-30% of the device value, in addition, its rigidity, brittleness, heavyweight,
and shape limitation affect the potential integration in wearable and portable electronic device
and cannot be used for roll to roll (R2R) production. Therefore, the scientific community has
shifted their research toward flexible substrates regarding these restriction [27-28]. There is an
ultrathin flexible glass substrate with a thickness of around several hundred pm called willow
glass. Flexible glass substrates fulfil most of the desired properties of substrates. It possesses

attractive properties such as high-temperature resistance up to 600 °C, good mechanical
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stability, and excellent barrier for oxygen and moisture. Sheehan et al. demonstrated an 1TO
coated flexible glass as a substrate and achieved a PCE of 4.53% [29]. However, heavyweight,
fragility, and expensive would be a big concern compared to other flexible substrates.

Plastic substrate

Flexible substrates are the major components needed to fabricate FDSSCs. Conducting plastic
substrates like indium doped tin oxide polyethylenenaphtalate (ITO PEN) and indium doped
tin oxide polyethyleneterephtalate (ITO PET) are the most commonly used substrate in
FDSSCs. These materials offer some advantages like flexibility, lightweight, good
transparency, chemically stable against electrolytes, and compatibility for R2R production,
which enables high throughout production. Plastic substrates are used for both working and
counter electrodes. An efficiency of 7.6% has been reported for FDSSC based on plastic
substrate [30]. However, plastic substrate’s drawback is that they cannot be used above 150 °C
as they tend to deform and start melting at 235 °C. Mainly because of low glass transition
temperature and a high coefficient of thermal expansion, shrinkage or expansion occurred at
elevated temperature changes that causing sheet resistance of the plastic substrates increased.
They are also brittle due to excessive UV irradiation, water vapour, and other contaminants
may diffuse into FDSSCs [22][25][27].

1.2.2 Electron Transporting Material TiO2

The main function of electron transport layer (ETL) is preferentially collects and inject the
photogenerated electrons from the dyes to TCO. The matching energy level between the ETL
and dye prevents recombination of photo-excited electrons in the device. The electron transport
materials used in DSSCs and FDSSCs are TiO2 [31], SnO [32], ZnO [33-34], and Zn2Sn0O4
[35] etc. Among them, TiO; is the most widely used electron transport material in DSSCs due
to its superior characteristics such as nontoxicity, high refractive index, strong oxidizing power,
cost-effectiveness, mesoporous nature, long term chemical stability, large band gap and ideal
Fermi level. TiO2 has three primary crystalline forms, brookite phase (orthorhombic, bandgap
(Ec) 3.26 eV), anatase phase (tetragonal, Ec 3.23 eV), and rutile phase (tetragonal, Ec 3.05
eV). The photocatalytic activity of TiO. dependent strongly on its specific surface areas, phase
structure, crystallite size, and pore structure. Compared to anatase phase, rutile has lower
specific surface area, larger grain size, and weak surface adsorption capacity. The
photocatalytic activity of the TiO, materials can be balanced through calcination.
Thermodynamically, Rutile is the most stable form of TiO, whereas anatase is a metastable
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phase and its shows better efficiency in solar energy conversion due to less recombination and
fast carrier transport. The crystal structure of anatase TiO> is shown in Fig. 1.2. Anatase phase
of TiO2 has indirect band gap, while brookite and rutile has direct bandgap. Due to indirect
bandgap, the effective life time of photoexcited electrons is longer for anatase compared to
brookite and rutile. Among the three polymorphs, the average effective mass of photoexcited
electrons of anatase is also the lightest that facilitate faster movement of photoexcited electrons
with lower recombination. Anatase also exits higher conduction band edge that leads to higher
open circuit voltage (V) in DSSCs [36-38].

Figure 1. 2: Crystal structure of anatase TiO-

1.2.3 Dye

Another key component in DSSCs is Dye, as it harvests sunlight and generates photo-excited
electrons at the semiconductor. It is basically anchored on the surface of photoanode and for
efficient performance, it must possess several desired properties as follows: (i) The absorption
properties of the dye must have high molar absorption coefficient i.e., sufficiently wide to cover
the entire visible and part of the near-infrared region (NIR). (ii) it should have good photostable
and thermal stability along with chemically adsorbed functional group is essential (-COOH, -
SOsH, -H2POs, etc.) to load strongly on semiconductor materials. (iii) Suitable highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels of the sensitizer is necessary for efficient charge transfer into the conduction band of
semiconductor materials and dye regeneration from the electrolyte [39]. As far literature most
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of the DSSCs used di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,20-bipyridyl-4,40-
dicarboxylato) ruthenium (I1) (N719) as the photosensitizer. The most efficient and commonly
used dye in rigid and flexible DSSCs is N719 [40-41]. The molecular structure and absorbance
spectrum of N719 is show in Fig. 1.3. The experimental works carried out in thesis used N719

dye as a sensitizer.
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Figure 1. 3: (a) Molecular structure of N719 Dye and (b) its absorbance spectrum [39].

1.2.4 Electrolyte

The electrolyte in DSSCs works as a medium to transfer charge carrier from counter electrode
to oxidised dye. Its major function is to regenerate the dye continuously during operation and
also greatly influences the light to electrical energy conversion efficiency and long term
stability of the devices [15]. Electrolytes in DSSCs can be categorized into three types: liquid,
quasi solid, and solid electrolytes. Solid electrolytes are hardly employed in FDSSCs since they
have a very high resistance, low charge carrier mobility, and weak interfacial connection
resulting in lower PCE. Quasi-solid and liquid electrolytes are usually employed in FDSSCs
due to their high mobility of ion and good interfacial connection with dye that provides high
power conversion efficiency [42-43]. Liquid electrolyte is the most commonly used electrolyte
in FDSSC. It possesses some important features like easy preparation, low viscosity to
minimize charge transfer resistance, high conductivity, a good interfacial connection between
electrodes, and thus produced high PCE [15][44]. The Liquid electrolyte (I~ /15) used in this
thesis work composed of 0.05M Iz, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-
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butylpyridine and 0.5M  1-Butyl-3-methylimidazolium  iodide  dissolved in

acetonitrile/valeronitrile (Volume ratio of 85:15) solvent.
The above listed components are basic constituents of a dye sensitized solar cells that is
commonly used.
1.3 Working Principle of DSSCs
The structure and operating principle of the DSSCs are shown in Fig. 1.4.
Step 1: Photoexcitation (D*).

When dye molecules absorb light (D), it changes an electronic state from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), the excited
state (D).

D/TiO, + h9 — D* /TiO,(photoexcitation)
Step 2 and 3: Electron injection and transport

The excited electrons from dye molecules inject into the conduction band of TiO> and leave
holes (D*) in the dye. The injected electron travels toward the transparent conductive oxide

surface.
D*/Ti0, —» D* /Ti0, + e~ /Ti0,
Step 4: Regeneration of dye (D)

The oxidised dye (D), due to loss of an electron, accepts electrons from the reduced iodide
ion(I~)and refills the HOMO of the dye i. e., regenerating its original form (D) and making it

ready for electron generation again.
2D*/Ti0, + (RE)3I~ — 2D/Ti0, + I5 (OX)
Step 5: Regeneration of ™.

The photoexcited electrons travel through an external load, reach the counter electrode, and
reduce the iodine in the electrolyte. The Pt coated on the counter electrode acts as a catalyst for

the reduction.
(0X)I5 + (CE)2e™ — (RE)3I™ (regenerationof1~)

Step 6: Emission
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The excited photoelectrons from LUMO can go back to the HOMO without injecting electrons

into the conduction band of the electron transport layer.

D* - D* + h9 (Emission)

“ e
LUMO !
1 ] Dye
Electrolyte
\ 31‘\
\ —
g\\ |
<7
-k4 Redox e
HOMO  potential
Dye
Pt/TCO
——

Figure 1. 4: Schematic diagram showing different processes involved during the operation of a DSSC [15].

Step 7: Recombination by donating electrons to D*.

Injected electrons in the conduction band of ETL recombine rapidly with the reduced oxidized

dye (D*) in the absence of a redox mediator without any measurable photocurrent.
D*/TiO, + e~ /TiO, » D/Ti0O, (Recombination)
Step 8: Recombination by donating electrons to OX.
(0X)Iz+e” JTiO, — (RE)3I™

Steps 1-5 are desirable reactions for complete conversion of light-to-high quality electric
energy whereas, steps 6-8 are undesired reactions mainly responsible for the charge carrier
recombination process, which are limitations for the efficiency of FDSSCs [15][39][45-48].

1.3.1 Parameters of DSSCs

Short circuit current density (Jsc)

The short circuit current density (Jsc) is the maximum current generated in a solar cell when
load resistance is zero (Fig. 1.5 (a)). The Jsc value depends on the optical properties and
bandgap of dye, charge transportation and collection probability of the device.

11
TH-3261_176151001



Chapter 1 Introduction

_Isc 2
Jsc = 2 (mA/cm*)

Where, A is the effective area of the solar cell.
Open circuit voltage (Vo)

The open circuit voltage (V) is the maximum voltage determined from a solar cell when no
current flows in the circuit i.e., load with infinite resistance. It mainly depends on fermi level
of semiconductor and redox potential of electrolytes in DSSCs. The V,. of DSSC is given by
(Fig. 1.5).

NCB

E KT n E
VOC - ﬂ + —ln( > _ redox
q q

volts)
3 (

where, the first two terms define the quasi-fermi level of TiO2 and E,..4,, IS the Nernst potential
of the redox mediator, N5 is the effective density of states and n is the number of electron in
TiO conduction band [49].

Power conversion efficiency (PCE, n)

The PCE is defined as the fraction of power (P;,) from the incident light is directly converted

to maximum electrical power by solar cell and it can be calculated using equation

Pmax
PCE (n) = = JscVocFE/Pin

Pin

Where, B, iS the maximum power and is illustrated in Fig. 1.5(b). The internationally

recognized standard condition for the efficiency measurement of solar cells is under ‘AM 1.5
Global [NREL].

Fill factor (FF)

FF is the ratio of maximum power (Ppqx = JmpVimp) generated by a solar cell to the product of
Voc and Jsc. It represents the squareness of J-V curve. Higher the FF is better the good quality

of solar cells. Ideally it should be 1. Using following equation, the FF of a solar cell can be

determined

]SCVOC
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Figure 1. 5: A typical example of (a) J-V curve and (b) power output versus voltage curve recorded under
light illumination.

1.4 Engineering efficient electrodes for rigid and flexible DSSCs
1.4.1 Photoanode/working electrode

The photoanode or working electrode mainly consist of transparent conducting oxide (TCO)
coated substrates, a mesoporous semiconductor metal oxide (TiO2) film known as electron
transport layer (ETL) and a dye anchored on the surface of ETL. In order to achieve higher
PCE, a photoanode should possess several desired characteristics as identified from literature:
(ii) High transparency to reduce the loss of incident photon. (ii) High surface area for maximum
dye loading and hence effective light absorption. (iii) Conduction band of ETL should be
sufficiently below 0.3eV from the LUMO of the dye to allow adequate injection of photo
generated electrons. (iii) High electron mobility to facilitate electron transport. (iv) Does not
react with redox electrolyte to minimize recombination rate [38]. The ETL i.e., TiO, paste was
prepared by sol-gel technique with solvents and organic binders. The binders in TiO2 slurry
reduce stress of the film while drying, and help in creation of well adhered TiO> layer on FTO
glass substrates. The paste is deposited on a FTO-coated glass substrate using doctor blade.
The electrodes are then annealed at~450 °C to remove binders from the film, to form chemical
bonding among TiO2 nanoparticles and contact between TiO; particles with FTO coated glass.
Besides, the feasibility of fabricating DSSC with the employment of flexible ITO PET substrate
has also been explored. Due to thermal instability of ITO PET substrate they cannot be heated
above 150 °C. The surface morphology and composition of ETLs have remarkable impact on

the photovoltaic performance of DSSCs. Therefore, extensive research has been carried out to
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explore the influences of photoanode modifications on DSSCs performance. The modifications
can be based on nano archictures, interfacial engineering, post treatment or surface treatment

and band gap engineering through doping (Fig. 1.6).

-
Improves
Post
Ba.ndga.p photoanode Treatment
Engineering performance

Figure 1. 6: Strategies for improving the photoanodes of DSSCs [38].

To obtain effective photoanodes various structure such as zero dimension (0D) nanoparticles
[17], one dimension (1D) nanostructures ( nanotube [50-51], nanorod [52-54], nanosheet [55]
), 3D hierarchical architectures [56-57] and mesoporous structures [58] are employed in
DSSCs. Compared to nanoparticles most of these structures offer considerable improvements
in PCE. For example, 1D nanostructures reduce grain boundaries and exhibit excellent charge
transport properties but lower effective surface area which led to insufficient dye absorption
[59]. Additionally, in 3D and mesoporous structure by virtue of their larger surface area
improve dye absorption, possess better light harvesting properties and enhance device
performance [57]. Although high surface area of mesoporous TiO active layer is good for
efficient dye loading and light absorption in DSSCs performance. However, due to its
mesoporous nature it also provides so many opening site for electrolytes to the bare TCO
substrate. So, the triiodide ions diffused in to the mesoporous layer and direct contact with the
TCO substrate or recombine with the photo injected electronsi.e., 2e™ + I3 — 31~ and reduced
the photocurrent. So, to enhance the photovoltaic performance of DSSCs, recombinations in
the two interfaces namely TCO substrate/electrolyte and TiO2> photoanode/electrolyte should
be minimum. Therefore, a thin layer of approximately 50 nm is introduced between TCO and

mesoporous TiO- film which is called blocking or compact layer. Materials such as Nb2Os,
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TiO2, Zn0O, V20s, Al203 and MgO etc. have been effectively used as blocking layer in DSSC.
Light scattering is employed in DSSCs to enhance the optical absorption of incident photons
for higher energy conversion. However, due to small size of TiO2 nanoparticles most of the
incident solar radiation are transmitted from the ETL without scattering. Therefore, it is
essential to increase the light scattering capability of ETL so that the sensitizer could absorbed
the incident photon efficiently. In order to achieve this property an additional over layer of ~3
wm nanoparticles relatively larger particles with diameters comparable to the wavelength of the
incident light is introduced or mixed with smaller TiO.> nanoparticles [1][60]. Doping is a
process used to adjust the position of either the valence band (VVB) or conduction band (CB) of
TiO> for DSSCs applications. For DSSCs, some non-metals [61-62], alkali metals Ca [63], Li
[64] , metalloids [65-66],transition metals [67-68], post-transition metals [69-70],etc., are used
as dopants in TiO2 to modify the charge transport properties, band structure, and surface area
etc. Tuning the band structure of TiO is a promising method for improving the driving force
of injected electrons from the lowest unoccupied molecular orbital (LUMO) of dye to TiO>
ETL [71-73]. The surface post treatment of TiO> electron transport layer (ETL) has become an
important step for improving the performance of DSSCs. Surface treatment such as TiCl4 [74],
urea [75], oxygen plasma [76],electron beam [77], oxygen plasma and oxygen ion beam
treatment [78] has been successfully employed in improving the performance of conventional
DSSCs. The drawback of oxygen plasma treatment, however, is its cost, which requires
considerable capital investment. For FDSSCs, low-temperature annealing does not provide
adequate necking between nanoparticles, resulting in the lower performance of DSSCs. So, to
improve the inter-nanoparticles connection, mechanical stability, and high-quality film-
substrate adhesion, the TiO, coated film needs additional processing techniques. Several
techniques has been used to obtain high efficiency of the flexible DSSCs such as hydrothermal
crystallization or chemical sintering [79-81], blocking layer [82-83], UV-Ozone treatment [84-
86], UV radiation exposed [87-88], microwave heating [89], mechanical compression [90-91],
cold isostatic pressing (CIP) [92-93], lift-off [94] and building block [95] etc.

1.4.2 Counter Electrode (CE)

Counter electrode (CE) is an essential component and its main role to reduce the redox species
I5to I~ in DSSCs. The characteristics of high-performance CEs are as follows: (i) low
resistance to minimize loss of open-circuit voltage (ii) high conductivity and electrocatalytic
activity for the reduction of tri-iodide ion (I3). (iii) robust electrochemical and mechanical

stability to improve lifetime. (iv) high reflecting of light is desirable in CE. However, due to
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the high cost and rare earth metal significant efforts are directed towards the replacement of Pt.
Therefore, a large number of alternative materials have been explored as catalyst for CEs such
transition metal cobalt sulphides (CoS) [96], nitrides [97], carbides [98] ,oxides [99-100],
conductive polymers [101-104], carbon-based materials like carbon black [105], carbon bead
[106], graphite [107], activated carbon [108], mesoporous carbon [109], carbon nanofibers
[110], graphene [111], and carbon nanotubes [112-113]. In this thesis work Platinum (Pt),
conducting polymer polyaniline (PANI) and carbon nanotubes (CNTSs) are used as counter
electrode catalyst and are deposited by spin coating and doctor blade techniques. The Counter
electrode materials should have a work function equal to the redox potential of the electrolytes.

The materials for the CE should be, easily available, low cost, and good catalytic activity.

1.4.3 Cost effective production of electrodes

The DSSCs fabrication process and materials used plays an important role in the development
of high performance and toward commercialization route. The selection of materials and
manufacturing technique is the trade-off between the efficiency performance and cost of
production. The electrodes development techniques depend on various parameters such as
substrate used, deposition rate, temperature, and surface morphology etc. which dictate the
properties and performance of deposited electrodes. Most importantly the other concerns are
issues related to water contamination and environmental pollutions. Some fabrication
processes employed toxic materials which cannot be discharged into environment directly
without proper treatment. Therefore, it is necessary to select easily available materials, low

cost, good catalytic activity and environmental friendly fabrication route [60].

My research articles will focus on the surface treatment, bandgap engineering of TiO>
ETL and cost effective materials for CEs such as PANI, and CNTs. Effect of surface
morphology, composition, band structure and charge transport properties were systematically

studied. Modified electrodes could be utilized more efficiently in rigid and flexible DSSCs.
1.5 Thesis Synopsis

This thesis comprises of 8 chapters.

Chapter 1 provide the basic introduction of the thesis, especially deal with Photovoltaic
technology followed by literature review of dye sensitized solar cells (DSSCs) technology to
generate clean energy from sun, a brief explanation on device materials, architectures, working

principle along with its different parameters. Further, a brief description about the engineering
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of electrodes materials is presented. The motivation of this thesis is to develop sustainable
energy production by further progressing of dye sensitized solar cells (DSSCs) in terms of

improve performance.

Chapter 2 gives a brief description of electrodes preparation method and different
characterization techniques used for analysing the morphological, structural, optical and

electrical properties of ETL, photoanodes, counter electrodes and performance of solar cells.

Chapter 3 deal with the surface states of active electron transport layer (TiO2) which is crucial
while fabricating an efficient solar cell. This work experimentally analyses the effect of
exposing TiO2 based electron transport layer (ETL) to the ultraviolet-ozone (UV-O3) and
optimizes the exposure time for improving power conversion efficiency (PCE) of fabricated
dye-sensitized solar cells (DSSCs). These results demonstrate that the performance of DSSCs
can be improved significantly by UV-Os exposure of sintered TiO2 surface, the duration of
exposure being a critical parameter. Fabricated devices show 33.01 % increase in PCE for the
optimum exposure. Nevertheless, overexposure of the sample beyond the optimum time
decreases the efficiency of the fabricated solar cells. The device with optimum exposure
exhibits the highest PCE of 8.34% with short circuit current density (Jsc) of 15.15 mA/cm?,
open circuit voltage (Voc) of 756 mV and Fill factor (FF) of 71.10%. This increase in efficiency
is attributed to the enhanced crystallization and reduction in the organic contaminants C-C/C-
H from 57.90 to 52.40% as shown by the X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS), respectively. The XPS result further indicates an increase in oxygen
vacancy from 12.40 to 23.40% for O 1s state and from 9.30 to 14.30% for Ti 2p state of Ti*".
Results from the Atomic force microscope (AFM) also confirms the minimized surface
roughness of 16.36 nm for the optimally exposed TiO> film, and increase in hydrophilicity
leading to improve efficiency of the solar cells which were optimally exposed to UV-Oz.

Chapter 4 described TiO> is one of the most widely explored materials as an electron transport
layer (ETL) in dye sensitized solar cells (DSSCs) owing to its excellent physical and chemical
properties. However, recombination at the device's interface slackens the charge carrier
movement, adversely affecting their device performance. Rapid extraction of photogenerated
charge carriers plays a vital role in developing high efficiency DSSCs. The conduction band
offset between TiO. ETL and N719 dye light absorber plays a crucial role in charge carrier
dynamics of DSSCs. Herein, the band structure of TiO> ETL is finely tuned by the
incorporation of cesium bromide (CsBr). At the optimal concentration of doping (0.4 Wt. %),

DSSCs achieved the best power conversion efficiency (PCE) of 9.28% compared to 7.61% for
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pristine TiO2. CsBr doping in TiO2 ETL induced a negative shift in flat band potential (V)
from -0.46 to -0.50 V, which improved the open circuit voltage (Voc), modified its work
function (¢) from -4.51 to -4.21 eV and increased conduction band minimum (CBM) from -3.7
to -3.55 eV. We also demonstrated that CsBr incorporation increased electron density in TiO>
matrix, indicating the suppression of trap state and significantly improved the overall

photovoltaic performance of DSSCs.

Chapter 5 illustrated a promising yet straightforward approach has been demonstrated to
prepare efficient and inexpensive counter electrodes (CEs) for dye-sensitized solar cells
(DSSCs) based on Polyaniline (PANI) doped with Poly (sodium 4-styrenesulphonate)
(PSSNa). The optimized concentration of the PANI in m-cresol is doped with PSSNa at
different percent (5, 10, and 15 %) and compared the device performance with standard Pt
electrode. The effects of doping are examined by cyclic voltammetry (CV), Tafel plot,
impedance spectroscopy, and FESEM. The PANI-PSSNa CEs improved electrocatalytic
activity that facilitated higher electron transfer, suppressed charge recombination, and
enhanced effective surface area. As a result, at the optimal condition, the fabricated device
shows an overall energy conversion efficiency of 7.15% = 0.17. It is worth noting that the
performance of DSSCs with PANI-PSSNa CEs demonstrates a 25.21% higher efficiency than

PANI based counter electrodes.

Chapter 6 focused on the development of counter electrode materials for DSSCs. Platinum
(Pt) is generally employed as a catalyst due to their high catalytic activity toward triiodide
reduction. Yet the use of Pt in DSSCs highly increases the cost, which became a challenge for
practical and industrial applications from their economic feasibility point of view. Therefore,
in this work, we have developed a cost-effective material for counter electrodes (CEs) to
replace expensive Pt. We prepared Carbon nanotubes (CNTs)/Polyaniline (PANI) composite
as a CE material for DSSCs by doctor blade technique. The DSSCs fabricated with CNTs-
PANI composite CE show the best power conversion efficiency (PCE) of 6.67%, which is
comparable to 7.70% of Pt CE. The electrocatalytic properties of the CNTs, CNTs-PANI, and
Pt CEs were confirmed by impedance spectroscopy, Cyclic voltammetry (CV), and Tafel
analysis. A comparative study of these electrodes by surface morphology characterization
technique, i.e., FESEM and AFM reveal that effective surface roughness plays an essential role

in improving the electrochemical properties of the devices.
Chapter 7 discussed the development of a multilayer TiO; film thickness of around 4 um at
lower temperature (120 °C) by spin coating and doctor blade technique on polyethylene
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terephthalate (ITO PET) substrate. Further, the additional processing step Ultraviolet-Ozone
(UVO3) treatment was performed on TiO electron transport layer (ETL) to enhance the
performance of FDSSCs. UVO3 treatment significantly improved the crystallinity and charge
transport characteristic of ETL by removing the organic impurities. The photovoltaic devices
based on 4 hours of UVOs treated TiO, film exhibited superior device performance with an
overall power conversion efficiency (PCE) of 2.53% compared to 1.43% (without UVOs3
treatment). Electrochemical impedance measurement indicated that TiO> layer treated with
UVOs decreased series resistance, electron recombination and improved electron life
substantially. The improved device properties, simple preparation procedure and low
processing cost, enable this FDSSCs fabrication method to be a credible alternative of

conventional techniques.

Chapter 8 discusses conclusions of the thesis and future prospects. A brief summary of
research work carried out and possibilities of investigations required towards
commercialization the rigid and flexible dye sensitized solar cells in indoor application, and

flexible electronics near future is presented.
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2.1 Electrode preparation

The electrode preparation method on device start from the selection of substrate. Two main
deposition techniques; chemical and physical methods available for the preparation of
electrodes. The chemical methods include chemical vapour deposition (CVD), electrochemical
deposition (ECD), and atomic layer deposition (ALD) etc., whereas the physical method such
as casting, spin coating, deep coating, electrospray deposition (ESD), doctor blade, and spray
deposition etc. In this thesis works doctor blade and spin coating techniques has been utilized
to prepared the electrodes.

2.1.1 Doctor blade coating

Doctor blade technique is one of the most popularly used methods for preparing thin films and
this technique is generally used to make working electrode in DSSCs [1]. Fig. 2.1(a) show the
doctor blade coating machine of our device lab and Fig. 2.1(b) show the schematic illustration
of Doctor blade technique. It is a sheet-to-sheet coating approach, where the blade is moving
over the stationary substrate. Typically, a well-mixed TiO2 or ZnO paste with non-toxic solvent
is placed above the substrate. The blade is positioned above the substrate at a specific height
and spreads uniformly to form a thin layer. This technique can operate at different speeds, and

it is suitable to coat a wide range of film thicknesses by adjusting the blade position and

repeating it several times. The film growth is faster than any other deposition method, such as

BEEE

Figure 2. 1: (a) A picture of the TMAX doctor blade system (b) along with a schematic illustration of the
doctor blade process.

chemical vapor, spray coating, etc. We can also conduct this coating process manually (Fig.
2.1(b)); first the substrate is masked with two scotch tapes to control the film width and
thickness. Then, a fixed amount of paste is placed on one edge over the substrate to be deposited

and moved on the spacer on both sides to the other end using a glass rod. The coated film
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thickness (d) can be calculated from the empirical relationship
=1g&
d=-(g p) 2.1

Where g is the gap between the substrate and blade, c is the concentration (conc.) of materials
in the paste (g/cm?®), and p is the density of materials in the coated film (g/cm?®). Doctor blade
is truly an efficient technique of film forming due to its simple, straightforward, economical,
and less materials waste [1-2]. For efficient and small-scale preparation of working electrodes
in DSSCs, doctor blading is widely used [3-5]. However, only uniform films across a substrate
can be created, but patterning with this technique is not possible. This can be a serious downfall
in its large-scale commercial module manufacturing technique. A commercial module

comprises a number of cells interconnected in series and parallel to achieve the required power.

2.1.2 Spin coating

Practically, spin coating is a widely spreading method for deposition of thin film from solution
in photovoltaic technology. The merit of using spin coating technique is that it can easily and
quickly form uniform film with thickness ranging from few nanometers to microns. Initially,

the deposition should be done either the disc is rotating at low velocity or static, after that it is

(b)

Angular velocity

Figure 2. 2: (a) A photograph of a typical spin coating process in device lab (b) along with a schematic
illustration of spin coating.

quickly accelerated to high angular velocity to form uniform film. A substrate with an overlying
solution is eject out due to the high angular velocity and is left with only a thin film on the

substrate. The film thickness (d) and surface morphology mainly depends on the viscoelastic
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properties of the ink, rotational speed etc., but are not dependent on the spinning time or amount
of materials. The thickness form in the spin coating can be estimated by the following empirical

relationship
d = kw® 2.2

Where w is the angular velocity, k and a are empirical constants related to the physical
properties of the solvent, solute and substrate[6-7]. Fig. 2.2(a) show the spin coating machine

of our device lab and Fig. 2.2(b) show the schematic illustration of this technique.

2.2 Characterization techniques
J-V characteristics

A solar simulator is a device for characterization of photonic properties. It includes lenses,
reflectors, shutters, control electronics, power supplies, and a high intensity light source that
closely resemble natural sunlight. Therefore, it is also known as artificial sun used to
characterized the electrical parameters of the solar cell. The solar simulator model (Newport,
Oriel Sol 3A) consists of xenon arc lamp with 450 Watt output powers is used for testing
DSSCs in our experimental works. Current density-voltage (J-V) characteristic curves is one
of the most essential method to determine the photo conversion efficiency of solar cell. The J-
V measurements are executed on a Keithley 2400 source meter by illuminating the DSSCs
under standard air mass 1.5 global (AM 1.5G) illumination. The spectrum of sunlight has
traveled 1.5 times the thickness of atmosphere in AM1.5G. The light intensity of the solar
simulator is calibrated with a standard silicon solar cell of the National Renewable energy
laboratory (NREL) to 100 mW/cm?, equal to 1 sun. The J-V curve is monitor by linearly
sweeping the voltage across the photoanode and counter electrodes meter from -1 to 1V in a
step of 10 mV.

External quantum efficiency (EQE)

EQE is the ratio between the number of charge carriers collected from a solar cell to the number
of photons incident on the solar cell. EQE is also commonly known as Incident Photon to
Current Efficiency (IPCE). It governs how efficiently the incoming photons are converted into

electrons by the DSSCs and is estimated using equation 2.3.

EOE — Nelectrons(4) — JscD)/a — hv Jsc(A) — 1240 Jsc(A) 2
Q (A) nphotons(l) Pin/hf ql X Pin A X Pin 3
37

TH-3261_176151001



Chapter 2 Electrode preparation and characterisation

Where, n,potons aNd Nerecerons are Number of photons and electrons respectively. g stands for
an elementary charge, Jsc is photocurrent density in mA cm, Pi, is the power of incident light
(mW cm?), f is the frequency of light in vacuum (Hz), h is the Planck’s constant, X is the
wavelength of incident light (nm) and v is the speed of light in vacuum (nm s?) [8]. The EQE
spectrum of DSSC is obtained by applying monochromatic light with continuously varying the
wavelength of the excitation light. EQE measurements were done by Newport monochromator
(Model 74125) and the Xenon lamp (Newport, Model 67005).

100
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Figure 2. 3: A typical EQE spectrum of a dye sensitized solar cell [8].

Electrochemical impedance spectroscopy (EIS)

EIS is a powerful technique to investigate the kinetics of different process and charge transport
properties involved in a DSSC [9]. The EIS measurement of DSSC is performed on CH
instrument (CH 680) in the frequency range from 0.1 Hz—1 MHz with small sinusoidal voltage
of 10 mV under room temperature. Usually, the impedance spectra of DSSC can be presented
in the form of Nyquist plot or Bode plot. By using EC-Lab software the impedance spectrum
is fitted to its equivalent circuit and determined many parameters such as total ohmic resistance,
shunt resistance, constant phase elements, and time constant. Mott-Schottky measurement is
also performed for the DSSCs at 977 Hz of frequency under ambient conditions to determine
the free charge carrier density and shift in the flat band potential. Using the same workstation

Tafel polarization curves of DSSCs are measured with a scanning rate of 100 mV/sec.
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Characterization of components
X-ray diffraction (XRD)

XRD is a very powerful tool for analysing the crystalline structures, crystal orientation, crystal
defect, phase, lattice strain of materials [10-11]. It is based on constructive interference of
monochromatic X-rays and a crystalline sample. When a high energy X-ray incident on a
sample, it interacts with the atomic electrons and accelerated with the same frequency of the
incident X-ray in all direction. These scattered X-ray have no phase change and energy loss
thus interference would occur known as Bragg’s condition. The Bragg’s condition is given by

a simple equation:
2dsinf = nl 2.4

Where, d is the interplanar distance of a specific plane, 6 is the Bragg angle, A is the X-ray
wavelength and n is the diffraction order. In this thesis, XRD is performed using Rigaku, Smart
Lab equipped with CuKo. radiation of 1.54 A, for the phase and crystal structural study of TiO,
Ti0O,-CsBr doped films deposited on FTO glass substrates. The measurements are performed

at a grazing angle of incidence 1° with a scan rate of 5 degrees/min in 26 range from 20-70°.
Photoelectron spectroscopy (PES)

PES is an important surface characterization technique that allows to analysis the electronic
structure and chemical environment of different materials with high precision. The basic
working principle behind PES is photoelectric effect [11-12]. The sample under measurement
is irradiated by photons (h9) with energy higher than the ionization energy, so that the electrons
in atoms would be emitted from sample. The kinetic energy (Ey;») Of the ejected electron can
be determined through an electron energy analyser, and the binding energy (BE) can be

estimated using the following equation
BE = h9 — Epip — @ 2.5
Where @ is the work function.

In this thesis PES of both X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) were used to study the chemical and structural changes of
TiO: film exposed to the UV-Os system for a different duration and TiO. doped with CsBr.
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Atomic force microscopy (AFM)

AFM is a nondestructive technique to investigate the surface morphology of sample [13-14].
It consists of a sharp tip use for imaging attached to a flexible cantilever placed above the
sample surface. When the tip deflects on the sample surface, the interactions between the them
cause a positive or negative bending of the cantilever depending upon the surface properties of
the sample. This bending is detected by a focused laser beam reflected from the top surface of
the cantilever to the photodiode. The displacement of the tip is recorded and finally convert
into topographical image. Two basic modes of operating AFM are tapping and contact mode.
The tip is vibrated at a certain amplitude in tapping mode, while in contact mode the tip is in
contact with the sample surface. The AFM used in this characterization is a Cypher, Oxford
instrument (Agilent 5500-STM) in tapping mode. The root mean square (RMS) roughness of
the sample were analysed using WSxM software.

Field emission scanning electron microscopy (FESEM)

FESEM is a technique where a high energy electron beam is used to create an image of the
sample. It uses a field emission gun as the electron source. As the electron beam exits from the
electron gun, they are confined and focused on a small spot using metal apertures and magnetic
lenses. To obtain information about surface topography high energy electron beam interacts
with the atoms on the surface of the sample. Finally, detectors in the microscope collect
electron signals emitted from the specimen to produce an image. Secondary electrons emitted
by atoms due to electron beam is the most common mode of detection [14]. In order to
performed FESEM measurement the sample surface should be electrically conductive, and
electrically grounded to prevent accumulation of electrostatic charge at the surface. In this
thesis FESEM (ZEISS, SIGMA 300) is used for studying the surface morphology of
photoanode and counter electrodes. FESEM was operated with an accelerating voltage of 2 to
4 KeV and the samples were coated with a very thin gold layer by sputtering to avoid the

surface charging effect during measurement.
RAMAN

Raman Spectroscopy is a versatile non-destructive tool where scattered light is utilized to
assess the vibrations energy mode of a sample. It works on the principle of inelastic scattering.
The sample is excited with a laser source, which is essentially an oscillating electromagnetic
wave. It can provide both chemical and structural information, as well as the identification of

substances through their characteristic Raman ‘fingerprint’[11][15]. In this study, the Raman
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spectra were recorded using Horiba Jobin Vyon, Model LabRam HR spectrometer. Before
measuring the sample, all Raman spectra were calibrated with respect to the standard Si

spectrum at room temperature.
Fourier transform infrared spectroscopy (FTIR)

FTIR is an analytical technique used to obtain infrared spectrum of absorption and emission of
the sample. It is a powerful tool to detect the different functional groups present in the
nanomaterials from the spectral band recorded between 5000 and 400 cm™. The spectrum
consists of absorption or transmission peaks corresponding to the frequencies of vibration
between the bonds of atoms in the nanoparticle [11][16]. In this thesis, FTIR analysis was
performed for both photoanode and counter electrodes. FTIR spectra of TiO2, TiO.-UVOs
treated film at low temperature, PSSNa, PANI, and PANI-PSSNa coated films are recorded on
Perkin Elmer (Spectrum 100) spectrometer.

UV-vis Spectroscopy

UV-vis spectroscopy is an analytical tool for measuring absorbance or transmittance as a
function of wavelength. It is based on the interaction between light and matter. When the matter
absorbs the light, it undergoes excitation and de-excitation, resulting in the production of a
spectrum [11]. As we know that in photovoltaic photons are converted to electrons. So, it is
desired that as many photons as possible are absorbed. In this thesis UV-vis analysis was
performed to estimate the possibility of photons absorption at different wavelengths and the
quantity of dyes anchored on photoanode. Therefore, the absorbance of dye loaded on TiO>
films or desorb the dye in base solution is recorded. Also, the UV-vis transmittance spectra of
bare ITO PET, TiO2/ITO PET, and UVOs treated TiO2/ ITO PET were recorded. The

measurements are performed using Perkin-Elmer Lambda 950 and Carry 100 spectrometer.
Photoluminescence (PL) spectroscopy

PL spectroscopy is a nondestructive method to probe the electronic structure of materials. In
PL, the material absorbs the incident light and then photoexcitation occurs. The photoexcitation
causes the material to jump to a higher electronic state, releasing energy as it relaxes and returns
to a lower energy level. The emission of light through this process is photoluminescence. The
intensity and wavelength of the emitted photoluminescence directly measure important
material properties such as bandgap, defects and recombination mechanisms [17]. In the

present thesis, PL spectroscopy is used to characterize the optoelectronic properties of
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semiconductors materials TiO2 with and without UVOj3 treatment. The measurements of the

samples are carried out using Horiba Jobin-Yvon, Flouromax-4 at room temperature.
Cyclic voltammetry (CV)

CV is a versatile electrochemical technique commonly used to investigate the oxidation and
reduction processes of molecular species. It is also important to investigate electron transfer-
initiated chemical reactions, which include catalysis [18-19]. The Cyclic voltammetry (CV)
measurement was performed on Autolab (Metrohm) electrochemical work station in a three-
electrode system, where the FTO coated with carbon nanotubes PANI (polyaniline), (CNTSs),
PANI-PSSNa, CNTs-PANI, and Pt as a working electrode, an Ag/AgCl as a reference
electrode, and a standard Pt counter electrode immersed in an acetonitrile solution mixed with
10 mMLil, 0.1 M LiClOg, and 1 mM I and scan rate of 100 mV/s.

Energy dispersive x-ray spectroscopy (EDX)

EDX is an analytical technique used for the elemental characterization of a sample. EDX is
actually inbuilt within the scanning electron microscope (SEM) setup. When the sample is
bombarded by high energy electron beam, electrons in the specimen are ejected creating
vacancies. X-rays are thus emitted when such vacancies are filled with electrons in the higher
states. The EDX detector detects the x-ray radiation and creates a voltage signal, which is
proportional to the energy of the emitted radiation [14]. Thus, the elemental composition of the
specimen is determined by measuring the intensity and the energy of the x-rays emitted from a
specimen. Zeiss, Model: Gemini scanning electron microscope was used for examining the

elemental composition of TiO. and TiO2-CsBr doped electrodes prepared during this work.
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Effect of UV-Ozone exposure on the dye-
sensitized solar cells performance
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Design and Development of Efficient Electrodes for Rigid and Flexible Solar Cells

3.1 Introduction

The most preferred photoanode material for DSSC is nanocrystalline TiO2 due to its electro-
optical characteristics i.e., favorable valence band and conduction band position for dye and
FTO, chemical stability, high refractive index (2.45), cost-effectiveness, strong oxidizing
power, mesoporous nature and low toxicity [1-6]. TiO2 based photoanode plays multiple roles
for efficient charge generation, charge separation, and charge transfer from dye molecule to
transparent conducting oxide (TCO) substrate. The conversion of light to electricity consists of
multiple dynamic processes in DSSCs. Several undesired recombination processes are also
known to occur at the photoanode, significantly reducing the PCE. Minimizing such unwanted
processes at the active layer of TiO2 is required for efficient performance of DSSCs. Hence,
the surface states and structural parameters of TiO, plays an important role in the fabrication
of an efficient DSSCs [7-11]. Several modifications of the TiO, photoanode have been reported
to increase the efficiency of DSSCs, such as compact or blocking layer [12-14], scattering layer
[15], atomic doping [16-17], surface treatment [18], etc. The surface treatment of TiO- electron
transport layer (ETL) has become an essential step for improving the performance of DSSCs.
Surface treatment of the photoanode affects dye loading capacity, electron transport, and
electron recombination processes. TiCls treatment on the TiO> ETL has been the most
commonly applied method to increase efficiency of DSSCs [19-21]. However, TiCls is not
stable at room temperature as it reacts with moisture present in the air to produce the harmful
hydrochloric acid [22]. A simple post-treatment of TiO2 photoanode by urea solution with a
concentration of 1 g/mol showed improvement in the efficiency of solar cells [23]. A
comparative study of oxygen plasma treatment and oxygen ion beam treatment has reported
that Oxygen ion beam treatment of DSSCs shows higher efficiency than plasma treatment. As
it is much more efficient in removing the number of oxygen vacancies from a TiOactive film
[24]. Deposition of various other layers of Ba(NOs)2, N20eSr, and Mg(NOs)2, on TiO:
electrode followed by an O2 plasma treatment, also shows significant improvement in the
photo-conversion efficiency of the DSSCs [25]. Oxygen (Oz) plasma treatment of TiO, ETL,
remarkably increase in the performance of DSSCs [26]. The drawback of oxygen plasma
treatment, however, is its cost, which requires considerable capital investment. Therefore, UV-

O3 treatment provides an effective and economical alternative method [27].

In this study, an attempt has been made to study and optimize the effect of UV-O3
exposure on a uniform TiO; ETL leading to DSSCs with higher efficiency. The samples were

exposed to UV-Os for different duration of times (0, 5, 10, 15, and 30 min), under ambient
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Chapter 3 Effect of UVO3 treatment
conditions, and keeping other parameters constant. The results demonstrate that by optimizing
the exposure time, we can effectively control the stoichiometry of these samples. This results
in an optimized condition affecting optical absorption, wettability, crystallinity, surface
morphology, electrical conductivity etc., thereby improving the overall carrier dynamics of the
prepared TiO> film. Consequently, at the optimum condition of 10 min exposure, the PCE of
DSSCs shows significant improvement to 8.34% as compared to the untreated device with a
PCE of 6.27%.

3.2 Experimental section
Chemicals and Materials

All chemicals and reagents purchased for the experiments were used as received and obtained
from different commercial sources: FTO (Fluorine doped tin oxide) glass- 7 Q/square sheet
resistance (Sigma- Aldrich), TiO2 nanoparticles (Degussa P25, Sigma-Aldrich, 21 nm), TiO>
Paste (Sigma-Aldrich, 22 nm), terpineol (Sigma- Aldrich), tert-butanol (Sigma- Aldrich),
acetonitrile (fisher scientific), absolute ethanol (Changshu yangyuan chemical, China) , acetic
acid (Merck), ethyl cellulose (Himedia), iodine (Himedia), lithium iodide (Sigma-Aldrich),
valeronitrile  (sigma-Aldrich),  4-tert  butylpyridine  (Sigma-Aldrich),  1-butyl-3-
methylimidazolium iodide (Sigma-Aldrich), NaOH (Merck), Chloroplatinic acid hexahydrate
(H2PtCls.6H20, Sigma-Aldrich), Anhydrous isopropanol (Sigma-Aldrich).

Preparation of working and counter electrode

FTO substrates were cleaned using 15 min ultrasonication in Mili-Q water, acetone, and 2-
propanol, respectively. Cleaned and hot air dried FTO coated substrate was then exposed to
UV-O3 treatment for 15 min to remove any organic contaminants. The mesoporous layer of
TiO> consists of two layers. The TiO> paste consists of 600 mg P25 powder, 5 mL ethanol, 100
ML acetic acid, 500 pL milli-Q water, 3 gm tarpineol, and 3 gm ethyl cellulose (15 Wt.% in
ethanol). The mixture was stirred overnight and spin-coated at 5000 rpm for 45 secs on the
clean substrate. After drying the first layer of TiO2 at 100 °C for 10 min, the second layer of
TiO, Sigma paste was applied by the doctor blade technique and baked at 100 °C for 20 min.
Samples were then sintered at 500 “C for 30 min to improve the interfacial contact between the
deposited TiO2 layer and the FTO substrate. TiO2, which acts as a layer for electronic transport,
was exposed to UV-Os for different time durations (0, 5, 10, 20, and 30 min). The Pt counter
electrode was fabricated on another pre-cleaned FTO substrate by spin coating chloroplatinic
acid hexahydrate solution (5 mg H2PtCls.6H20O in 1 ml of anhydrous 2-propanol) at 5000 rpm
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for 45 secs followed by annealing at 500 °C for 30 min. A set of 10 samples were prepared for

each time interval to confirm the reproducibility of the experiment.
UV-Os exposure on TIO2ETL

UV-03 exposure was performed using NOVASCAN PSD Pro UV system. The UV-O3z system
produces ultraviolent light of two wavelengths, 254 and 185 nm simultaneously with very high
photon energy of 470 and 647 kJ/mol, respectively. The bond energy of the organic
contaminants C-C, C-H, C-O and O-H are 346, 411, 358 and 459 kJ/mol, respectively. The
photon energies irradiated from the UV-Oz system are much higher than the bond energies of
contaminants. Therefore, the organic contaminant molecules are dissociated or excited by the
irradiation of UV light. The atmospheric oxygen (O>) is irradiated with ultraviolet rays at 185
nm; after absorption, it converts to atomic oxygen (O*) and ozone (Os) (equation 3. 1), whereas
O3 decomposes after irradiation with 254 nm UV light (equation 3. 2). Strong oxidizing atomic
oxygen (O”) is generated during the process of decomposition or formation of Os. Atomic
oxygen and Oz strongly react with organic materials to produce volatile molecules such as CO3,
H20, N2 etc. The samples treatment was performed at normal atmospheric pressure and room
temperature [28-29].

h9(185 nm) + 20, - 0; + 0" 3.1
h9(254 nm) + 03 » 0, + O* 3.2
Device fabrication and testing

The working TiO2 films with and without UV-Og3 treatment were dipped into N719 dye solution
(0.3 mM N719 in tert-butyl alcohol and acetonitrile, volume ratio 1:1) and kept for 24 hours to
sensitize it at ambient condition. The solution of I~ /I3 electrolyte was made with 0.5 M Lil,
0.05M 12, 0.5 M 1- Butyl-3-methylimidazolium iodide, 0.1 M guanidium thiocyanate, and 0.5
M 4-tert-butylpyridine dissolved in the mixture of acetonitrile/ valeronitrile (V/V = 85:15)
solvent. DSSCs were assembled between dyed TiO> photoanode and Pt counter electrode using
a hot melt spacer (Surlyn film, 60 pm, purchased from Ossila). The interspace available
between the TiO> photoanode and the counter electrode was then filled with a liquid electrolyte
to complete the fabrication of DSSCs. The electrical characteristics of DSSCs were measured
with a Keithley 2400 source meter from -1 to 1 V in a step of 10 mV, under AM 1.5 G (100
mW/cm?) illumination, which was provided by a solar light simulator (Newport, Oriel Sol 3A).
The light intensity of the solar simulator was calibrated with a standard silicon solar cell of the
National Renewable energy laboratory (NREL). The active area of DSSCs was 0.09 cm?,
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3.3 Results and discussion
XPS analysis

The structural and chemical changes on the TiO> ETL were studied by XPS upon UV-O3
exposure. Fig. 3.1(a, b) demonstrates the XP spectra of carbon contaminants present in TiO>
film for 0 and 10-min UV-Og treatment. The C 1s peak intensity found at 284.8 eV decreased
significantly after UV-O3 exposure. This suggests that UV-O3 treatment burns out organic
contaminants from the precursor of TiO> film [30-31]. The quantitative analysis of carbon atom
percent, C-C/C-H peak area decreased from 57.90% to 52.40% after UV-O3 treatment (Table
3.1). The relative changes in the peak area reveals that chemical environment of TiO2 film
changes with UV-Os exposure. Carbon contamination acts as interfacial trap sites and
decreases cell performance. It affects the anchoring of dye molecules on TiO2 film, which
results in less quantity of dye adsorbed and therefore produces less photocurrent, fill factor,
and efficiency. The O1s peak of TiO- film without and with UV-O3 treatment was fitted with
two Gaussian peaks (Fig. 3.1(c and d)). The central O1s peak found at 529.99 eV corresponds
to the lattice oxygen of TiOz (Ti*). The higher binding energy on shoulder peak at 531.3
eV+0.2 eV is attributed to the formation of Ti** surface state through the creation of oxygen
vacancies, commonly written as Ti,Os. The change of oxidation state from Ti** to Ti®* occurred
due to O and O, species introduced on the surface of TiOz by UV-O3 exposure [32-35]. The
ratio of the atom percent calculated from the Ti,O3 peak area increases from 12.40% (0 min)
to 23.4% (10 min) after the UV-O3 treatment (Table 3.1). Oxygen vacancies generated from
the reduction of Ti** to Ti®* produces electrons, thereby affecting the surface functionality and
charge state of the TiO2 ETL. The excess number of electrons generated by UV-Os treatment
helps in efficient charge transport and substantial reduction in electron-hole recombination rate
as inferred through impedance measurements. Fig. 3.1(e and f) illustrates the XP spectra of Ti
2p for TiO2 samples. For 0 and 10 min UV-Os exposure, the TiO2 sample shows peaks at
457.5+0.1 eV, and 463+0.2 eV corresponding to the binding energy level of Ti** 2psz and Ti**
2p1s2, along with the peaks at 456.4 eV+0.1 eV and 458.5 eV+0.2 eV imputed to Ti**2ps2 and
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Figure 3. 1: XP spectra of TiO; films coated on FTO glass substrates with 0 min (a, ¢, and €), and 10 min ( b,
d, and f) UV-O3 treatment.

Ti**2p12 energy level of Ti®* state respectively [18, 31, 36-37]. Peak areas of Ti**2ps state
increases by 59.60% and Ti%*2pa/, by 44.44% respectively after UV-Os treatment (Table 3.1).
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The difference in these peak areas is attributed to the change in the stoichiometry of the TiO>

film; due to increase in the number of oxygen vacancies by UV-03 exposure.

Table 3. 1: Summary of relative peak area with respect to total area of C 1s, O 1s, and Ti 2p for 0 min and 10 min
UV-Osexposure TiO, ETL.

Samples C-C/C-CH TiO, Ti203 Ti%*(2p312) Ti%*(2p1/2)
0 Min (%) 57.90 87.60 12.40 5.70 3.60
10 Min (%) 52.40 76.20 23.40 9.10 5.20

Contact angle and surface energy analysis of TiO2 film with and without VU-Os3

treatment.

The contact angle of TiO; active layer films were measured using KRUSS drop shape analyser
instrument at ambient conditions. Deionized (DI) water (H20) and Diiodo-methane (CH:zl>)
were used as the test liquids. The test liquid was placed at different locations on TiO> active
surface. Once the drop achieved metastable equilibrium, the measurement was carried out.
Three measurements were taken from each sample, and the mean contact angle value is used
to calculate the Surface free energy (SFE). The dispersive and polar components of the surface
free energy were computed from the measured contact angles of DI water and Diiodo-methane
using KRUSS advance software (Table 3.2). The following equation was used to calculate the
total SFE (equation 3.1) [38].

vs=vd +vs (3.1)

Where yg is the SFE, y¢, and yZ are the dispersive and polar component of the SFE of the
examined TiO; films. Fig. 3.2(a, b and ¢) demonstrates the contact angle analysis of TiO; films
after sintering without and with UV-Oz irradiation. The contact angle reduces from 17.5+0.5°
to 8.2+1° after 30 min of UV-O3 exposure as shown in Fig. 3.2(d). Decrease in the contact
angle (Fig. 3.2(a, b, and c)) indicates increase in hydrophilicity and corresponding increase in
surface free energy (Fig. 3.2(e)). This increase in surface energy is attributed to the removal of
unwanted hydrophobic organic components and the increase of hydrophilic oxygen vacancies
in TiO, film [34, 39-41].
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Figure 3. 2: Contact angle analysis pattern of water on TiO; films with (a) 0 min (b)10 min and (c) 30 min
UV-O3 exposure. Variation of (d) contact angle and (e) Surface free energy by UV-Os treatment time.

Table 3. 2: Variation of contact angle and surface free energy due to UV-O3 exposure.

UV-Os Contact Angle (Degree) Component of Surface free Surface free
treatment energy for examined Energy (mN/m)
. . material (mN/m) 9y '
time (Min) d..p

Ys=VstVs
Deionized Diiodo- Disperse Polar
water (Hz20) methane v y
(CH:l2)
0 17.5+£0.5 11.32 49.82 28.62 78.43
10 10+1 6.25 50.50 29.68 80.12
30 8.2+1 521 50.59 29.93 80.52

Atomic force microscopy (AFM) analysis
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AFM was utilized to analyse the surface topography and roughness/sectional profile of TiO>
ETL film exposed to UV-Os system for different durations (Fig. 3.3(a, b, and c)). The root
mean square (RMS) roughness decreases by 27.22% for 10 min exposure as compared to
unexposed sample. However, roughness further increases by 19.52% for 30 min exposure.
High roughness factor and irregular pores affect crystallization properties, increase the grain
size of the TiO. film [39, 42]. 10 min UV-Oz exposure has the lowest surface roughness
indicating smooth, uniform pores and compact surface films, leading to efficient harvesting of
light, better accessibility of dye adsorption, and prevents direct contact between TiO, and dye
molecules thereby resulting in high conversion efficiency. Similarly, the highest conversion
efficiency in perovskite solar cells was also achieved for the sample with lowest RMS value
[33].

68.15 nm 84.74 nm

Z (nm)
Z (nm)

" 000nm o “w 000nm %7 4 5 5 0 000nm
) X (um)
(a) 0 Min, RMS =22.48 nm (b) 10 Min, RMS = 16.36 nm (c) 30 Min, RMS =20.33 nm

Figure 3. 3: Two-dimensional AFM images and sectional profile of TiO film with (a) 0 min, (b) 10 min, and
(c) 30 min UV-O3 exposure.

X-ray diffraction (XRD) analysis

Fig. 3.4(a) displays the XRD pattern of TiO> film with different UV-Oz treatment time. All
samples show diffraction peaks of (101), (200), and (211) planes at corresponding Bragg angles
of 25.35", 48.06°, and 55.00° respectively, and are of anatase phase. The diffraction pattern of
TiO2 ETL photoanode with different UV-Os treatment times remains almost the same, with
slight difference in intensity and relative peak area. The highest intensity and relative peak area
are observed for 10 min UV-Os treatment. Changes in the relative peak area are presented in
Table 3.3. Relative area of (211) plane decreased from 10.16% to 6.20% after UV-Oz treatment
for 10 min. The highest ratio of 4.09 for (200)/ (211) plane peak area is shown in Fig. 3.4(b).

From the relative peak area analysis, it can be concluded that UV-O3 treatment affects the
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orientation of mesoporous TiO, ETLs. Favorable atomic arrangement of (101) and (200)

orientation leads to better interconnection between the TiO2 nanoparticle and FTO [43].
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Figure 3. 4: X-ray diffraction pattern of TiO2 film with (a) 0, 10, and 30 min UV-Os exposure. (b)
Corresponding peak area ratio of (200)/ (211) plane.

Table 3. 3:_Peak area analysis of XRD

hkl Relative peak area
0 Min 10 Min 30 Min ok
(101) 100 100 100 Maximum peak area
(200) 29.56+0.5 25.37+1 29.30+1 Preferred (200) plane area.
(211) 10.16+0.5 6.20+1 9.106+1 TiO; peak area of (211) plane reduced after
UV-0O3 treatment.
(200)/(211) 2.90+0.5 4.09+1 3.21+1 Ratio of (200)/(211) plane increased after UV-

O3 at optimum condition.

UV-visible analysis

The changes in the photocatalytic activity were examined using the UV-visible spectrometer.
Fig. 3.5(a) shows the diffused reflectance UV-Vis absorption spectra of N719 sensitizer
anchored on TiO> film. The photoanode absorption spectra shows two metal-to-ligand charge-
transfer (MLCT) peak at 534 nm and 400 nm. Fig. 3.5(b) illustrates the absorption spectra of
dye desorbing from the TiO, photoanode. The TiO> films with dimensions of 0.5 cm x 1.0 cm

and a thickness of 8.5 um are soaked in 3 mL of 0.1 M NaOH solution in ethanol and DI water
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(volume ratio of 1:1) to desorbed the dye from the film and absorption spectra is taken by
means of UV-vis spectrometer. Characteristic changes and blue shifts are observed in
absorption pattern for TiO2 loaded with dye. This blue shift is attributed to better deprotonation
and less aggregation of the dye on TiO2 surface [3, 9, 44-45]. Increase in absorption intensity
is observed for corresponding exposure to UV-Oz3 treatment (0 min <10 min< 30 min). This
increase in absorption intensity of the photoanode sample exposed to UV- Oz indicates efficient
adsorption of the dye molecules on the TiO surface due to removal of organic contamination
there by providing better surface contact. Based on the quantitative estimation of the
chemisorbed dye molecules on the TiO; surface, it was found that the 10 and 30 min UV-O3
exposure exhibited the higher dye loading, viz. 2.20 x 107" mol.cm, and 2.27 x 10" mol.cm™
compared to 0 min (1.83 x 10" mol.cm™). This increase in dye loading capacity due to UV-Og3

exposure, leads to significant improvement in the current density of the fabricated DSSCs.
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Figure 3. 5: UV-Visible absorption spectra of N719 dye (a) loaded on TiO: film, inset shows sensitized film
and (b) dye solution desorbed from TiO, film in 0.1 M NaOH solution in ethanol and DI water (V:V=1:1),
inset shows desorbed film.

Impedance analysis

Fig. 3.6 shows the Nyquist plots of electrochemical impedance spectra (EIS) for DSSCs along
with the equivalent circuit (inset of Fig. 3.6). EIS measurement of DSSCs is a powerful
technique to study the charge transfer resistance and recombination reactions taking place at
different interfaces in the solar cell i.e., first semicircle in the high-frequency region (from 1-
100 kHz) explains the charge transfer resistance and capacitance of counter
electrode/electrolyte interface, second semicircle in the mid-frequency region (from 0.1 Hz-1
kHz) corresponds to the charge transfer resistance at photoanode/electrolyte interface with
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chemical capacitance of the TiO> working electrode, and in the low frequency region (from 0.1
Hz- 0.01 Hz) provides information about impedance of diffusion of the liquid electrolytes [44,
46-47]. The parameters of equivalent circuit as obtained by fitting the data are presented in
Table 3. 4. In the high frequency region, the onset point on the real axis of first semicircle
corresponds to total ohmic series resistance (Rs) due to sheet resistance of electrode substrate

and the resistance of electrolyte solution. The value of Rs decreases from 30.49 Q (0 min) to

2001 —— 0 Min
—o— 10 Min
—o— 30 Min
191 Rs  CPE1 CPE2
e
O3
£ 100+ Rctl w Rct2
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Figure 3. 6: Nyquist plot of DSSCs under ambient condition for different UV-O3 treatment time.

20.62 Q (30 min) after UV-Ogz exposure. This decrease in Rs indicates better interfacial contact
of the TiOz film on FTO leading to increase conductivity. The parallel combination of electron
transfer resistance ‘Rectl and capacitance CPE1’ represented the impedance due to counter
electrode/ electrolyte interaction at high frequency region. The Warburg diffusion impedance
of the redox species in the electrolytes is represented with a finite length Warburg element (W).
Rct2/CPE2 is basically due to electrochemical reaction taking place at working
electrode/electrolyte interface. From Table 3.4 it can be observed that DSSC with 10 min UV-
O3 exposure show lowest values of Rct2 and Warburg diffusion impedance (W). Lowest Rct2
and W values for optimize photovoltaic device validates the minimal recombination with
improved charge transport Kinetics and faster diffusion of electrolytes. The smallest semicircle
(red colour) in the mid-frequency region for optimum 10 min treatment indicates substantial
decrease in the charge transfer resistance, indicating minimum trap state, lower recombination
rate, higher electro-catalytic activity, and effective electrons life time (z,...). Large semi-circle

(black colour) for untreated device shows considerable charge transfer resistance leading to
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slower electronic transport, and increase in recombination reaction at the interface. This, results

in overall lower performance of the untreated DSSCs.

Table 3. 4: DSSCs parameter obtained from EIS analysed.

Samples Rs Rctl CPE1 w Rct2 CPE2 Troc
(€2) () 10°%(F) () () 10°%(F) (ms)

0 30.49 11.75 7.09 20.47 125.00 0.40 50

10 21.2 11.42 15.75 6.70 90.00 0.80 72
30 20.62 10.09 10.83 15 100 0.60 60.4

Electrical parameters of DSSCs

The electrical conductivity of TiO, ETL significantly influences the performance of DSSCs.
With different UV-Os irradiation time, the linear scan of dark current (1) vs. voltage (V) curves
of TiO2 samples are shown in Fig. 3.7(a). The slope of the 1-V curves provides the electrical
conductivity of the TiO, photoanode. This significant increase in I-V slope with increasing
UV-0O3 exposure time is observed due to improved interfacial contact. UV-O3z exposure of TiO>
films may lead to enhanced conductivity due to the generation of oxygen vacancies [48-49]. In
order to understand the influence of UV-O3 exposure, the performance of DSSCs J-V curve is
displayed in Fig 3.7(b). The PCE of DSSCs with different UV-O3 exposure time are shown in
Table 3.5. At 0 min, the photoelectric conversion efficiency (n) of DSSCs is 6.27%
(Voc=718.40 mV, Jsc = 13.02 mA/cm? and FF = 64.20%). The presence of residual organic
contaminants on the TiO> film acts as recombination center at the interface of TiO2/ N719
dye/electrolytes thereby critically influencing the collection and transport of electrons, thus,
affecting the overall efficiency of the DSSCs [33]. Compared to unexposed TiO2 ETL, UV-O3
exposure shows remarkable improvement in photoelectric conversion efficiency (Fig. 3.7(c).
By optimizing the duration of exposure, the best PCE of 8.34% achieved for 10 min with an
increase of 33.01% efficiency (n=6.27 to 8.34%), 16.27% photocurrent density (Jsc= 13.02 to
15.15 mA/cm?), 5.20% open circuit voltage (Voc= 718.40 to 756 mV) and 10.74% fill factor
(FF=64.20 to 71.10%). The enhancement of PCE with UV-O3 exposure may be attributed to
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Figure 3. 7: (a) Dark linear 1-V characteristics (b) Light J-V curves, Box charts of (c) efficiency (d) FF (e) Jsc
and (f) Voc of DSSCs as a function of UV-Os3 treatment performed on TiO, electron transport layer film.

fast electron transfer, increase in dye absorption, minimization of surface roughness and

removal of organic binders [33-34]. However, the longer duration of UV-O3 exposure time for

30 min gives no further enhancement in the performance of DSSCs. Although the Jsc was

improved for 30 min exposed device (Fig. 3.7(e)), the efficiency decreases by 14.14% (n= 8.34

TH-3261_176151001

59



Chapter 3 Effect of UVO3 treatment
to 7.16%). This decrease in efficiency is attribute to lower FF (Fig. 3.7(d)) and Voc, (Fig. 3.7(f))

in overexposed surface which might be due to the role of oxygen vacancies in facilitating

carrier recombination at the TiO2/dye interface [33-35, 48].

Table 3. 5: Photovoltaic parameters of DSSCs fabricated using UV-Oj3 treated TiO; layer.®

UV-Os exposure Voc Jsc FF Efficiency (Average)?
time (min) (mV) (mA/cm?) (%) (n, %)
0 718.40 13.02 64.20 6.27+0.31
5 741.90 14.64 65.50 7.06+0.33
10 756.00 15.15 71.10 8.34+0.38
15 707.20 16.66 63.40 7.47+0.37
30 705.60 17.71 57.20 7.16+0.37

aAverage of 10 devices

3Performances of DSSCs were measured with 0.16 cm? working area under AM 1.5, 100 mW/cm? irradiation.
Liquid electrolytes (0.05M Iz, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M 1-
Butyl-3-methylimidazolium iodide dissolved in acetonitrile/valeronitrile (V: V= 85:15) solvent. Dye solution (0.3
mM N719) and Platinized counter electrodes.

3.4 Conclusions

Herein, the effect of UV-Os exposure on the efficiency of the DSSCs has been carefully
analysed and optimized. The fabricated device with optimized time for 10 min UV-O3 exposure
shows the best PCE of 8.34% (Jsc=15.15 mA/cm?, Voc=756.00 mV, FF=71.10%) with good
reproducibility. However, any further increase in exposure time leads to decrease in the photo
conversion efficiency of the solar cells. XRD and impedance curve measurement denotes
enhanced crystallinity and decrease in the ohmic resistance of the electron transport layer. Thus
higher efficiency for the optimally exposed solar cells may be due to removal of the organic
contaminants as indicated by the increase in the oxygen vacancies (XPS results) or due to
lowering of surface roughness as confirmed by the AFM results, leading to improved
wettability and increase in the adsorption of dye to the TiO> surface. However, further research
is required to clearly identify the inherent mechanism. Moreover, additional experiments can
be performed to explore the effect of UV-O3 exposure on the photocatalytic activity, electrical
conductivity and the recombination reaction at the dye/TiO. interface; leading to better
optimized parameters for the development of efficient solar cells.
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CHAPTER 4 Cesium bromide modified ETL

Enhanced photovoltaic performance of dye
sensitized solar cells using cesium bromide
modified electron transport layer
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4.1 Introduction

Photoanode is one of the device's most crucial component, consisting of a few microns (~7-12
pm) thick porous semiconductor film on FTO/ITO coated glass substrate. The multifunction
of photoanode includes dye absorption, injected excited electrons generated by the light
absorbed dye molecules into the conduction band of electron transport layer. The power
conversion efficiency (PCE) mainly depends on many factors like (i) suitable energy level
between the dye and the redox couple of electrolytes, (ii) electron transfer from sensitizing dye
(N719) to ETLs. To ensure efficient and fast electron injection into the conduction band, well
matched energy level between the excited state of dye molecules and the conduction band of
ETLs is desirable. (iii) charge separation and recombination; the charge transfer process is
susceptible to recombination at the TiO2/N719 interface since the large conduction band offset
states can operate as recombination centers for excited electron and (iv) molar extinction
coefficient of dye [1-6]. Various semiconductor materials such as TiO2[7], ZnO [8-9] and SnO;
[10] etc. have been utilized as an electron transport layer (ETL) in DSSCs. TiO, (Anatase) has
been proven to be one of the best among explored ETLs due to its high stability, suitable band
position, lesser toxicity, wide commercial availability, and ease of tuning bandgap [11]. But
the major problem associated with TiO2 based ETL and N719 dye is the large conduction band
energy gap between them. The random charge transfer occurred within the band structure of
TiO> generating recombination [12-13]. Therefore, the doping technique can be utilized to
improve the photo physical and transport properties of conventional TiO2 ETL. Suitable doping
can effectively minimize the trap states in mesoporous TiO2 in DSSCs. Some alkali metals Ca
[14], Li [15], non-metals [16-17], metalloids [18-19], post-transition metals [20-21], transition
metals [22-23] etc., are used as dopants in TiO2 to modify the band structure, charge transport
properties, and surface area etc. Tuning the band structure of TiO; is a promising method for
improving the driving force of injected electrons from the lowest unoccupied molecular orbital
(LUMO) of dye to TiO2 ETL [24-26]. The incorporation of dopants can also induce multiple
salient properties in TiO2, such as negative shifting in flat band potential (V¢,), resulting in a
higher Voc [19, 27-28], reduced recombination rate and enhanced charge transport rate by
decreasing oxygen defect in the TiO> lattice [29-31], tuning bandgap for absorption in the
visible region [32]. Therefore, significantly improved photovoltaic performance is expected to

achieve by the optimum incorporation of strategically chosen dopants.
Here, the relative performance of DSSCs based on conventional TiO2 and cesium bromide
(CsBr) doped TiO2 (TiO2-CsBr) photoanodes are analysed. We varied the concentrations of
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CsBr incorporated in TiO2 to optimize the device performance. Consequently, 22%
enhancement in PCE is observed with an optimum concentration of 0.4 weight percent (Wt.
%) doping. Generally, doping tailor the energy level of the materials, so Mott-Schottky analysis
is performed to calculate the flat band potential of TiO2 and TiO>-CsBr doped electrodes. The
facilitating charge transfer and recombination kinetics of the modified ETLs are fully evaluated
by impedance spectroscopy and open circuit voltage decay. The improvement in device
performance after CsBr doping are also investigated by various characterisation techniques
such as X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), field-emission scanning electron microscopy (FESEM), atomic force microscopy
(AFM), UV-vis absorption, energy dispersive X-Ray spectrometer (EDX), and X-ray
diffraction (XRD) to examine the opto-electronic and morphological features of ETLSs.

4.2 Experimental section
Chemicals and Materials

Fluorine doped tin oxide (FTO) coated glass- sheet resistance of 7 Q/square, Titanium dioxide
powder (Degussa P25, 21 nm), Terpineol, Diisopropoxide bis (acetylacetonate), Tert-butanol,
Valeronitrile, Lithium iodide, 4-tert butylpyridine, 1-butyl-3-methylimidazolium iodide,
Anhydrous isopropanol, Ruthenium dye (N719), Acetonitrile, and Chloroplatinic acid
hexahydrate (H2PtCle.6H20) are purchased from Sigma-Aldrich. Other chemicals for the
experiments are obtained from different sources such as Absolute ethanol from Fisher
scientific, Ethylcellulose and lodine from Himedia, Acetic acid and Sodium hydroxide (NaOH)

from Merck, and Cesium bromide (CsBr) from Alfa Aesar.
Preparation of TiO2 and TiO2-CsBr doped electron transport layer

The mesoporous TiO; paste with and without cesium bromide (CsBr) are prepared as follows:
600 mg TiO2 nanoparticle (P25) is mixed with acetic acid (100 pL), ethanol (5 mL), milli-Q
water (450 uL), terpineol (1.5 gm), and 2.5 gm ethyl cellulose which is dissolved in ethanol
with 13 weight percent (Wt.%), followed by sonicating and stirring for overnight. Then mixed
with different concentrations (0, 0.2, 0.4, and 0.6 Wt.%) of CsBr. The TiO>-CsBr mixer is
grinded for a few hours in mortle pestle. In this way, the TiO2 and TiO>-CsBr doped colloid
paste are prepared. We obtained a well-dispersing paste without agglomerates and appreciated
viscosity to produce a mechanically stable film. FTO coated transparent glass substrates are
cleaned in a detergent solution for 15 minutes in sonicator bath and sequentially washed in tap
water, deionised water, acetone, and propanol. Then, the substrates are dried using a hot air
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dryer and then UV-Ozone exposure for 10 min to completely remove the last traces of organic
contaminants. A thin TiO2 compact layer ~ 50 nm is deposited on the clean FTO surface using
a spin coating technique. An ethanol solution containing diisopropoxide bis (acetylacetonate)
of 0.15 M is spin coated at 5000 rpm for 60 secs and consequently calcined at 450 °C for 30
min. After cooling down to room temperature, the mesoporous TiO2 and TiO.-CsBr doped
paste are applied above the compact layer by doctor blade technique and subsequently heated
in a muffle furnace at 450 °C for 40 min, to burn out the residual organic components and
improve the interfacial contact.

Device fabrication and testing

The TiO2 and TiO,-CsBr deposited films are immersed into 3 x 10~*M N719 dye solution and
finally kept in the dark for 24 hours. Liquid electrolyte (0.05M Iz, 0.5M Lil, 0.1M guanidium
thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M 1-Butyl-3-methylimidazolium iodide)
dissolved in acetonitrile/valeronitrile (Volume ratio of 85:15) solvent. The Platinized (Pt)
counter electrodes (CEs) are prepared by spin coating (4000 rpm, 60 secs) H2PtCle.6H20
solution in anhydrous 2-propanol, then sintering for 40 min at 450 “C. The photoanodes and
counter electrodes are separated by hot-melt sealing foil (60 um, Surlyn film, Ossila), and the
space between the electrodes is filled with liquid electrolyte. The current density and voltage
(J-V) analysis of DSSCs are performed using a 2400 source meter (Keithley, USA) from -1 to
1V in a step of 10 mV, under one-sun AM-1.5G 100 mW/cm? intensity (Sol3A Oriel, Newport,
USA). The J-V measurements are defined with a specific active area of 0.16 cm?.,

4.3 Results and discussion
Current density-voltage (J-V) characteristic of DSSCs

The photovoltaic performance of DSSCs fabricated with conventional TiO2 and TiO,-CsBr
based ETLs are analysed in AM 1.5G under the illumination of 100 mW/cm?. The parameters
of the DSSCs are summarised in Table 4. 1. The control device based on TiO2 ETL produced
a PCE of 7.61% with an open circuit voltage (Voc) of 711.80 mV, short-circuit current density
(Jsc) of 15.92 mA/cm?, and a fill factor (FF) of 67.30%. The modified device based on TiO,-
CsBr ETL exhibited an enhanced PCE of 9.28% with a higher Voc of 759.30 mV, Jsc of 17.36
mA/cm?, and FF of 70.50%. In comparison 0.4% CsBr doped TiO2 ETL yielded ~22% PCE
enhancement. The Voc increased up to 6.6% when TiO2 was doped with CsBr. The Voc

enhancement can be attributed to the negative shifting of flat band potential (Vf,) after

modifying with CsBr cluster. However, the excessive increase in CsBr incorporation beyond
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0.4 Wt.% resulted in decline overall PCE. This decline of PCE can be caused by multiple
reasons, such as hindered electron transfer and diffusion due to high CsBr content, or probably
an undesirable recombination reaction taking place during the operating condition within the
cell. The impacts caused by CsBr doping on flat band potential, donor density, charge transfer,
recombination process, electron life, and band alignment of the DSSCs are discussed below
with the aid of Mott-Schottky, OCVD studies, electrochemical impedance spectra, XPS, and
UPS. A Voc box chart of 10 devices are presented in Fig. 4.1(b), to highlight the reproducibility

of devices.
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Figure 4. 1: (2) J-V characteristics curves and (b) Voc box chart of DSSCs with TiO2 and TiO,-CsBr ETL.

Table 4. 1: Parameters of DSSCs.*

Electrodes W1t.% of CsBr Jsc Voc FF 1] (Average)?
(mA/cm?) (mV) (%) (%)
TiO, 0 15.92 711.30 67.30 7.61+0.23
TiO,-CsBr 0.2 16.59 746.10 65.90 8.15+0.25
04 17.36 759.30 70.50 9.28+0.24
0.6 16.94 751.55 69.40 8.82+0.26

aAverage of 10 devices

“Performances of DSSCs were measured with 0.25 cm? working area under AM 1.5, 100 mW/cm? irradiation.
Liquid electrolytes (0.05M I, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M 1-
Butyl-3-methylimidazolium iodide dissolved in acetonitrile/valeronitrile (V: V= 85:15) solvent. Dye solution (0.3
mM N719) and Platinized counter electrodes.
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Mott-Schottky (M-S) plot

Mott-Schottky (M-S) plot is an effective method to determine the free charge carrier

density (N¢) and flat band potential (V) in a semiconductor and electrolyte system. Fig. 4.2
shows the M-S plot of DSSCs based on TiO2 and TiO2-CsBr doped ETLs. The M-S plots of ciz

vs IV shows a non-linearity curve with a positive slope, implying an N-type semiconductor
behavior. The non-linearities in the M-S plots are generally associated with the presence of

surface states or rough mesoporous nature of the electrodes. The N and V¢, could be calculated

using the following equation [33-35].

[EY
N
1

— Ti02
—o— TiO»-CsBr (0.2%) & S
—o— TO,-CsBr (0.4%) 7
—o— TiO»-CsBr (0.6%)

1/C2(1012F-2cm4y
()]

0 —

-0.9 -0.6 0.3 0.0
Potential (V)

Figure 4. 2: Mott-Schottky plot of DSSCs with different conc. of CsBr in TiO, ETLs

__ 2?2 wy_y.,_Iks
V=V == 4.1

C2%  eg9qA2N¢

4.2

slope =
p £€9qA2N ¢

Here, C,. is the space charge capacitance, ¢ is the dielectric constant of TiO2 =50, g, is the
permittivity of vacuum =8.85 x 10712 F/m, A is the area= 0.16 cm?, T is the absolute
temperature=30 K, kg is the Boltzmann’s V is the applied voltage, V, is the flat-band

potential, g is the electron charge 1.6 x 1071°C, and N, is the free carrier density=".

For TiO; electrode, slope = 11.2 x 1012F~2y -1

N, = ——>——=0.98 x 107 /cm?

gggqA2slope

For TiO2-CsBr electrode with 0.4%, slope = 7.26 x 1012F~2y~1
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2
gggqA2slope

N; = =1.56 x 1017 /cm3

The slope of the M-S plot yields the donor density (N and based on the above equation, the

slope of the tangent line is inversely proportional to N.. From Fig. 4.2 we observed that the
slope of DSSCs based on TiO>-CsBr ETL decreased, which indicates that CsBr incorporation
improved N, of the TiO: film. The calculated N from the slope is found to be 1.17 x
1022 /cm3 and 1.76 x 1022 /cm3 for TiO2 and TiO2-CsBr (0.4%) ETLs, respectively. In a
semiconductor, fermi level (Er) is closely related to N.. As the donor concentration increases,
Er leads in the direction of the conduction band and correspondingly delivers higher Voc. In
DSSC, Voc is directly correlated to the energy difference between the electrolytes' redox

potential, i.e.,/” /I3 and the quasi-fermi level, i.e., Vg, within TiO2. The Vg, is another
important parameter that can be determined from the intercept on the V axis i.e.,ci2 =0.

Comparing the Vg, of TiO2 and CsBr-TiO2 doped photoanodes, a negative shift is observed
from -0.46 to -0.50 V. Thus, the increased in Voc is attributed to a negative shift in V;, due to

TiO2-CsBr doping [22][27][36]. The result obtained in the M-S plot agrees with J-V curve of
the DSSCs.

Open circuit voltage decay (OCVD)

Further, in order to investigate the electron recombination in DSSCs, OCVD measurement is
performed. The measurement is done by illuminating the DSSCs under a 100 mW/cm? light
source for 20 seconds to attain a quasi-equilibrium state, and then the light is abruptly turned
off with the help of a shutter to monitor the transient decay of Voc(t) during the relaxation from
quasi-equilibrium state to dark equilibrium. The decay curves of DSSCs are due to charge
recombination, which decreases electron concentration as a function of time. Fig. 4.3(a) depicts
the OCVD decay curves of DSSCs devices based on TiO2 and TiO»-CsBr doped photoanode.
From Fig 4.3(a), the Voc(t) responded of DSSC with TiO2 photoanode is much faster than that
of CsBr-TiO2 photoanode, especially within 40 s time domain. The rate of Voc(t) decay is
directly proportional to the recombination rate. This result described that the TiO.-CsBr doped
photoanode reduced charge recombination considerably. The relation between transient decay
of Voc(t) and electron lifetime (te) can be expressed by the following equation (4.3) [37-41].

kgT ,dVyc

-1
. ( " ) 4.3

Th =

where, kg is the Boltzmann constant, q is the electron charge, and T is the absolute temperature
in Kelvin. The electron lifetimes (tn) estimated from OCVD curve of DSSCs with conventional
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TiO2 and TiO2-CsBr photoanode is presented in Fig 4.3(b). DSSCs with TiO2-CsBr
photoanodes significantly reduced photoelectron recombination rate and enhanced the
photoelectrons' lifetime compared to device based on TiO2 photoanode. This proved that
electrons in TiO2-CsBr photoanode survive longer in an excited state and facilitate electron

transport resulting in enhanced performance of the DSSCs.

0.8 -30
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Figure 4. 3: (a) Open circuit voltage decay curves and (b) corresponding electron life of DSSCs based on TiO;
and TiO2-CsBr doped ETL.

Impedance analysis

To evaluate the charge transfer characteristic of DSSCs at three spatially separated interfaces
i.e., FTO/TiO., TiO2/dye/electrolyte, and electrolyte/Pt coated-FTO, -electrochemical
impedance spectroscopy (EIS) analysis is executed. Both the ionic and electronic processes
govern the charge transfer in the DSSCs system. The high-frequency region reflects the
impedance of Pt coated-FTO/electrolytes interface. The intermediate frequency range features
the impedance of TiO/dye/electrolyte interface, and the diffusion of electrolytes in low
frequency region [42-44]. To explore the effect of CsBr doping on the charge transfer process,
we prepared DSSCs using TiOz and TiO2-CsBr doped ETLs. Fig. 4.4(a) illustrates the result as
a Nyquist plot. The spectra are fitted in EC Lab software using an appropriate equivalent
circuit, and the corresponding circuit elements value is noted in Table 4.2. The equivalent
circuit with series resistance (Rs), constant phase element (CPE), and charge-transfer resistance
(RcT) are shown in Fig. 4.4(a, inset). The DSSCs based on TiO2-CsBr photoanodes exhibited
lower Rs of 28 Q compared to 30.04 Q of pristine TiO2 based device respectively. The
decreasing value of Rs in modified devices assisted higher electron transfer rate that improved

the Jsc and FF. The first semicircle in the EIS due to Rpr1 and CPEL over the high-frequency
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region represents the impedance of Pt-coated FTO/ electrolyte interface. The small semicircle

indicates a fast charge transfer process at the Pt coated-FTO/electrolytes interface. The second

240

—o— TiO,-CsBr (0.2%)

—o— TiO»-CsBr (0.4%) w
1604 ——TiO,-CsBr (0.6%) | €

E Rs CPE1 CPE2. = %0-
2 =
c
o o
g 80 -+ =

' D 604
L

0 = T T
80 160 240 0 0.2 0.4 0.6
Re(Z)/Ohm CsBr (%)

Figure 4. 4: (a) Typical Nyquist plots and (b) corresponding electron life of DSSCs based on TiO; and TiO»-
CsBr doped ETL.

Table 4. 2: VValues of circuit elements.

CsBr Wt.% Rs CPE1 ReT1 CPE2 RcT2 Life time
In T2 @ (10°F) @) (10°F) @) (ms)
0 30.04 12.45 14.92 0.57 170 96.90
0.2 29.40 14.65 13.27 0.66 167 101.87
0.4 28.01 18.23 11.20 0.87 135 117.45
0.6 28.20 17.72 12 0.71 150 106.50

semicircle given by the parallel combination of Rcr2 and CPE2 represents impedance at
TiO2/dye/electrolyte interface. The EIS results highlighted that the interference charge
transfers resistance Rct1 and RCT2 significantly reduced for TiO2-CsBr based devices,
indicating substantial electron recombination suppression. This is attributed to the collective
effect of CsBr in TiO2 matrix which produces favorable energy level alignment and enhanced
electron life (Fig. 4.4b) that accelerate electron transferred more easily with lower resistance
compared to conventional TiO2. The electron transport properties of the EIS spectra are in
agreement with the values derived from transient photovoltage and photocurrent

measurements.
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XPS analysis
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Figure 4. 5: Full range XP spectrum of (a) TiO (b) TiO»-CsBr doped films, and high resolution spectra of (c)
O 1s(d) Ti 2p, (e) Cs 3d, and (f) Br 3d peaks. (TiO2= Black, TiO,-CsBr = Red).
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XPS analysis is performed to identify the elemental composition of the TiO2 and doped TiO»-
CsBr ETLs. The full range of XP spectra of the corresponding ETLs are presented in Fig. 4.5(a
and b). The deposited TiO> film mainly consisted of oxygen (O), Titanium (Ti), and a small
quantity of carbon (C). After CsBr incorporation in TiO2, Cs and Br elemental peak is also
observed in contrast to TiO2. The XP spectra of Fig. 4.5(c, d, e and f) indicated the high-
resolution O 1s, Ti 2p, Cs 3d and Br 3d for pristine and TiO2-CsBr films. The binding energy
(BE) O 1s peak at 529.43 eV is ascribed to the O% in the TiO lattice and Ti-O band [45]. From
Fig. 4.5(c), it is witnessed that the peak of O 1s slightly shifted toward a lower BE, 529.21 eV
after doping with CsBr. The BE of Ti 2ps;2 and Ti 2p12 peaks presented at 456.35eV and 462.58
eV respectively, is assigned to Ti** state in TiO- [46]. Similarly, the Ti 2p peak slightly moved
to lower BE from 456.35 to 456.14 eV and 462.58 to 462.24 eV after incorporating CsBr [47].
The shift of BE peaks implies the impact of CsBr in TiO2 matrix. The lower valence state Cs
cation might introduce electrons into neighbouring oxygen vacancies and finally partial
conversion of Ti*" to Ti** may take place within TiO2. CsBr doping induced the shifting of 1s
and 2p orbital levels of O and Ti peaks to lower BE, which implies the enhancement of free

charge carrier density by generating oxygen vacancies.
UPS analysis

In order to describe the electronic band structure of TiO2 and TiO2-CsBr doped ELTs, UPS

analysis is also performed. UPS study provides detailed insight of the band structure properties
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Figure 4. 6: (2) UP spectra and (b) absorption spectra of TiO, and TiO,-CsBr doped films.

and directly measures work function. UPS analysis is conducted in an integrated ultrahigh

vacuum system, and spectra were obtained with helium (He) I (hv = 21.2 eV) radiation. The
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full scan of the UP spectra is depicted in Fig. 4.6(a). The position of the secondary electron
onset (Eonsee) Is 1.92 €V, and 2.01 eV below the Fermi level and the cutoff (E,.o5f) point is

fitted linearly to 16.71 eV, and 17.01 eV for TiO and TiO2-CsBr ETLs, respectively. The ETLs

work functions (¢) are determined from the UPS secondary electron cut off (E¢y,:orr) by

subtracting 21.22 eV i.e., & = Ecyrorf — 21.22 versus (Vs) vacuum [48-50].

For TiO»

Ecutorr = 16.71 €V, Eqpeer = 1.92 &V
& 07 Efermi = Ecutosr — 21.22 = 16.71 — 21.22 = —4.51 eV
Exw =& — Epnser = —4.51 —1.92 = —6.43 eV
E, = 1240/A=1240/454=2.73 eV
CBM = E,y + E; = —6.43 +2.73 = —3.7 ¢V

From UP spectrum, the position of the secondary electron onset is 1.92 eV below the Fermi
level, and therefore the E,zwas calculated to be -6.43 eV versus vacuum. Considering the
calculated optical bandgap of TiO2~2.73 eV (Fig. 4.6(b)), the conduction band minimum
(CBM) was calculated to be -3.7 eV versus vacuum.

Similarly, for TiO2-CsBr (0.4 Wt.%) ETL
Ecutors = 17.01 €V, Eypger = 2.01 eV
& 07 Epermi = Ecurops — 2122 = 17.01 — 21.22 = —4.21 eV
Esy = & — Egpser = —4.21 — 2.01 = —6.22 eV
E, = 1240/1=1240/463=2.67 eV
CBM = E,y + E; = —6.22 4+ 2.67 = —3.55 eV

E, = 1240/1=1240/463=2.67 eV

The results indicated the variation of work function (¢) and valence band maximum (Eyz) of
TiO, ETL after doping with CsBr. In DSSCs, the work function ($) of ETLs is particularly
related to the band alignment of photoanode and redox potential of liquid electrolytes. The
work function of TiO2 drops from -4.51 to —4.21 eV after the addition of CsBr in TiO2 matrix
and the valence band maximum (Ey, ) changed from -6.43 eV and -6.22 eV. The conduction
band minimum (CBM) for TiO2 and TiO2-CsBr are calculated to be -3.7 eV and -3.55 eV
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versus vacuum. The smaller (¢) and narrower CBM for TiO2-CsBr ETL, gives better interfacial
band alignment and higher built-in electric field. It provides an enhanced driving force for
photogenerated charge and substantially reduced interface recombination, which are essential
for producing improved Voc and overall efficiency [36].

Surface morphology of mesoporous TiO2 and TiO2-CsBr ETLs

The photocatalytic properties of TiO: is closely related to their morphological characteristics
such as particle size, pore structure and, specific surface area [51-52]. To evaluate the impact
of CsBr doping on the mesoporous TiO2 matrix, FESEM and AFM analysis is conducted. Fig.
4.7(a and b) presents the top view images of TiO2 and TiO2-CsBr ETLs that

: . = = = Si A = il
200 EHT= 5004V  WD=34mm  Mag= S0.00KX SignalA=intens EHT= 500KV  WD= 34mm Mag= 5000KX Signal ens

Average roughness =12.60 nm  Average roughness =17.76 nm

L 4 ,. - p‘ “~ “.‘, -'-ﬂ‘ ”'

Figure 4. 7: FESEM image of (a) TiOz and (b) TiO.-CsBr film, and corresponding 2D AFM image (c) TiO,
(d) TiO2-CsBr film.

described that the surface area of the coated films exhibited a porous structure with uniform

grain-size distribution. A lower surface area is observed in the TiO; film comparing to TiO-
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CsBr. The corresponding 2D AFM images are illustrated in Fig. 4.7(c and d). The average
roughness factor for the TiO. and TiO2-CsBr are found to be 12.60 and 17 nm, respectively,
which confirmed that after doping, the surface roughness enhanced. The surface roughness of
ETLs plays key role in charge carrier transport by increasing the contact area between ETL and
dye molecules [51-54]. Here, FESEM and AFM results indicated that TiO»-CsBr has a more
surface area or surface roughness factor in comparison with the pristine TiO2 film, which is
essential for maximum loading of dye molecules, leading to an improvement in photocurrent
of DSSCs [55-56].

Optical properties of TiO2 and TiO2-CsBr ETL

The changes in the absorption spectra before and after doping are also investigated using a
UV-visible spectrometer. Fig. 4.8(a) illustrated the dye loaded absorption spectra of TiO2 and
TiO,-CsBr doped photoanodes and their corresponding spectra depicted two metal to ligand
charge transfer (MLCT) peaks at 530 nm and 391 nm [57]. According to the UV-visible
absorption spectra of conventional TiO2 and CsBr doped TiO: films, the spectral response from
CsBr doped TiO2 film had higher absorption intensity. To quantitatively determine the amount
of adsorbed dye before and after doping, the dye loaded photoanode are desorbed using 0.1 M
solution of NaOH in ethanol and H20 (V: V= 1: 1) [58]. Photoanodes with an area of 0.5 x 1

cm? and thickness 9 pm films are soaked in 4 ml of solution to desorb the anchoring dye from
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Figure 4. 8: Dye loaded absorption spectra of TiO, and CsBr-TiO, photoanodes, (a) Absorption spectra of
N719 dye solutions desorbed from TiO, and CsBr-TiO, ETL film in 0.1 M NaOH solution in ethanol and DI
water (V:V=1:1).

photoanodes. Corresponding spectra are recorded in Fig. 4.8(b) and found that the absorption

intensity for TiO.-CsBr doped photoanode is higher than the pristine TiO2. The improvement
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of absorption intensity for TiO>-CsBr film is due to its relatively higher effective surface area.
The quantitative valuation of the dye molecules on TiO; and TiO2-CsBr surfaces are found to
be 1.74 x 1077 M/cm? and 2.69 x 107 M/cm?, respectively. The enhancement in dye
adsorption improves charge carrier injection and generates a higher current density for DSSCs
[16][38][41]. Comparing the absorption peaks for photoanodes loaded with N719 dye and
absorption spectra of N719 desorbed from photoanode showed blue shift. The blue shift
absorption spectrum of photoanode is caused by less aggregation of dye molecules on electrode

surface and better deprotonation [59].
Chemical composition and XRD patterns of TiO2 and TiO2-CsBr ETLs

In order to identify the chemical composition, EDX spectra of TiO. and TiO»-CsBr doped
mesoporous films are recorded and shown in Fig. 4.9. The elements present in the films are
identified by EDX, and the corresponding atomic percentages are inset in Fig. 4.9(a and b).
The amount of Br is small compared to Cs in TiO2 matrix. The presence of carbon is not
detected in the EDX spectra, proving that the carbon component is completely burned out
during the annealing process.

Atomic (%) | - Element Atomic (%)
64.7 + 6] 54.2
35.3 - Ti 333

% - 11.3

12

Figure 4. 9: EDX spectra with inset atomic percentage of (a) TiO; and (b) TiO2-CsBr coated film on FTO
surface.

Further, XRD analysis is also studied to understand the crystal structure of TiO2and TiO2-CsBr
films and their respective patterns are presented in Fig. 4.10. The patterns are recorded in the
20 values ranging from 20° to 70° (5 degrees/min) using a high-resolution diffractometer with
CuKa radiation (A=1.54 A). All samples exhibited a similar phase structure and it shows
diffraction peaks of (101), (200), and (211) planes at Bragg angles of 25.35°, 48.06°, and 55°,
respectively and are anatase phase [60]. The CsBr-TiO: film exhibited new peaks at 20.6°,

29.3°, 38°, and 47.02° compared to pristine TiOz film, and it confirmed the incorporation of
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CsBr in titania matrix. These peaks are related to face center cubic (FCC) structure of CsBr to
[hkI] Miller index [111], [110], [111], and [210] respectively [61].

—TiO,
E— TiOZ-CsBr

Intensity (a.u.)

20 30 40 50 60 70 80
2 (6)

Figure 4. 10: XRD pattern of TiO; and TiO2-CsBr films.

4.4 Conclusion

Ti0O,-CsBr based ETL has been successfully developed and utilized as a photoanode material
in DSSCs. TiO2-CsBr photoanode enhanced the device performance up to 9.28% form 7.61%
efficiency of pristine TiO2. The significant enhancement in performance is attributed to a
negative shift in flat band potential (V) from -0.46 to -0.50 V, improved charge carrier density
and increasing electron life in the modified devices. It was observed that CsBr doping triggered
a fine tuning of work function from -4.51 to -4.21 eV and increased in CBM from -3.7 to -3.
55 eV. Thus, TiO2-CsBr photoanode promoted favorable band alignment for TiO2/N719
heterojunction, which enhanced electron injection and transport by suppressing the back
transfer of photogenerated electrons. The surface morphology also indicated an enhanced in
effective surface area for maximum dye loading that correspondingly increased the absorption
coefficient. Increasing the doping concentration further reverses the device efficiency due to
recombination process within the devices. The CsBr incorporation in TiO> presents a generic
method to tailor the features of transport layers which is simple, effective and can be widely
applied for next generation DSSCs and other optoelectronic devices.
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High performance PANI-PSSNa doped counter
electrode for dye-sensitized solar cells
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5.1 Introduction

The essential requirement for high-performance DSSCs is that CEs with high electrocatalytic
properties i.e. transfer electrons to reduce /5 species from the liquid electrolyte rapidly.
Platinum (Pt).is the best choice for CE as a catalyst to accelerates the rate of I3 reduction.
Although Pt has these characteristics, as a rare noble metal, it is expensive and costs over 40%
of the solar cell regardless of its preparation process [1-2]. Therefore, an alternative approach
has been focused on developing low-cost and high-performance materials for CEs. Fortunately,
conducting polymer can produce high catalytic activity with low-cost CEs. Many inexpensive
conducting polymer such as polypyrrole (PPy) [3-4], poly (3,4-ethylenedioxythiophene)
(PEDOT) [5-7], and polyaniline (PANI) [8] etc. has been explored as an alternative to Pt CE.
PANI is one of the most intensively studied polymers among the conducting polymer due to
its easy preparation at low cost, high conductivity, excellent environment stability, and
I3 reduction properties [9]. The unique properties of PANI is that, from insulating emeraldine
base (EB) to conducting emeraldine salt (ES), its conductivity states can be controlled by
charge transfer doping and protonation. There were various reports based on PANI doped with
an acid such as H2SO4[10], benzene sulphonic acid and HCI [11], camphor sulfonic acid [12-
13], silver [14] and carbon-based materials [15-16]. In m-cresol, the solubility of PANI is good,
which permits more electron transport by execution as a secondary dopant and inspires a
change in the molecular structure of PANI. PANI doped with camphor sulfonic enhance
electrical properties and surface roughness [17].

Herein, inspired by the unique properties of PANI, an attempt has been made to utilize
PANI and PANI-PSSNa doped as efficient CEs for DSSCs. Prepared PANI and PANI-PSSNa
in m-cresol by spin-coating on FTO glass with different percent, and their effect are
investigated systematically for DSSCs performance. The fabricated device based on PANI-
PSSNa doped CEs demonstrates high electrocatalytic activity, low electron transfers resistance,
and better performance. The PANI based CEs are not only inexpensive it also does not involve
any high-temperature annealing process. These CEs can be fabricated easily using simple
coating and printing techniques for large-scale production. The electrochemical properties of
CEs are investigated with the help of CV, Tafel plot, and impedance spectroscopy. The surface
morphology and composition of PANI and PANI-PSSNa composite, spin-coated on FTO glass
are studied by Field emission scanning electron microscope (FESEM), atomic force
microscope (AFM) and Fourier transforms infrared (FTIR).
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5.2 Experimental section

Chemicals and Materials. All chemicals and materials were purchased from different
commercial sources for the experiments and used as received. Transparent fluorine-doped tin
oxide (FTO) glass-7 Q/square (Sigma- Aldrich) was used as a substrate for both electrodes.
TiO2 powder (Sigma-Aldrich, 22 nm) was used as working electrode, N719 dye (Sigma-
Aldrich), tert-butanol (Sigma- Aldrich), lithium iodide (Sigma-Aldrich), acetonitrile (Sigma-
Aldrich), absolute ethanol, iodine (Himedia), lithium perchlorate (LiClO4, Sigma-Aldrich), 1-
butyl-3-methylimidazolium iodide (Sigma-Aldrich), 4-tert butylpyridine (Sigma-Aldrich),
guanidium thiocyanate (Sigma-Aldrich), valeronitrile (Sigma-Aldrich), Poly (sodium 4-
styrenesulphonate) (MW=70000, Sigma-Aldrich), Anhydrous isopropanol (Sigma-Aldrich),
PANI powder (MW =15000, Sigma-Aldrich) and Chloroplatinic acid hexahydrate
(H2PtCls.6H20, Sigma-Aldrich).

Preparation of PANI-PSSNa CEs

PANI was dispersed in m-cresol at different weight percent (1, 2, and 3 Wt.%), and the prepared
solutions were ultrasonicated for 6 hours to mix thoroughly. Then spin-coated on FTO substrate
as a catalyst for CE and fabricated DSSCs. After the optimized Wt.% of PANI in m-cresol, the
solution is mixed with desired percent (5, 10, and 15%) of PSSNa to form PANI-PSSNa
composite. Again, the varied solutions are ultrasonicated for 4 hours to dissolve PANI-PSSNa
completely in m-cresol. The undoped and doped CEs are fabricated by depositing directly on
clean FTO glass substrates for 55 secs at 1500 rpm. Then the CEs are kept on a hot plate for
drying at 150 °C for 30 min to remove the m-cresol solvent. Fig. 5.1 shown the schematic

diagram of preparing PANI-PSSNa counter electrode.

m-Cresol+PANI+PSSNa g
. ¥y _ 2
' + — f — N\ — BN \”
PANI PSSNa Stirring for 4 hours Spin coating at 1500 rom  Annealing at 150 °C for 30 min

Figure 5. 1 Schematic illustration of the preparation of PANI-PSSNa counter electrodes.
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Preparation of TiO2 Working Electrode

At first FTO glass was cleaned with detergent solution in an ultra-sonicate bath for 15 min
followed by sonication in Mili-Q water, acetone, and 2-propanol, respectively. Then the
substrates were dried by using a hot air dryer. After that, UV-Os treatment was performed for
15 min to clean organic contaminants. The TiO2 paste consists of 600 mg P25 powder, 5 mL
ethanol, 100 uL acetic acid 500 pL milli-Q water, 3 gm trpineol and 3 gm ethyl cellulose (15
W1t.% in ethanol). The mixture was stirred overnight and spin coated at 5000 rpm for 45 second
on the clean substrate. After drying the first layer at 100 “C for 10 min, the second layer was
applied by doctor blade technique using Sigma paste and baked at 100 °C for 20 min. Then, it
was calcined at 450 ° C for 30 min after which the surface of TiO2 ETLs was treated in a UV-

O3 system for 10 min time.
Device fabrication and testing

Working electrodes are submerged for 1 day into 0.3 mM N719 in acetonitrile and tert-butyl
alcohol solution at a volumetric ratio of 1:1 to sensitize it in dark conditions. The I~ /I3
electrolyte solution of is made of 0.05 M I, 0.5 M Lil, 0.1 M guanidium thiocyanate, 0.5 M 4-
tert-butylpyridine and 0.5 M 1-butyl- 3-methylimidazolium iodide are dissolved in the mixture
of acetonitrile/valeronitrile (V:V = 17:3) solvents. Sensitized TiO2 working electrode and CEs
(PANI and PANI-PSSNa) are sealed by Surlyn film (60 um, Ossila), a hot melt spacer pressed
at 80 °C to fabricate sandwich-type solar cells. Liquid electrolyte is injected into the hole
between working and CE to complete the fabrication process. The photovoltaic performance
of DSSCs are performed with a Keithley 2400 source meter from -1to 1 V in a step of 10 mV.
The current density-photovoltage (J-V) characteristics curves of DSSCs are measured at
irradiation of 100 mW/cm? (AM 1.5 G), a solar light simulator with 450 Watt xenon arc lamp
(Newport, Oriel Sol 3A). The active area of DSSCs are 0.25 cm?. A set of 10 devices were
prepared to confirm the reproducibility of the experiment.

5.3 Results and discussion
Cyclic voltammetry

To utilize PANI and PANI-PSSNa as a catalyst in CEs for DSSCs, it is necessary to compare
and verify their catalytic activity with the standard platinum (Pt) counter electrode. Regarding
this, cyclic voltammetry (CV) was performed for the respective catalytic film in 50 ml of
acetonitrile solution containing 66.92 mg of Lil, 531.95 mg of LiClO4, and 12.69 mg of I,. Fig
5.2(a) shows the CV curves of PANI, PANI-PSSNa and Pt CEs in the range from -0.6 V to 1V
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at the scan rate of 100 mV/sec. The oxidation reaction in equation (Eg.) (5.1) and the reduction

reaction in equation (5.2) give the positive and negative potential in the CV curve, respectively.

I3 +2e” & 317 5.1
3, + 2e” & 213 5.2
1@ b —— PANI
<« 30 0 () PANI-PSSNa (5%)
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Figure 5. 2: Cyclic voltemetry measurement in three electrodes system with 50 ml of acetonitrile solution
containing 66.92 mg of Lil, 531.95 mg of LiClO4, and 12.69 mg of I, and (b) Corresponding Tafel plot of
DSSCs based on PANI, PANI-PSSNa and Pt counter electrodes.

Table 5. 1: Electrochemical properties of PANI, PANI-PSSNa and Pt.

Counter electrodes Icp lap Ecp Eap AE,,
(mA/cm2) (mA/cm2) V) V) (V)

PANI -0.55 1.69 -0.12 0.57 0.69
PANI-PSSNa (5%) -0.70 1.81 -0.10 0.54 0.64
PANI-PSSNa (10%) -0.97 2.33 -0.05 0.53 0.58
PANI-PSSNa (15%) -0.90 2.24 -0.07 0.54 0.61
Pt -1.80 2.56 -0.11 0.45 0.56

The parameters of CV such as cathodic peak current density (I-p), anodic peak current density
(I4p), cathodic peak voltage (E¢p), anodic peak voltage (E,p) and AE,, of each sample are
summarized in Table 5.1. CEs catalytic ability is illustrated by two important parameters: peak

current density (Ip) and peak-to-peak separation (AE,,,). The AE,,, is calculated from Eqg. (5.3).

AE,, = |Ep (anodic) — E, (cathodic)| 5.3
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In DSSCs, to regenerate the dye molecules and complete the circuit conductivity, the reduction
of I3 will take place in CE. So, studying the reduction of /5 at the negative potential side is
crucial which represent I.p in the CV above. PANI shows a I.p of -0.55 mA/cm?, whereas
PANI-PSSNa (10%) has -0.97 mA/cm?. At the same time, peak-to-peak voltage separation for
the PANI film is 0.69 V compared to 0.58 V for the PANI-PSSNa (10%). Fast reaction rate in
CV generate higher I, and smaller absolute value of AE,,, that reflects a better catalytic
activity of CE [18-19]. Therefore, the PANI-PSSNa film exhibited better capability for the
reduction of I3 than PANI. Moreover, the AE,,,0f PANI-PSSNa (10%) and Pt electrode is 0.58
V and 0.56 V, which is almost equivalent to Pt electrode and it can be an alternative materials
of expensive Pt CE in DSSCs.

Tafel plot

In order to reconfirm the catalytic activities and the charge transfer characteristic of the
catalytic films, Tafel polarization measurement is performed with DSSCs based on PANI,
PANI-PSSNa and Pt CEs. Fig. 5.2(b) demonstrate the plots of logarithmic current density (/,)
versus applied potential (V) at ambient temperature. Tafel characteristic curve can be separated
into three parts; the curve in the middle region at very low voltage (|V| > 0.01 V) with a steeper
slope signifies the Tafel zone which exactly determines the electro catalytic activity of the
electrode, at low voltage (|V| <0.12 V) describes the polarization zone, and at very high voltage
(JV| > 0.4 V) indicates the diffusion zone which represent the diffusion coefficient of I /I_ in
DSSCs. The exchange current density (J,) is calculated from the intercept of the linear fitting
lines from the cathodic or anodic branches and their respective slope are in the order of Pt= -
7.99 > PANI-PSSNa (10%)= -7.05 > PANI-PSSNa (15%)= -5.12 > PANI-PSSNa (5%)= -4.58
> and PANI = -4.50. In Tafel zone, the cathodic branch shows a sharper slope for PANI-PSSNa
than PANI electrodes. Correspondingly PANI-PSSNa produced higher Jo that suggests greater
conductivity which is a key factor for high catalytic activity. This indicates that PANI-PSSNa
electrode has greater electrocatalytic activity than PANI for reducing I3 /I"and has a great
potential to act as CE for DSSCs. Theoretically, J, can also be evaluated using the following
Eq. (5.4).

J, == 5.4

- nFRcT

where R is the gas constant, Rct is the charge transfer resistance, n (= 2) is the number of
electrons in the electrolytes for reduction of I3 /I~, T is the absolute temperature, and F is the
Faraday’s constant [14, 20-21].
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Electrochemical impedance spectroscopy (EIS) analysis

The kinetics and energetics of electron transport and recombination in DSSCs have been
explored using powerful electrochemical impedance spectroscopy (EIS). EIS measurement is
performed with DSSCs based on PANI, PANI-PSSNa and Pt CEs, similar to the one used in
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Figure 5. 3: (a) Typical Nyquist plot, corresponding (b) Equivalent circuit of Nyquist plot (c) Bode
magnitude, and (d) Phase plot of DSSCs based on PANI, PANI-PSSNa with different conc. and Pt CEs.

Tafel polarization. EIS results are illustrated in the form of Nyquist plots to elucidate the role
of CEs on photovoltaic performance. The complex Nyquist plot Fig. 5.3(a) has a semicircle,
which presents the properties and quality of DSSCs. Then the Nyquist spectra are fitted in EC
Lab software to obtained equivalent circuit and their values are summarized in Table 5.2. The
corresponding fitted equivalent circuit of the plot is shown in Fig. 5.3(b), containing series
resistance (Rs), representing the total sheet resistance of conducting substrates, charge-transfer
resistance (Rct), and constant phase element (CPE). The Rct related to the heterogeneous

electron exchange during I3 /1~ redox couple at the electrolyte/CE interface [22-26]. The
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PANI-PSSNa CEs shows a lower Rs of 14 +1.2 Q than PANI CE of 16.50 Q. According to
the above photovoltaic performance, decreasing Rs is beneficial in accelerating high electron
transfer, leading to improved Jsc and FF. In the high frequency region, the ‘Rct1 and CPE1’
gives first EIS semicircle, which represented the impedance at photoanode/electrolyte
interface. The EIS pattern of PANI, PANI-PSSNa and Pt CEs are almost same except
semicircle size, indicating similar electrocatalytic activity toward I3 /I~ redox electrolytes but
at different reaction rate. The second semicircle due to Rct2 and CPE2 represent charge transfer
resistance at electrolyte/CE interface. The Rcr values obtained in the Table 5.2 are in the order
of Pt < PANI-PSSNa < PANI. Thus, a counter electrode with reduced Rct experience small
overpotential for an electron moving from CE to the electrolyte. The EIS results can also be
interpreted with the Tafel results (Eg. 5. 4), where Jo is inversely proportional to Rct. A
decreased in Rcr indicates fast electron transfer, while larger Rcr hinder sluggish electron

movement. The total impedance z(w) of the equivalent circuit can be expressed as

wR%7,CPE1 Rcra . WRZr,CPE2

_ Rera _
z(w) =Rs + 1+(wRcr1CPE1)? 1+(wRcr1CPE1)? ~ 1+(wRcr2CPE2)? 1+(wRcr2CPE2)? >
. . . R R
The real and imaginary parts of the impedance are Rg + < <1z and

1+(wRcr1CPE1)?  1+(wRcr2CPE2)?

wREr,CPE1 wREr,CPE2
1+(wRcT1CPE1)2  1+(wR(r2CPE2)?

respectively. When w — oo, the capacitive impedance is

very low, it eventually shunts the Rct. Therefore, only ohmic resistance Rg is present at high-
frequency intercept. As frequency starts decreasing, the capacitive impedance increases. The
Bode magnitude and phage complex plots are depicted in Fig. 5.3(c and d). The Bode
magnitude /Z/ is inversely proportional to frequency whereas in phage plot, phage increases
with increasing characteristic frequency (f,4x) and can be used to determine the interface

electron lifetime (t). The T can be obtained using the following relation [27-28].

T= 1 5.6

meax

Where f,,4, 1S the maximum frequency obtained from bode plot. The f,,., for PANI and
PANI-PSSNa (10%) counter electrodes were 5000 Hz and 6273 HZ, respectively. From
equation (5.6) we can relate that f,,,, IS inversely proportional to z. It is also observed from
phase angle plot that at maximum frequency (f,,4x), Phase decreases with decreasing value of
Rcrt. The calculated t© for PANI and PANI-PSSNa (10%) are 0.318 psec and 0.253 psec
respectively. A lower 7 indicates a faster reduction of I3, that might increases the photoelectric

conversion kinetics. The overall EIS analysis specifies a substantial reduction in charge transfer
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resistance, recombination rate, higher electrocatalytic activity, and decreased interface
electrons lifetime (1) for PANI-PSSNa CEs. After performing a comprehensive analysis of the
CV, Tafel and EIS results, we can conclude that the catalytic activity is in the order of Pt >
PANI-PSSNa > PANI.

Table 5. 2: Parameter of EIS equivalent circuit.

Counter electrodes Rs (€2) Ret1(€2) CPEL(F) Ret2(€2) CPE2(uF)
PANI 16.01 18.17 0.069 45.13 4.43
PANI-PSSNA (5%) 15.57 16.28 0.057 34.12 5.29
PANI-PSSNa (10%) 15.20 15.38 0.048 30.94 571
PANI-PSSNa (15%) 15.10 13.34 0.036 27.94 7.36
Pt 14.43 12.34 0.032 26.55 7.55

J-V characteristics of DSSCs

The device's performance with various concentration (conc.) of m-cresol in PANI is shown in
Fig. 5.4 and their parameters are summarized in Table 5.3. The device with optimized Wt.%
of m-cresol in PANI is then doped with various concentrations (5, 10, and 15%) of PSSNa.
Then in order to measure the electrical conductivity of PANI and PANI-PSSNa (10%), the
FTO coated glass is cut into 2x 1.5 cm dimension, and a thickness of 1 mm is etched in the

middle of the FTO glass to isolate its conductivity. The disperse PANI and PANI-PSSNa is
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Figure 5. 4: J-V characteristics of DSSCs with various concentration of m-cresol in PANI.
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spin-coated on the etching area to perform a conductivity test and are measured by a

conventional two probe method under laboratory conditions. Linear scan of dark current (1) as

a function of voltage(V) curves for undoped and doped PANI samples are shown in Fig. 5.5(a).

Table 5. 3: Electrical parameters of DSSCs with different Wt.% of m-cresol PANI.

W1t.% of PANI Jsc Voc FF PCE (Average)?
in m-Cresol. (mA/cm2) (mV) (%) (%)
1 12.34 673.30 57.05 4.90+0.28
2 13.01 697.10 62.90 5.71+0.21
3 12.62 681.40 62.20 5.1240.25

A sharp slope of J-V curve is observed for doped PANI-PSSNa, which indicated that the

electrical conductivity of PANI-PSSNa enhanced. The electrical properties of PANI

considerably influence the photovoltaic performance of DSSCs. J-V characteristics curves for
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Figure 5. 5: (a) Conductivity test of PANI and PANI-PSSNa (b) J-V curves (c) Jsc nox chart and (d) PCE
histogram of DSSCs with different conc. of PANI-PSSNa CEs.
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DSSCs based on PANI, PANI-PSSNa and Pt CEs are shown in Fig. 5.5(b). The device
parameter Jsc, Voc, FF, and PCE performance are extracted from Fig. 5.5(b) and summarized
in Table (5.4). The fabricated device based on undoped PANI yielded Jsc =13.01 mA/cm?, Voc
=697.10 mV, FF = 62.90%, and I] = 5.71%. For undoped PANI CE, poor device performance
is witnessed due to the low conductivity, which cannot readily transfer electrons [17]. As
observed from the J-V curves, the doped PANI-PSSNa CEs enhanced overall photovoltaic
performance since the electron can be more easily transferred with low resistance than PANI.
The PANI-PSSNa (10%) based device show a PCE of 7.15% with Jsc =15.43 mA/cm?, Voc
=716.20 mV, FF = 64.70%. The performance of PANI-PSSNa electrode is almost comparable
to Pt electrode, with a decreased of only 9.14% PCE, which is reasonably good considering the
cost of Pt. However, if the PSSNa conc. goes above 10%, then the overall PCE decreases with
an increasing PSSNa. The box chart of Jsc and histogram of PCE with and without PSSNa
based DSSCs result are illustrated in Fig. 5.5(c and d), respectively. These J-V curve results
are in agree with CV, Tafel, and EIS data, suggesting that PANI-PSSNa film generates a better
electrocatalytic activity than that of the PANI film. Therefore, PANI-PSSNa based CEs can be
considered as an alternative material to replace expensive Pt for the development of cost-

effective and efficient DSSCs in the near future.

Table 5. 4: Parameters of DSSCs with different Conc. of PSSNa in PANI.>

CEs with different % of Jsc Voc FF PCE (Average)?
PSSNA in PANI (mA/em?) (mv) %) %)
0 13.01 697.10 62.90 5.71+£0.21
5 14.96 702.50 64.60 6.76 £0.31
10 15.43 716.20 64.70 7.15+0.17
15 15.87 707.40 62.00 6.96 +0.26
Pt 16.91 71477 65.20 7.87 £0.12

8Average of 10 devices.

SPerformances of DSSCs were measured with 0.25 cm? active area under AM 1.5, 100 mW/cm? irradiation. Liquid
electrolytes (0.05M I, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M 1-Butyl-3-
methylimidazolium iodide dissolved in acetonitrile/valeronitrile (V: V= 85:15) solvent. Dye solution (0.3 mM
N719), PANI and PANI-PSSNa CEs.

Surface morphology of PANI and PANI-PSSNa.

The spin coated image of PANI doped with different conc. of PSSNa are shown in Fig. 5.6 and
the corresponding 0% and 10% FESEM and AFM images are shown in Fig. 5.7(a and b) and
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Fig. 5.7(c, d, e and f) respectively. The FESEM and AFM microstructure images determine the
surface morphology of PANI and PANI-PSSNa coated on FTO glass. From the FESEM
images, we observed that the surface of the electrodes exhibits a porous structure with pinhole-
free uniform grain-sized. It must be underlined that a thick film with loosely bound structure
and lower surface area grain sizes are observed in the PANI coated film. But it is seen that the
incorporation of PSSNa influences the surface morphology of PANI. It is observed that PSSNa
particles are uniformly dispersed in PANI matrix. The FESEM images exhibited by PANI-
PSSNa complex have clear and quite regular interfacial grain sizes condition with more porous

Figure 5. 6: Image of PANI doped with different con. of PSSNa

structure, which is essential for high catalytic activity [9, 29-30]. The change in morphology
of PANI-PSSNa arises from the effect of interaction on the orientation of polymer. The 2D and
3D AFM images are also compared before and after doping. The RMS roughness for the PANI
and PANI-PSSNa are 16 and 22 pum, respectively. So, it indicated that the surface roughness
and solvent evaporation of PANI-PSSNa CEs enhanced [12][31]. The PANI-PSSNa film
mainly consists of a uniformly oriented porous grain network with a high surface area, essential
for a high catalytic activity to reduce I3 ions. Probably due to enhance surface roughness area,
there are extra catalytic active sites of PANI-PSSNa CE, that contribute much better
photovoltaic performance than that of the PANI based DSSCs.

FTIR analysis

FTIR technique was utilized to detect different functional groups present in the counter
electrode. Fig. 5.8 depicts the FTIR spectra of PANI, PSSNa, and PANI-PSSNa coated on FTO
glass in the range of 500-4000 cm™. The major characteristics peaks 2926, 1736, 1547, 1457,
1363, 1218, 829, 714, 585 cm™ are observed in the PANI film. From the PANI spectrum, the
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Figure 5. 7: FESEM image of (a) PANI and (b) PANI-PSSNa (10%) coated on FTO glass surface.
Corresponding 2D and 3D AFM image (c), (d), (e) and (f).

peak at 2926 is characterized to the C-H asymmetric stretching vibration. The most significant
peak at about 1736 cm™ corresponds to the C=0 stretching vibration of the carbonyl group
[32]. The characteristic peaks at 1547 cm™ and 1457 cm™ in all samples are due to the C=C
stretching in the quinoid and benzene ring [31]. The absorption appears at 1363 and 1218 cm-
Lare attributed to C-N stretching band of an aromatic amine [33]. The wide absorption at 3319

cm is assigned to water molecules absorbed in the PSSNa due to the hydrophilic nature of
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sulfonic acid group. Peaks obtained at 1027 and 580 cm™ are due to the stretching of sulfonate
(S=0) group and C-S of PSSNa [34-35]. In the spectra of PANI-PSSNa composites, almost all
the characteristic peaks of PSSNa and PANI are visible.

103
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102 - —— PANI-PSSNa

”‘WW“V
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4000 3200 2400 1600 ) 800
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Figure 5. 8: FTIR spectra of PSSNa, PANI and PANI-PSSNa coated on FTO glass.

5.4 Conclusion

In summary, PANI and PANI-PSSNa doped CEs have been prepared by spin-coating
technique, and their photovoltaic performance of the DSSCs are compared with Pt electrode.
The PANI-PSSNa doped CEs enhance the efficiency of DSSCs compared to PANI CE. A broad
investigation has been performed by electrochemical analyses such as CV, Tafel, and Nyquist
plots to determine the substantial increases in electrocatalytic activity toward reduction of I3
ions in the electrolytes. The overall DSSCs performance increased from 5.71(+0.21) to 7.15%
(x0.17) was attained by adding optimal amounts of PSSNa to the PANI. The improved
photovoltaic parameters such as Jsc, Voc, FF, and 1 of the cells are attributed to the increase
in surface roughness that creates a greater number of active reaction sites on CEs for high
electrocatalytic activity, decreased recombination, and enhanced electrical conductivity.
Although the PCE of DSSC with PANI-PSSNa CE is little lower than that of Pt CE (7.87%),
the excellent photoelectric properties, low temperature processed, inexpensive cost and easy
fabrication methods available such as spin coating, spray coating, and printing etc. for large-
scale production allow the PANI-PSSNa CE to be a credible substitute used in DSSCs.
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Carbon nanotubes/PANI composite as an
efficient counter electrode material for Dye-
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6.1 Introduction

The role of counter electrode in DSSCs is to reduce the redox species, which are the
mediators for regenerating the dye after electron injection. Generally, iodide/triiodide
electrolytes act as a redox mediator between the photoanode and counter electrode (CE).
CE is an essential component and its main role is to reduce the redox species tri-iodide (13°)
to iodide (I7). The characteristics of high-performance CEs are as follows: (i) low
resistance to minimize loss of open-circuit voltage (ii) high conductivity and catalytic
activity for the reduction of tri-iodide ion (I3 ).The most frequently used catalyst material
in the counter electrode (CE) is Pt due to its excellent chemical and physical properties
such as high catalytic activity, thermal and electrical conductivity, etc. CE without Pt layer
has high resistant for reducing a standard triiodide/iodide in electrolyte [1-3]. The main
problem associated with Pt is very expensive, which costs more than 40% of the total
device, scarcity and limited corrosion resistance toward iodine are the main drawbacks [4-
6]. Therefore, developing low-cost alternative materials as a catalyst for cathode has
become an important trend for commercial applications [7]. A various number of materials
have been explored as catalyst for CEs:, transition metal cobalt sulphides (CoS) [8],
phosphides[9], nitrides [10], carbides [11] ,oxides [12-13] and conductive polymers [14-
17]. Among the various other counter electrodes catalysts, carbon-based has been
recognized as a competitive candidate as far as availability of materials and low cost are
concerned, carbon-based materials like carbon black [18-20], carbon bead [21], graphite
[22-23], activated carbon [24], mesoporous carbon [25-26], carbon nanofibers [27-28],
graphene [29], and carbon nanotubes [30-31] have been fruitfully utilised as a CEs. They
have outstanding properties like high surface area, electrocatalytic activity, thermal
stability, electrical conductivity, and corrosion resistance toward iodide/tri-iodide
electrolytes [32-36]. CNTs have been regarded as an innovative material due to their
outstanding mechanical, electrical, flexibility, and optical properties that open the way to
future applications in photovoltaic devices. They also have good corrosion resistance for
liquid electrolytes, making the devices excellent stability for prolonged use. For the first
time, Suzuki et al. successfully fabricated single-walled carbon nanotubes (SWCNTSs) as a
counter electrode in DSSCs and obtained an energy conversion of 4.5% [30]. Mirzaei et al.
prepared CE based on nanocomposite of amorphous ruthenium sulfide nanoparticles,
reduced graphene oxide, and functionalized multi-walled carbon nanotubes (MWCNTS),

leading to an efficiency upto 13% [37]. Zambrzycki et al. developed CEs from hierarchical
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carbon nanofibers/carbon nanotubes/NiCo (eCNF/CNT/NiCoNP) ternary nanocomposites
and obtained a PCE of 7% [5]. Zhang et al. developed CE from double-walled carbon
nanotubes (DWCNTSs) materials by mixing ethyl cellulose and terpineol via screen printing
technique and attained an efficiency of 6.05% [38]. Lee et al. used multi-walled carbon
nanotubes (MWCNTSs) CE by casting method and achieved a PCE of 7.67% [39].
Veerappan et al. prepared CE made of Carbon nanofibers (CNFs) by doctor blade
technique, followed by sintering at 100°C under a vacuum oven for 5 hrs achieving an
efficiency of 6.4% [40]. Nam et al. fabricated vertically aligned MWCNTs CE through
chemical vapor deposition by screen printing technique that facilitates ion and electron
transport and improves the PCE up to 10.04% [41]. To enhance the electrocatalytic
properties of CEs, conducting polymers like polypyrrole (PPy) [31], Polyaniline (PANI)
[42-44], P3HT [45-46] and Poly (3,4-ethylenedioxythiophene) (PEDOT) [47-50] has been
incorporated with CNTSs as a catalyst. Herein, with an aim to improve the performance of
DSSCs, carbon nanotubes (CNTs) and conducting polymer PANI composite are used as an
efficient catalyst for triiodide reduction. The main issue with CNTSs is their low loading on
the surface of glass substrate. Therefore, PANI is used as an additive to modify the CNTs
electrodes due to its low cost, good catalytic activity for triiodide reduction, high thermal
and chemical stability [51-53].

6.2 Experiment section
Chemicals and Materials

Fluorine doped tin oxide (FTO) coated glass-7 Q/square, Titanium dioxide powder
(Degussa P25, 21 nm), Terpineol, Diisopropoxidebis (acetylacetonate), Tert-butanol,
Valeronitrile, Lithium iodide,4-tert butylpyridine, DMF, m-cresol, Anhydrous isopropanol,
1-butyl-3-methylimidazolium iodide, Ruthenium dye (N719), Acetonitrile, Sodium
hydroxide (NaOH), and Chloroplatinic acid hexahydrate (H2PtCls.6H20) and Polyaniline
(MW= 15,000) were purchased from Sigma-Aldrich. Other chemicals for the experiments
were obtained from different sources such as Absolute ethanol from Fisher scientific,
Ethylcellulose and lodine from Himedia, Acetic acid from Merck and CNTs powder from

Nopo.
Preparation of counter electrodes

Counter electrodes were prepared using CNTs and PANI in different weight percent
(Wt.%) (3, 6, and 9) and dispersed in m-cresol at 100 mg/mL concentration. Then the
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CNTs-PANI composites was kept in magnetic stirrer for 3 hrs to mix thoroughly. During
stirring, 2 to 3 drops of terpineol and ethyl cellulose (15 W1t.% in ethanol) were also added
to the composite and subsequently stirred for some time. As the paste mixed thoroughly, a
thin layer was formed by doctor blade coating over the FTO coated glass substrate as a
CEs. The coated layer was kept at room temperature to dry naturally and sintered at 400 °C
for 30 min. Fig. 6.1 shown the schematic diagram of preparing composite CNTs-PANI
counter electrode. The idea of CNTs dispersion in m-cresol came to our mind with our
previous work, where we dispersed Polyaniline in m-cresol at different weight percent and
improved the device performance [43]. M-cresol in Polyaniline interacts with the polymer
chain and works as secondary doping. This inspired us to investigate the dispersion of
CNTs in m-cresol. Typically, most common solvents such as ionic liquids, super acids,
dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), and 1,2-dichrolobenzene etc.
can be directly used to disperse some types of nanotubes at very low concentrations [54].
However, the limitation with these solvents were the low loading of CNTs on glass
substrate. CNTs readily dispersed in m-cresol at a much higher concentration than common
solvents. In addition to dispersion, highly processable CNTs gel and paste can be obtained
as the concentration increases. We observed that CNTs were well dispersed in m-cresol
after stirrer, making the past much thicker with higher viscosity. One week later, we
checked the dispersion of CNTs in m-cresol and found no sign of aggregation, making m-
cresol unique as a CNTs solvent. The Platinized (Pt) counter electrode (CE) was prepared

from H2PtCle.6H20 solution in anhydrous 2-propanol for comparison.

“ + . ‘ FI:I::‘ - - \ — .. y \J
CNTs PANI Stirring for 3 hours Doctor blade Annealing at 400 °C for 30 min

Figure 6. 1: The schematic diagram of preparing composite CNTs-PANI counter electrodes

Device fabrication and testing

FTO-coated transparent glass substrates (1.5 x2 cm?) were ultra-sonicate baths in a

detergent solution for 15 minutes and washed in a running tape, then sonication in deionised
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water, acetone, and propanol. After drying the substrates, UV-Ozone treatment for 10 min
to eradicate the organic contaminants. An ethanol solution of 0.15 M containing
diisopropoxidebis (acetylacetonate) was spin-coated at 4500 rpm for 55 secs and sintered
at 400 °C for 30 min as a blocking layer. The mesoporous TiO> films were formed above
the blocking layer by the doctor blade technique and subsequently heated at 400 °C for 30
min. After bringing down to ambient temperature, immersed into 3 x 10~* M N719 dye
solution for 24 hours so that adsorption takes place successfully on mesoporous films.
Liquid I~ /15 electrolyte composed of 0.05M 12, 0.5M Lil, 0.1M guanidium thiocyanate,
0.5M  4-tert-butylpyridine and 0.5M 1-Butyl-3-methylimidazolium iodide in
acetonitrile/valeronitrile (Volume ratio of 85:15) solvent. The CEs and photoanodes were
sealed by 60 um thick surlyn film (Ossila), and the space between them was filled with
liquid electrolyte. The current density and voltage (J-V) characteristic curves were
measured from -1 to 1V by 2400 source meter (Keithley, USA), under one-sun (AM-1.5G
100 mW/cm2 intensity). The IPCE spectrum of DSSCs were obtained by applying
monochromatic light with continuously varying the wavelength of the excitation light and
were carried out by Newport monochromator (Model 74125) and the Xenon lamp
(Newport, Model 67005). The measurements were carried out with an active area of 0.25

cmq,

6.3 Results and discussion
Electrical parameters of DSSCs

We examined the photovoltaic characteristic of the DSSCs employing CNTs, CNTs-PANI
and Pt counter electrodes. Fig. 6.2(a) described the current density-voltage (J-V) curves of
the best DSSC with the corresponding electrodes for comparison. The box charts of current
density and PCE of different CEs were shown in Fig. 6.2(c and d). The champion DSSC
with CNTs, CNTs-PANI, and Pt electrodes shown an impressive PCE of 4.83%, 6.67%
and 7.70%, respectively and their parameters were tabulated in Table 6.1. As expected,
DSSC using Pt electrode presented the best performance compared to the CNTs base CEs.
This could be due to the semi-transparent nature with good light reflection that leads to
lower internal resistance and yield higher PCE. However, the performance of CNTs based
photovoltaic devices were comparable to that of Pt. The parameters of the DSSC with CNTs
based CE exhibit a short-circuit current density (Jsc) of 11.84 mA/cm?, open-circuit voltage
(Voc) of 681.70 mV, and fill factor (FF) of 59.90%, respectively. After incorporating CNTSs

116
TH-3261_176151001



Design and Development of Efficient Electrodes for Rigid and Flexible Solar Cells

with conducting polymer PANI (6 Wt.%), the photovoltaic performance enhanced up to
38% with Jsc of 14.19 mA/cm?, Voc of 699.10 mV, and FF of 67.35%. Further increasing
of PANI concentration up to 9 Wt.% does not improve the PCE, it remains almost constant
with 6 Wt.% results. The lower PCE of the CNTs based CEs might be due to the thick
catalytic layer, which offers higher total internal resistance and the opaque nature that
cannot induce the effect of light reflection [40]. The incident photon to current conversion

efficiency (IPCE) spectra, shown a broad band in the region of 250-800 nanometre (hm)
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Figure 6. 2: (a) JV characteristics curves, corresponding (b) IPCE spectra, (c) Jsc and (d) PCE box
charts of DSSCs based on CNTs, CNTs-PANI and Pt CEs.

with a maximum value at 535 nm. From Fig. 6.2(b) we observed that the IPCE curves of
the DSSCs with its CEs were in the order of CNTs <CNTs-PANI< Pt. The lowest IPCE
value was found for DSSC prepared from CNTs CE. The value of IPCE% increased from
49% to 61% at 535 nm wavelength after CNTs-PANI composite. Pt has the highest IPCE%
value of 76% at 535 nm wavelength. The results obtained in the IPCE curves were in
agreement with the JV curves. Although the PCE of CNTs-PANI CEs were slightly lower
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than those of DSSC with Pt electrode, from economic feasibility point of view CNTs-based

CEs can be an alternative to expensive Pt electrode for future practical applications.

Table 6. 1: Electrical parameters of best DSSCs with different CEs.®

CEs Jsc Voc FF PCE (Average)?
(mA/cm?) (mV) (%) (%)
CNTs 11.84 681.7 59.9 4.83+0.19
PANI 13.83 687.0 62.1 5.90+0.22
CNTs-PANI 14.19 699.1 67.3 6.67+0.21
Pt 15.20 727.9 69.6 7.70+0.20

aAverage of 10 devices

Performances of DSSCs were measured with 0.25 cm? working area under AM 1.5, 100 mW/cm? irradiation.
Liquid electrolytes (0.05M I, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M
1-Butyl-3-methylimidazolium iodide dissolved in acetonitrile/valeronitrile (V: V= 85:15) solvent, 0.3 mM
N719 dye solution, CNTs and CNTs/PANI CEs.

Impedance analysis

In order to evaluate the charges transfer processes in DSSCs, electrochemical impedance
spectra (EIS) measurement was conducted at a bias potential of 0.7V in the frequency
ranging from 10° to 10! Hz at ambient conditions. EIS technique is regarded as a diagnostic
tool for analysing the charge transport process in DSSCs. The impedance spectra of three
devices (CNTs, CNTs-PANI and Pt) were fitted with Nyquist plots and its equivalent
circuit inset was shown in Fig. 6.3(a). The Nyquist spectra with fitted equivalent circuit
have series resistance (Rs), constant phase element (CPE), charge transfer resistance (Rct),
charge recombination resistance (Rcr) and Nernst diffusion impedance (W) [16, 55-57].
The Rs represents the total ohmic resistance of the devices. It has only a resistive
component, so present before the onset of the spectra at high-frequency region, and their
values are 28.37, 26.15 and 20.11 Q for CNTs, CNTs-PANI and Pt CEs based devices. The
Nyquist plot features two semicircles in the impedance spectra; in the high-frequency range
(small semicircle) and in the mid-frequency range (large semicircle). The parallel
combination of Rct and CPE1 (constant phase element at counter electrode side) represents
the small semicircle which indicates charge transfer impedance spectra at electrolytes/CEs
interface, while Rcr and CPE2 (constant phase element at photoanode side) at the
FTO/TiO2/ N719/electrolytes interface signifies recombination resistance, respectively.
The Rt values decreased in the order of CNTs> CNTs-PANI > Pt and their corresponding
values from the equivalent circuit are 72.77 > 36.17 > 14.12 (Q). The Nernst diffusion
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impedance (W) of the device was also in the same order CNTs> CNTs-PANI> Pt, with the
values 27.14> 17.79> 2.25, respectively. CNTs incorporating with PANI might
interconnect to form networks that are required for fast ion transport, thus leading to lower
Rs, Rct, Rcr and W values. Thus, a DSSC with reduced Rs, Rct and W experience lower
recombination process, small over potential for an electron moving from CE to the

electrolyte and faster diffusion of electrolytes, respectively.

6004 @ —=— CNTs (b) —=— CNTs
—a— CNTs-PANI 45 . —o— CNTs-PANI
—— Pt —— Pt
450 - ! )
= o
5 S -304
= 300 v
N ?
S
£ < .15
" 150+ a
O' T T T T 0 T T T T T —
0 150 300 450 600 10" 10° 10 10° 10° 10* 10°
Re(Z)/Ohm Frequency (Hz)

Figure 6. 3: Impedance spectra of DSSCs (a) Nyquist plot and (b) Bode plot based on CNTs, CNTs-
PANI and Pt CEs.

Table 6. 2: Parameters of Nyquist spectra fitted to equivalent circuit.

Counter Rs CPE1 Rct CPE2 Rcr Electron

Electrodes @ (10-5F) @) (10-3F) @ life (ms)
CNTs 28.3 36.6 72.7 0.11 446.3 49.09
CNTs-PANI 26.1 19.2 36.1 0.25 392.2 98.05
Pt 20.1 14.6 141 0.67 163.9 109.81

The Bode phase plots of the corresponding EIS result were illustrated in Fig.6.3(b).
Similarly, like the Nyquist plot in the bode plot, we observed two peak frequencies in the
intermediate and high-frequency range. The intermediate frequencies described the charge
transfer at photoanode/electrolytes interface, while the high frequencies region is attributed
to the charge transfer at CEs/electrolyte interface. The effective electron lifetime (z,) at the

CE/electrolytes interface was estimated using the following equation [58].

To = 1/20frax 6.1

119
TH-3261_176151001




Chapter 6 Carbon nanotubes/PANI composite

Where f,,,4 (1858, 2167, and 2302 Hz) is the peak frequency. The 7, of the CNTs, CNTs-
PANI and Pt based device were 8.57, 7.34 and 6.91 ms, respectively. t, is reciprocal to the
maximum peak frequency; the lower values of t, specify faster reduction of triiodide ion
that enhanced electron transfer rate with low resistance and correspondingly improved the

PCE.
Cyclic voltammetry (CV) and Tafel analysis

With a purpose to test the catalytic activity of CNTs, CNTs-PANI and Pt CEs, CV
measurement was performed in a three-electrode system, with Ag/AgCl as the reference
electrode and Pt wire as the counter electrode. The electrolytes for the test consist of 0.5
mM Iz, 0.1 M LiCIO4,and 5 mM Lil, in an acetonitrile solution. The CV curves of CNT,
CNTs-PANI and Pt cathodes were measured at a scan rate of 50 mV/s, and were presented
in Fig. 6.4(a). It is a well-known fact that the electron migration rate constant is directly
related to the catalytic reaction and number of active site of CEs [59][60]. To ensure good
catalytic property toward [_/I3 reduction, the CV characteristic curves shows
oxidation/reduction peaks. The peaks at a positive voltage, denoted by peak Ptox and Cox

represent the oxidation reaction of iodide to triiodide ( /_ to /5) and at a negative branch,
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Figure 6. 4: (a) Cyclic voltammetry measurement of CNTs, CNTs-PANI and Pt CEs in an acetonitrile
solution consist of 0.5 mM I, 0.1 M LiClO4 and 5 mM Lil and (b) Tafel plot of DSSCs based on
corresponding CEs.

indicated by peak Ptrx and Crx, defined the reduction reaction of triiodide to iodide (/5 to
1_). The peak current (Ip) and peak-to-peak separation (AEp) are used to determine the
electrocatalytic performances of CEs. A lower AEp and a higher Ip specify a better catalytic

activity for the triiodide (I3") reduction process. In other words, the redox reaction occurred
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at a lower potential on Pt surface than that of CNTs, demonstrating a lower over-potential
of Pt electrode. The value of I, and AEp are listed in Table 6.3. According to the value of
AEp and Ip, Pt electrode exhibits better electrocatalytic properties than CNTs-PANI in
DSSCs.

Table 6. 3: Electrochemical properties of CNTs, CNTs-PANI and Pt CEs.

Counter electrodes Ir (MA/cm?), positive Ir (mA/cm?), negative AEp (V)
CNTs 6.85 -4.08 0.63-0.14=0.49
CNTs-PANI 7.77 -4.62 0.63-0.12= 0.47
Pt 8.00 -5.97 0.45-0.09=0.36

To further reconfirm the catalytic and interfacial charge transfer characteristics of DSSCs
based on CNTs, CNTs-PANI, and Pt CEs, Tafel measurements was performed.
Theoretically, Tafel plot can be separated into three zones: Tafel (middle zone with sharp
slope, |V|< 0.01V ); polarization (low potential, [V|< 0.12V) and diffusion (horizontal,
|V|< 0.40V) [21][61]. Tafel plots measured the logarithmic current density versus voltage
(V) and was illustrated in Fig. 6.4(b). Pt coated CE possesses higher exchange current
density (Jo) than carbon, which indicates that Pt catalyst has faster electron migration
ability at CEl/electrolyte interface. The higher Jo value is attributed to excellent
electrocatalytic activity. The relation between J, and Rt can be described according to

following equation.
Jo = RT/nFRg 6.2

where, n (=4) is the number of electron in the electrochemical reaction, F is Faraday’s
constant, R is the charge transfer resistance, R is the gas constant, and T is the absolute
temperature. J, is reciprocal to Rct, this result is consistent with the obtained result of Rct
from EIS data. The limiting diffusion current density (J; ;) obtained at high potential from
Tafel plot and its value is directly related to the diffusion coefficient of I3 /I_redox couples
in the electrolyte. The J;;,,, values from the Tafel plot are in the order of CNTs< CNTs-
PANI< Pt and their corresponding values are -4.15, -3.83 and -3.53 mA/cm?, respectively.
The results of CV and Tafel polarization is well-assorted with the J-V characteristics and
EIS data.
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Raman Analysis

RAMAN spectroscopy (LabRam, HORIBA JOBIN YVON) characterised the chemical
structures of CEs materials. It is a powerful tool and is highly sensitive to carbon-carbon
bonds. It reveals deep information about their structures and capable of discerning even
slight changes in structure [62]. Based on the results of RAMAN spectra in Fig. 6.5(a), the
sample consists of single-walled carbon nanotube (SWNT) and multi-walled carbon
nanotube (MWNT). The presence of SWNTs was confirmed from the radial breathing
modes (RBM) in lower frequency at 219.40 cm™ and 257.20 cm™, respectively. The peaks
at 1338 cm™ 1570 cm, 2664 cm* corresponding to D, G and 2D band of carbon structures
were separately shown in Fig. 6.5(b) [63-67]. Usually the D band defines the structural
defects and G band indicates the tangential C=C stretching and the vibrations of sp?
hybridization [68]. Defects generate more surface area that is useful for constructing an
effective catalytic activity. After doping, we observed a strong peak intensity of D band
compared to that of the pristine CNTSs, which reveals that sp® hybridized carbons were
generated as the functional groups and were attached to the surfaces of the CNTs. The peak
intensity ratio between the D and the G bands (Io/lc) were 0.125 and 0.168, respectively.
The intensity ratio (Ip/lc) was increased for CNTs-PANI due to the increase in number of

defect sites in the edge plane which modified surface structures of CNTs
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Figure 6. 5: Raman spectra of (a) CNTs and (b) CNTs-PANI films coated on FTO glass.
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Surface morphology

The surface morphology of CNTs, CNTs-PANI, and Pt coated on FTO glass substrates
were studied using FESEM and AFM. Fig. 6.6(a, b, and c) shows the FESEM image of the
corresponding electrode and we observed a different structure of morphologies, specially
CNTs based and Pt CE. As shown in the FESEM images, the surface of CNTs has a fibrous,
tangled porous structure and initially it has slightly agglomerated, but they became well
separated after being composited with PANI. In addition, we observed the surface of CNTs-
PANI became rougher, which enhanced the electronic transport efficiency of CE [69-71].
These results suggest that the interaction between CNTs-PANI became sufficiently strong
to allow the agglomerated CNTSs to disperse. On the other hand, the Pt has an island or
irregular stone masonry wall like compact structure [40]. The unique structure of CEs made
the catalytic film highly active and transfer electrons faster in the devices to show better

Figure 6. 6: FESEM images of (a) CNTs (b) CNTs-PANI and (c) Pt coated on FTO glass substrate.
Corresponding 2D and 3D AFM images (d-i).
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performance. The 2D (Fig. 6.6(d, e and f)) and 3D (Fig. 6.6(g, h and i)) AFM images of
CNTs, CNTs-PANI and Pt were analyzed using WSxM software. Based on the AFM
results, the counter electrodes have different root mean square (RMS) roughness factor and
were in the order of CNTs < CNTs-PANI< Pt with corresponding value 12, 15 and 23 nm,
respectively. The degree of surface roughness quantifies the effective surface area of the
film and it has a significant impact on electrochemical properties. There is a direct
correlation between the surface area and electrocatalytic activity, higher the effective
surface area better the electrocatalytic activity [72-73]. CNTs-PANI catalyst layer
possesses a larger surface area than CNTSs, which offer better electrocatalytic active sites
for reducing the triiodide ions. These trends were clearly seen in the J-V curves, EIS and

CV analysis.

6.4 Conclusion

In summary, cost-effective CNTs and CNTs-PANI composite materials were introduced as
a catalyst layer to replace the expensive Pt in the DSSCs. The DSSCs performance
increased from 4.83 to 6.67% after CN'Ts was incorporated with conducting polymer PANI.
The enhancement in conversion efficiency is ascribed to a more efficient charge transfer
by suppressing the charge recombination process. The deposited CNTs-PANI layer
exhibited a more fibrous porous nanostructure with higher surface roughness than CNTs.
The enhanced surface area leads to intimate contact with the electrolytes and effectively
increases the rate of reaction from triiodide to iodide ions conversion. This device result
offers a promising reality of commercial application for DSSCs with cost-effective and
mass manufacturing solar technology. Although the PCE of DSSC with CNTs-PANI was
lower than that of Pt CE, the inexpensive cost, excellent photoelectric properties, and easily
available materials for large-scale production allow the CNTs based CEs to be an

alternative material for DSSCs.
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CHAPTER 7 Low temperature flexible DSSC

UV Ozone based rapid low temperature
fabrication of flexible dye sensitized solar cells
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7.1 Introduction

Flexible dye sensitized solar cells (FDSSCs) have attracted incredible attention globally for the
last two decades because of its unique characteristics like lightweight, flexibility, cost-effective
and easy processing [1-5]. It has enormous potential to be utilized in wearable electronic, large
scale industrial roofing and portable powering devices [6-8]. Flexible substrates such as stainless
steel (StS) [9-10], Tatanium (Ti) [11-12], and plastic usually ITO coated polyethylene naphthalate
(PEN) and polyethylene terephthalate (PET)[13-14] etc., were used to prepare electrodes for
FDSSCs. The traditional DSSCs required glass substrates which have a very high temperature
resistance above 450 °C to remove organic binder used in highly viscous TiO. paste and reported
the highest PCE up to 14.30% [15] The electrodes with flexible metal substrates can also be
annealed at high temperatures to improve the interconnection of ETL (TiO> particles), electronic
connection leading to better charge transfer and collection [16]. Among the flexible metallic
materials, StS and Ti foil is found to be chemically stable whereas, copper and aluminium are
dissolved in electrolytes [17-18]. Park et al. prepared photoanode by introduced a thin TiOx layer
by spin coating on the ITO and SiOx-sputtered StS substrate to controlling the dark current, the
efficiency of cell fairly achieved 8.6% with Pt coated ITO PET counter electrode (CE) [10]. Ito et
al. developed FDSSCs, which achieved relatively high efficiencies up to 7.2% with metallic Ti
substrates [19]. Liu et al. fabricated FDSSC on Ti substrate by Er* and Yb3* codoped with TiO
photoanode and obtained efficiency of 8.1% [20]. Yun et al. fabricated photoanode on Ti substrate
and Pt coated FTO glass as CE and obtained an efficiency of 9.20%, [21]. To best of our
knowledge, the highest efficiency of FDSSCs is 10.28% on Ti wire substrate [22] These method
of FDSSCs fabrication is not energy efficient due to the involvement of high processing
temperature [23-24]. Therefore, the replacement of high temperature resistance substrates by low
processing temperature i.e., plastic is highly encouraging to reduce its manufacturing cost. Also,
the use of plastic substrate enables solution-based printing and coating techniques that are cost-
effective, improve productivity, and are compatible with R2R manufacturing process [25]. The
preparation of electrodes on plastic substrates limits their maximum processing temperature up to
150 °C due to thermal instability. Therefore, the electron transport layer (ETL) were usually
prepared without binder [26]. Preparing TiO2 paste without an organic binder is the biggest
challenge in fabricating photoanode. The most commonly used solvent alcohol or water-based

binder-free titanium paste usually exhibits poor viscosity. Paste with high viscosity is preferred for
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smooth printing of TiO> film without crack. Investigation on various factors associated with paste
for making highly viscous has been carried out with the addition of hydrochloric acid, water, and
ammonia that changed the viscosity vigorously. Viscosity enhanced the inter-particle connectivity
that improved device performance compared to ethanol-based pastes. With modified paste, the
power conversion efficiencies of 4.9% were achieved for FDSSC [27]. Park et al. [28] also reported
a similar kind of work, prepared binder-free highly viscous paste by adding ammonia through
chemical sintering and obtained a power conversion efficiency of 2.55%. The low temperature
processed TiO2 based ETL need additional processing step to improve the mechanical stability and
electron transport property. Several low temperature post processing techniques such as
microwave irradiation [29-30], mechanical compression [25, 31-32], cold isostatic pressing (CIP)
[33], lift-off techniques [7], and building block [34-35] etc., have been successfully applied for
enhancing the performance of FDSSCs. Compared to conventional heating, microwaves heating
is much more efficient in energy transfer as it directly interacts with the contents. Uchida et al.[29]
sintered TiO2 layer on ITO PET in a microwave oven at 2.45 GHz and 28 GHz frequency, and
fairly obtained a conversion efficiency of 0.74% and 2.2% respectively for FDSSCs. The high
frequency heating improved the efficiency of the device is mainly due to a noticeable enhancement
in the current density. An external force was applied to the low-temperature processed TiO; film
coated on a flexible substrate to enhance 3D connectivity of TiO, particles. Weerasinghe et al.
processed TiO, photoanode for flexible ITO coated PET with P25 powder by this method, and
achieved a PCEs of 6.30% [33]. In Japan Arakawa et al. reported the highest efficiency for plastic
DSSCs by applying compression techniques to TiO> particles (20 and 100 nm). Optimizing the
TiO2 film thickness around 10 pum and obtained maximum power conversion efficiency of 8.10%
[25]. However, mechanically compressed low temperature TiO film is not chemically bonded but
only a physical contact. This method still affected the electron transport properties in devices,
therefore FDSSCs showed lower efficiency compared to rigid DSSCs. In CIP, the TiO; film is
sealed in an elastic medium in a vacuum, and high pressure is applied in all directions through a
liquid medium. Weerasinghe et al. processed TiO. photoanode for flexible ITO coated PET with
P25 powder by CIP method, have fairly achieved high PCEs of 6.30% and 7.40% for simulated
sun lights power of 100 and 15 mW/cm?, respectively [33] Diirr group presented another new
approach, allowing the use of paste containing organic binders and annealing at high temperatures.

In this technique, a thin layer of gold on glass substrate approximately 10-20 nm is prepared and
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above that a TiOz layer is formed. The deposited film is sintered at 450 °C to obtain a high-quality
mesoporous layer. By dissolving the gold layer in iodine/iodide, the TiO. layer can be removed
from the glass substrate and then transferred on a flexible substrate; this technique is known as lift-
off or building block. A thin layer of TiO. nanoparticle average 10 nm is applied on a flexible
substrate for better bonding of TiO. transfer layer. The final contact is established using the
compression method between adhesion and the porous layer. By this technique an efficiency of
5.8% has been reported on flexible PET substrate [7]. Huang et al. fabricated FDSSCs on ITO
PEN using the building blocks technique that showed much higher conversion efficiency (6.59%)
compared to the conventional method (4.94%) made from the same TiO2 nanoparticles (18 nm)
[36]. However, this technique is quite complex, and the TiO2 films can be easily broken during the

transfer process.

Herein, we have developed a generic approach to fabricate low temperature processed TiO>
film based efficient FDSSCs. TiO2 precursor suspension using P25 and small amount of titanium
isopropoxide (TTIP) as a binder in a mixture of ethanol and de-ionized (DI) water were utilized
for coating TiO> film. An optimal quantity of TTIP with TiO2 nanoparticles assisted the formation
of uniform and mechanically stable film after processing at a comparably lower temperature (120
°C). To further enhance the quality and transport property of the TiO> film, it was undergone
through UVOg treatment which removed  the organic contaminants. Consequently, to
understand the impact of UVO3 treatment on the photo-physical properties of low temperature
processed TiO. film was analysed by Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Ultraviolet (UV)-visible and
Photoluminescence (PL) spectroscopy before and after UVO3 treatment. The current density-
voltage (J-V) characteristics and interfacial electrical properties of FDSSCs devices were also
studied. The results demonstrated significant enhancement in the PCE after UVO3 treatment due
to the improved transport property. Thus, this work illustrates the fabrication of low-temperature
processed FDSSCs and can be utilised as an expedient tool in development of future low-cost
FDSSCs.

7.2 Experimental section
Materials. Transparent Indium tin oxide (ITO) coated polyethylene terephthalate (PET), sheet

resistance 60 Q/square (Sigma- Aldrich) were utilized for all the devices. P25 (22 nm), tert-
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Butanol, 4-tert Butylpyridine, 1-butyl-3-methylimidazolium iodide, Anhydrous isopropanol,
Chloroplatinic acid hexahydrate Acetonitrile, Titanium (IV) isopropoxide, Lithium iodide,
Valeronitrile, Guanidium thiocyanate were procured from Sigma Aldrich. lodine and Sodium

hydroxide were procured form Merk and Himedia respectively.
Low temperature TiO2 Paste preparation

Our first and foremost objective was to obtain efficient TiO2 precursor suspension, which
contained a mixture of TiO2 and molecular titania precursor. P25 powder was chosen as the
nanocrystalline TiO2 precursor because of its high photocatalytic activity. Further, TTIP was used
as an interconnecting agent of TiO2 nanoparticles and it has stable nature under ambient condition.
However, the film became unstable and peeled off when the concentration of TTIP increased
further. The low temperature TiO> paste consists of 1 gm P25 TiO nanoparticles, 148uL TIIP, 10
ml ethanol, and 140uL of DI water. The solution was sonicated for 10 min and stirred for 30 min.
Then the solution was poured into mortar pestle and grinded for several hours to obtain high

viscosity TiO colloid.
Fabrication of photoanode on flexible ITO PET

ITO PET substrate was dipped into 50% aqueous ethanol solution for 60 min and then cleaned
with absolute solution for several times. The PET substrates were dried by using a hot air dryer
and then treated in UV-Os3 system for 1 min. Multilayer working electrode was deposited by spin
coating and doctor blade technique. TiO2 colloid solution was dropped onto the cleaned PET
substrates, then spin-coated at 4000 rpm for 45 sec followed by subsequent thermal annealing at
80 °C for 5 min to remove the solvent. This step was repeated for two times, then the coated films
were treated by UVOs for 5 min. Further, another mesoporous layer of TiO2 was deposited above
the spin coated film by doctor blade technique and baked at 120 °C for half an hour. This method
has some drawbacks like incomplete necking of nanoparticle and presence of remaining organic
contaminants. Therefore, the surface of TiO2 based ETLs was treated in UVOs3 system to remove
organic contaminants. Fig. 7.1 show the schematic representation of TiO- film fabrication process
for FDSSCs.
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Figure 7. 1: Schematic illustration of high performance electron transport layer for FDSSCs.

Device fabrication and testing

TiO2 working electrodes were submerged into 0.3 mM of N719 solution in Acetonitrile and tert-
Butanol solution (volume ratio 1:1) and remained overnight to sensitize it in dark condition.
Platinum (Pt) counter electrode were prepared by spin coating Chloroplatinic acid hexahydrate
solution (5 mg in 1ml of anhydrous 2-propanol) on pre-cleaned ITO PET at 4000 rpm for 50 secs
followed by sintering at 80 °C for 5 min and UVOs treatment for 60 min. The I~ /I3 electrolyte
solution of was made with 0.05 M lodine, 0.5 M Lithium lodide, 0.1 M Guanidium thiocyanate,
0.5 M 1-Butyl-3-methylimidazolium iodide, and 0.5 M 4-tert-Butylpyridine dissolved in the
mixture of acetonitrile/valeronitrile (V/V=85:15) solvents. Sensitized TiO2 working electrode and
Pt counter electrodes were assembled and sealed by a Surlyn film (60 um, Ossila) which acts as a
hot melt spacer to prepare sandwich type photovoltaic cells. Liquid electrolytes were injected

between working and counter electrode for the completion of the fabrication process. The J-V
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characteristics of FDSSCs device, which have been measured under AM 1.5 G with 100 mW/cm?

The active area of all FDSSCs were 0.16 cm?.

7.3 Results and discussion
UVOs treatment on low temperature electron transport layer

The TiOz solution was prepared with small amount of TTIP as a binder, which is crucial for
fabricating uniform and stable film. However, the cross linking of residual organic species in TiO-
paste may hinders charge transport and affects device performance. To overcome this shortcoming,
a simple UVO3 system was utilized to decompose the organic species and coalescence of TiO-
nanoparticles to yield high quality ETL. The UVOs system produced two ultraviolent light of
wavelength 185 and 254 nm simultaneously. The corresponding wavelengths produces the
photonic energy much greater than the bond energies of residual organic species. The atmospheric
oxygen (O2), when irradiated at 185 nm; it converts into ozone (Oz) and atomic oxygen (O%).
Again, at 254 nm UV light, O3z decomposes into Oz and O*. Very strong oxidizing atom O* is
produced during the course of formation and breakdown of ozone (O3). Highly reactive O* and O3
react strongly with residual organic substances present in the paste and burn out these residual
substances and generate volatile molecules such as CO, H20, CO. and N etc. [25, 37-38]. The
schematic representation of the UV ozone exposure was illustrating in Fig. 7.2(a). Zhang et al.
prepared pre-sintered TiO2 photoanode for FDSSC and achieved an efficiency of 3.27% using
post-treatment of UVO3 [39]. The binder-free TiO, paste coated film on the substrate turns
yellowish while drying at 200°C. The yellowish photoanode shows poor performance with lower
power conversion efficiency. While exposing the photoanode to UV Ozone treatment bleaches out
the yellow colour and remarkably enhances the photovoltaics performance up to 5.40% [40].
Zardetto et al. demonstrated fully UV treated FDSSC and fairly obtained a PCE of 4.30% under
one sun [2]. A similar kind of study has been done by exposing the photoanode with UV light and

improving the power conversion efficiency of the flexible DSSCs [41-42].
FTIR analysis

To gain better insight into the impact of UVOs treatment on low temperature processed TiO> film,
FTIR measurement was conducted. FTIR spectra shown in Fig. 7.2(b) were compared before and
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Figure 7. 2: (a) Schematic representation of UV O3 treatment for the preparation of high quality TiO; film. (b)
FTIR spectra, and (c) XRD spectra of TiO; film without and with the treatment of UVOa.

after UV O3 exposure for 4 hours. The absorption band around 3300 to 3500 cm™ is related to the
stretching mode of hydroxyl (O-H) group and 1600 to 1700 cm™ are bending mode of carbonyl
group (C=0), respectively, indicating the residual hydroxyl groups and water molecules of the
TiO, film. There is an additional board peak located around 1435 to 1335 cm™, which are
corresponding to the symmetric stretching vibration of COO™ [40-41, 43]. As the TiO film was
UVO:s treated, a significant decline was observed in the peak intensity of the O-H stretching and
C=0 bending, which was an indication of organic residue removal from the TiO2 film, which

substantially improved the quality of ETL.

XRD analysis
To further understand the impact of UVOs treatment on the crystalline nature of TiO> film, XRD

patterns were analysed before and after UVOs treatment. From Fig. 7.2(c), it was evident that peak
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intensity for (1 0 1) plane at 25.99° corresponding to anatase phase was enhanced after UVO3
treatment which can be correlated with improved crystallinity of TiO2 film [44]. The enhanced

crystalline nature of ETL can contribute in improving transport properties of photovoltaic device.
XPS analysis

To investigate the chemical and structural changes in TiO> films, the XPS measurement was used
to analyse the impact of UVOs treatment. Fig. 7.3(a, b, c, d, e and f) demonstrates the high-
resolution C 1s, O 1s and Ti 2p XP spectra of TiO> films before and after UVOs treatment. In Fig.
7.3(a), two peaks were observed at 284.2 eV and 285.7 eV [39]. The TiO: film without UVO3
exposure presented larger C-O bonding peak, which illustrated that the organic species was not
properly removed from TiO, surface even after annealing at 120 °C for 30 min. Carbon
contamination can acts as an interfacial trap sites and diminish photovoltaic efficiency due to the
insufficient necking of TiO2 nanoparticles. It also adversely affects the dye loading on TiO> film
producing relatively lower current density. Interestingly, after UV O3 exposure on TiO: film in Fig.
7.3(b), the C-O bonding peak available at 284.2 eV disappeared from the C 1s spectrum. The peak
intensity was also significantly decreased compared to the untreated TiO> film, which indicated
that organic species from untreated TiO> film were substantially reduced after UV O3z exposure [38-
39]. The O 1s peak of the TiOz film before and after UVOz processing were fitted with two
Gaussian peaks. The central O 1s peak recorded at 531+0.1 eV should be corresponding to the
lattice oxygen of TiO [45]. Another peak on the shoulder at 532.2+0.2 eV is ascribed to the
development of Ti** state by the formation of oxygen vacancy. Based on the high-resolution O 1s
spectrum after UVOs3 treatment, the relative peak area of Ti.Oz was increased significantly which
can create more oxygen vacancies and change the oxidation state from Ti** to Ti®*. This can
introduce excess electrons on the surface of TiO, thus enhanced the functionality of the surface.
The high resolution XP spectra of Ti 2p were displayed in Fig. 7.3(e and f). For untreated TiO-
film, two peaks of Ti 2p located at 458.0 eV and 463.7 eV were assigned to Ti*" 2ps and Ti*
2p1r2, respectively. For UVOg treated TiO2 sample, two peaks presented at 458.3 and 464.1 eV
should be attributed to the energy levels of Ti* 2ps2 and Ti*" 2pis, respectively[46]. UVOs
treatment effectively promoted the creation of Ti-O-Ti bonds which can enhance the conductive
properties and significantly reduce charge carrier recombination rate. The relative change in peak

area revealed that the surface charge states of TiO layer were tuned with UVO3 exposure.
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Figure 7. 3: XP spectra of TiO; film on ITO PET with 0 and 4 hrs: C 1s (aand b); O 1s (c and d), and Ti 2p (e
and f).
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Photoluminescence (PL) analysis

Further PL spectra were utlized to analyse the extent of charge carrier trapping, transfer, and to
gain the insight the fate of electrons and holes in a semiconductor. PL spectra of the TiO> films
were measured by exciting at 320 nm. The excitation of 320 nm wavelength is corresponding to a
photon energy of 3.88 eV, which is higher than the bandgap of TiO2 [41, 47-49]. Comparing the
spectra of the film before and after UVOs treatment, it was observed that photoluminescence
emission peak intensity was lower for the untreated film compared to UVO3 treated film. The
lower intensity of the untreated TiO> film can be corelated to non-radiative recombination caused
by the organic species. Contrarily, the improvement of PL emission of TiO: film after UVOs

treatment is indicating the improved film quality and lower non-radiative recombination.
UV-Visible analysis

Fig. 7.4(a) demonstrates the absorption spectra of N719 dye desorbing from the TiO> working
electrodes. To desorbed the dye from the TiO> layers with a dimensions of 0.5 cm x 2.5 cm and a
thickness of around 3.5 um were immersed in 4 mL of 0.1 M sodium hydroxide solution in a
mixture of DI water and ethanol (V: V= 1:1) [50]. This process was carried out to quantify the
amount of dye adsorbed on the surface of TiO2 working electrodes. After complete desorption of
the dye, the solutions turn out to be dark pink colour, then UV-vis absorption spectra of same
solutions were analysed. The concentration of the desorbed dye per cm? area were estimated by
using Beer's law. It was also noticed that the absorption intensity increased in the electrodes after
UVOstreatment. The amount of dye loading concentration was ~1.936x10” mol cm for untreated
film while 2.865x107 mol cm™ for UVO; treated film. The increased in dye absorption can
significantly increase the current density of the device. This enhancement in dye absorption
attribute to decrease in contact angle due to high hydrophilic nature of the TiO> film caused by
UVO3 exposure [51-52].

Transmittance analysis

Transmittance study was conducted to investigate the transparency of deposited TiO> films on the
ITO PET substrates The UV-vis transmittance spectra of the ITO PET, TiO2/ITO PET and UVOs
TiO2/ITO PET were compared and displayed in Fig. 7.4(b). The bare ITO PET substrate displays
highest transmittance in the absorbance range of the visible region. After the deposition of TiO>
films by spin coating and doctor blade technique the transmittance decreased compared to bare
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ITO PET. The decrease of transmittance was caused by the absorption of the nanocrystal TiO>
film. The transmittance of the TiO2/ITO PET film improved after UVOz treatment. The increasing
order of the transmittance can be written as TiO2/ITO PET<UVO3 TiO2/ITO PET< ITO PET.
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Figure 7. 4: UV-vis absorption spectra of N719 dye’s desorbed from TiO> film before and after UVO3 exposure
in 4 mL of 0.1 M sodium hydroxide solution in a mixture of DI water and ethanol (V: V= 1:1) and (b)
Transmittance spectra of bare ITO PET, TiO2/ITO PET, and UVO;3 TiOy/ ITO PET.

Electrical parameters of FDSSCs

To evaluate the effectiveness of UVOs treated electrodes, we compared the performance of
FDSSCs without and with UVOs treatment TiO film. The J-V characteristics of FDSSCs device,
which have been measured under AM 1.5 G with 100 mW/cm? were shown in Fig. 7.5(a). FDSSCs
with TiO2 film processed at 120 °C without UVO3 treatment exhibited poor PCE of 1.43% with
Jsc of 3.73 mA/ecm?, Voc of 661 mV and FF of 58.10%. The poor performance of the FDSSCs
without UVOs was due to the presence of undesired organic species and poor inter-particles
necking which resulted in high charge carrier recombination [53-54]. After UVO3s exposure, the
FDSSCs exhibited enhanced photovoltaic performance achieving the highest PCE of 2.54% with
Jsc of 5.52 mA/cm?, Voc of 695 mV, and FF of 65.80%. The photovoltaic parameters were
significantly improved for UVOs treated devices up to 4 hours of exposure and produced a higher
degree of reproducibility for all device parameters (Fig. 7.5(b)). The box charts of Jsc, FF as a
function of time were presented in Fig. 7.5(c, and d). Although oxygen vacancies created by UVOs
system initially enhanced the transport property of TiO. films, excess of oxygen vacancies resulted

in serious carrier recombination at the interface between dye photo absorption layer and TiO2 ETL.
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Figure 7. 5: (a) J-V curves of flexible DSSCs on ITO/PET substrates with different duration of UVOs3 treatment
performed on TiO; films, (b) PCE histogram of FDSSCs with 0 and 4 hrs UV O3 exposure of TiO; film. Box
charts of (c) Jsc, and (d) FF of the FDSSCs as a function of UVOj3 treatment time.

Table 7. 1: Parameters of FDSSCs under a different duration of UVO3 exposure.’

UVOs treatment Jsc Voc FF PCE
time (Hours) (MA/cm?) (mv) (%) (Average)®(%)
0 3.73 661.10 58.10 1.43(1.21+ 0.21)
2 4.23 679.60 61.12 1.76(1.94+ 0.19)
4 5.52 695.90 65.80 2.53(2.41% 0.10)
6 5.16 680.40 65.20 2.31(2.20+ 0.18)
bAverage of 10 devices.
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"Performances of DSSCs were measured with 0.25 cm? working area under AM 1.5, 100 mW/cm? irradiation. Liquid
electrolytes consist of 0.05M I, 0.5M Lil, 0.1M guanidium thiocyanate, 0.5M 4-tert-butylpyridine and 0.5M 1-Butyl-
3-methylimidazolium iodide dissolved in acetonitrile/valeronitrile (V: V= 85:15) solvent. 0.3 mM N719 dye solution
and Platinized counter electrodes.

This resulted in decline of the shunt resistance (Rsn) and Voc which collectively reduced the device
performance [46]. Therefore, an inferior photovoltaic performance was observed for longer (6
hours) UVOs treated devices.

Impedance analysis

To further comprehend the charge carrier dynamics of FDSSCs upon UVOs treatment,
electrochemical impedance spectroscopy (EIS) measurements were conducted. Impedance
spectroscopy is an effective technique for analysing the kinetics of electrons transfer and
recombination in FDSSCs, which also can provide information about diffusion of /= /I3 in the
electrolytes, electron transfer at the TiO2/dye/electrolytes interface and the redox reaction at Pt
counter electrode [27-28, 55-62]. Impedance spectra were measured in dark condition at an applied
potential equal to open circuit voltage. The Nyquist plot of the FDSSCs based on low temperature
processed TiO- film was displayed in Fig. 7.6(a). EIS data were fitted according to the equivalent
circuit model to interpret the results. Based on that, the intercept with the real axis at high

frequency region represent the total ohmic resistance of the device i.e. contact resistance between
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Figure 7. 6: (2) Nyquist plots (Inset equivalent circuit) and (b) Corresponding Ohmic resistance (Rs) and Electron
life (t) for FDSSCs before and after UV O3 exposure of TiO, ETL layer.
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the TiO: film and transparent conducting oxide (Rs). The fitting parameter of the equivalent circuit
were obtained using EC-Lab software and shown in Table 7.2. The calculated values of Rs were
97.50Q and 93.64Q, and effective electron life (t) were 63.28ms and 72.12ms for photoelectrode
without and with UV O3 treatment, respectively. The histogram diagram of Rs and 1 as a function
of UVO3s were shown in fig. 7.6(b). Suggesting the organic substances present before the UVOs3
exposure acts as a trap site on the TiO; surface allowing photogenerated electrons trapped and
recombine with I3 in the electrolytes and produced bigger semi-circle of impedance spectrum [39].
The low FF of the device without UVO3 exposure is also due to higher Rs value. The removal of
the organic species using UVOg treatment decreased Rs which facilitated charge transport and

collection, thereby increased electron lifetime in the devices.

Table 7. 2: Parameters of EIS equivalent circuit.

Substrate Rs(Q) Ret1(2) CPE1(uF) Ret2(Q) CPE2(uF) T.(ms)
ITOPET 97.50 350 7.24 3729 16.97 63.28
93.64 341 6.18 3501 20.61 72.12

Stability analysis

The stability of FDSSC over 500 bending cycles was analysed and shown in Fig. 7.7. The
photovoltaic device retained 83% of its initial efficiency after this mechanical stress. A major
decline was observed in Jsc of the device which adversely impacted the overall device

performance.
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Figure 7. 7: Stability analysed of FDSSCs over 500 bending cycles.

FESEM and AFM analysis

Fig. 7.8(a and b) displayed the surface morphology of TiO films before and after UV O3z exposure.
Few cracks were observed in untreated TiO> film. These micro cracks are formed due to shrinkage
during the drying process of TiO- film. This result indicated that the necking of TiO; particles was
poor without UVO3 treatment which may result into higher degree of traps states [41][63]. For the
UVOs treated devices, a significant improvement was observed in uniformity and TiO; particle
necking which suppressed the non-radiative recombination and enhanced the photovoltaic
performance significantly. The structural characteristic of the TiO> films before and after UVOs3

treated were subsequently explored using conducting AFM. The microscope was operated under
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Figure 7. 8: FESEM and AFM images of TiO- films on ITO PET substrates (a and c) after only processing at 120
°C and (b and d) after processing at 120 °C followed by UVOs3 exposure.

tapping mode also known as intermittent contact mode. The scan size was 4 um. image and
analysed using WSxM software. Fig. 7.8(c, d) displays the 2D AFM images of pristine and UVO3
treated TiO> films and the corresponding average root mean square (RMS) roughness parameter
were 94.78 and 43.55 nm respectively. The difference in the roughness factors arises due to the
surface UV O3 treatment. The lower roughness was observed after the 4 hrs UVO3 treatment, which
indicates that the surface treatment enable uniform films by reducing the surface contamination
[46][64]. UVOs treatment significantly improved the TiO> film quality which validates the higher
efficiency of FDSSCs after optimal UVOs treatment.
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7.4 Conclusion

In summary, it has been demonstrated that utilization of a simple technique such as UVOs
treatment can substantially improve the quality of relatively low temperature processed TiO> film
by increasing uniformity and mechanical stability. UVOs3 treatment was found to be effective in
removing organic species arising from precursor materials. The crystallinity of TiO2 film was
enhanced significantly after UVOs treatment in comparison to the pristine TiO> film. Further, J-V
plots of FDSSCs demonstrated that devices with UVOgs treatment for 4 hours achieved the highest
efficiency of 2.53% compared to 1.43% of pristine device. From the observations of EIS, it was
evident that organic species formed trap states and promoted recombination reactions in pristine
devices without UVO3 treatment. However, UVOgs treatment significantly increased the photo-
generated electrons lifetime and enhanced device performance. This unique and cost-effective
method can assist in fabricating highly efficient low temperature processed FDSSCs which can be

further scaled up and implemented in roll-to-roll manufacturing.
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8.1 Conclusions

For the last two decades, significant attention has been attracted toward DSSCs due to their simple
fabrication process and raw materials availability. The objective of this thesis was to develop an
efficient and economically competitive electrode to further enhance the power conversion
efficiency of DSSCs.

Chapter 1 of this thesis highlight the photovoltaic technology, a brief introduction of DSSCs
development, their device structure including different components and working principle. Then
different parameters used to define performance of solar cell.

Chapter 2 illustrated electrode preparation method and different characterization techniques used

for analyzing the performance of DSSCs.

Chapter 3 deal with the investigation and optimization of UVO3 exposured on TiO> electron
transport layer. UVOs treatment removed the organic contaminants from the TiO2 ETL, increase
wettability and increase the oxygen vacancies by changing the surface state from Ti** to Ti®. The
effect of UV-Oz exposure on the efficiency of DSSCs has been carefully analysed and optimized.
The fabricated device with optimized time for 10 min UV-Oz exposure shows the best PCE of
8.34% with good reproducibility. Thus, UVOs could be used as a tool to optimize the optical,

electrochemical and electron injection properties in DSSC to obtain high efficiency.

Chapter 4 described the bandgap engineering of conventional TiO2 electron transport layer with
cesium bromide (CsBr) doping. The properties of doping were comprehensively analysis and
related with the photovoltaic performance of DSSCs. It was observed that CsBr doping trigger a
decreased in work function from -4.51 to -4.21 eV, increased in CBM from -3.7 to -3.55 eV, and
a negative shift in flat band potential (Vf;,) from -0.46 to -0.50V. TiO2-CsBr photoanode promoted
favourable band alignment for TiO2/N719 heterojunction, which enhanced electron injection and
transport by suppressing the back transfer of photogenerated electrons. Moreover, the doping of
CsBr enhanced effective surface area of the electrode and increased maximum dye loading that
correspondingly improve absorption coefficient. Finally, our TiO.-CsBr doped photoanode
enhanced device performance from 7.61 to 9.28% efficiency. Hence, bandgap engineering of
TiO,-CsBr doped ETL could be used to solve the inferior performance of DSSC based on

conventional TiO».
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Chapter 5 elucidated a simple approach to prepare an efficient and cost effective counter
electrodes (CEs) for DSSCs based on Polyaniline (PANI) doped with Poly (sodium 4-
styrenesulphonate) (PSSNa). The precise control of PSSNa in PANI provide higher effective
surface area, improved electrocatalytic activity, facilitated higher electron transfer, and suppressed
charge recombination which were the desired properties of CE for solar cell fabrication. The
PANI-PSSNa doped CEs significantly improved the electrocatalytic activity and fairly obtained a
conversion efficiency of 7.15%.

Chapter 6 focussed on the comparative study of Pt, CNTs, and CNTs-PANI CEs on DSSCs
performance. The deposited CNTs-PANI layer exhibited a more porous nanostructure with higher
surface roughness than CNTs and efficiency increased from 4.98 to 5.98% after CNTs was doped
with conducting polymer PANI. Although the PCE of DSSC with CNTs-PANI was lower than
that of Pt CE (7.87%), the inexpensive cost, excellent photoelectric properties, and easily available
materials for large-scale production allow the CNTs based CEs to be an alternative material for
DSSCs.

Chapter 7 demonstrated the preparation of binder free TiO2 based electron transport layer (ETL)
for flexible dye sensitized solar cells (FDSSCs). An additional post treatment Ultravoilet-Ozone
(UVQ:) is performed to improve the performance of FDSSCs. UVO3 treatment not only removed
the organic contaminants but also significantly improved the crystallinity of film. TiO, ETL treated
with UVOs decreased series resistance, electron recombination, substantially increased electron
life and correspondingly show an efficiency of 2.53% compared to 1.43% for untreated device.
The simple cost effective preparation procedure and improved device performance enable this

fabrication method to be an alternative to conventional technigues.
Future prospect

Extensive studies on DSSCs have been conducted on various factors, such as interfacial contacts,
tuning dye for maximum absorption, band gap engineering, and surface morphology etc. Explored
different methods and materials were developed to enhance the performance of DSSCs. These
advancements have stimulated rapid growth of DSSCs in last two decades. Nevertheless, quite a
few challenges persist to further enhance the efficiency and to match the standard of

commercialization.
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According to the results in this present work, we suggest some works for the future that could be

carried out:

The photovoltaic technology can be divided into two part according to the power required by the
devices i.e., large terrestrial power production panel facilities and small portable electronics
module. DSSCs can be implemented in both the cases. Comparing to other photovoltaic
technologies, DSSCs performed better under indoor environment with artificial light sources. For
example, Internet of Things (10T) is attracting scientific and technological attention globally in
these days. For 10T devices used batteries as a power sources and need charging often for the
secondary batteries or replacement as their lifespan is restricted within months to years. These
problem do not occur with DSSCs, since the cells turn the room light directly into electricity
without external power supply. 10T devices equipped with DSSCs operate autonomously and
therefore do not need long term maintenance, such as battery replacements. In addition, the power
required for 10T devices is basically low and can be supplied under room light conditions. This
performance of DSSCs has inspired us to carried out an extensive research in indoor applications.
But most DSSCs are test under a standard AM 1.5G condition. No measuring system has yet been
developed and validated for evaluating the characteristics of the indoor DSSCs.

With the raising demand of emerging applications such as portable power supply, internet of things
(1oT) devices, wearable and high integrated microelectronic devices FDSSCs have drawn
significant attention. But the poor stability of the device caused by deterioration, evaporation and
leakage of liquid electrolytes due to the weak adhesion force of sealing materials on bendable
surface are the biggest issues. Therefore, the stability of DSSCs have to be taken care off with the
development of technology. To improve the stability and lifetime of FDSSCs robust sealing and

encapsulation through transparent films is required.

For the successful realisation of DSSCs at practical applications, the issues on unfavourable

bending, stability, and low performance on large area device should be address carefully.

163
TH-3261_176151001



Chapter 8 Conclusion and future prospects
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