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Abstract

This dissertation characterizes the first asphaltene DSSC (dye-sensitized solar cell), in which
light to electricity conversion efficiency has improved from 0 % to 1.8 %. Four natural organic
asphaltene factions, namely, un-fractionated asphaltene, Fr. 1 Asphaltene, Fr.2 asphaltene, Fr.3 and Fr.4
were extracted and tested for various solar cell parameters of TiO, based dye-sensitized solar cell DSSC.
DSSCs were fabricated using the four individual asphaltene dyes. The photovoltaic performance of the
cells was examined by determining the various parameters such as open-circuit voltage, short-circuit
current, fill factor, and series resistance. The overall energy conversion efficiency was also measured to
correlate the effect of the different asphaltene fraction as well as concentration on the significant
improvement of the solar cell parameters. The sensitization of TiO, electrode with fr.3 asphaltene
obtained at 90/10 toluene to pentane ratio has resulted in a maximum energy conversion efficiency of
1.8 %. Un-fractionated asphaltene, however, produces comparable results as Fr.3 when used as
sensitizer in DSSC. A strategy to minimize series resistance, and improve photo current as well as open
circuit voltage is also studied. Purifying asphaltene, using RTV mask, and employing the TiO, compact

layer as well as UV-O treatment have been shown to improve the performance of asphaltene DSSCs.
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Chapter: 1 Background and Motivation

1.1 INTRODUCTION

During the last few decades there have been major efforts to address the enormous growth of
both the worldwide energy demand and the emissions of green house gases (GHG) that are due to
burning of fossil fuels and other energy consumption. The Energy Information Administration (EIA) (1)
of the U.S. Department of Energy reported that the global energy consumption increased by 22 % from
406 quadrillion Btu in 2000 to 495 Btu in 2007 and it is projected to grow by 49 percent or 1.4 percent
per year, from 495 quadrillion Btu in 2007 to 739 quadrillion Btu in 2035 (figure 1.1). ! Fossil fuels still
provide nearly 80 percent of world energy consumption in 2010. Figure 1.1 shows the projected trend

from the EIA ‘s International Energy Outlook for 2010.

Quadrillion Btu

800 History Projections 739
686
638
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590
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Figure 1.1: World marketed energy consumption, 1990-2035 (1)

11 quadrillion -BTU of electricity per year = 33.5 x 10° kW per year x (365 days per year x 24 hours per day) = 293.5 x 10’
kW-hrs = 293,500 GW-hrs



Electricity is the world's fastest-growing form of end-use energy consumption as cited in
reference (1). Net electricity generation worldwide rises by 2.3 percent per year on average from 2007 to
2035, while total world energy demand grows by 1.4 percent per year. The growth in electricity
generation is a consequence of rising standards of living, increase demand for home appliances and the
expansion of commercial and residential services. Coal still provides and will continue to provide the
largest share of world electricity generation. It accounted for 42 percent of total electrical generation in
2007, and its share is largely unchanged through 2035 (Figure 1.2). The combustion of coal, however,
adds a significant amount of carbon dioxide to the atmosphere per unit of heat energy, (2) more than
does the combustion of other fossil fuels?. In contrast, liquids, natural gas, and nuclear power all lose
market share of world generation over the course of the projection period, displaced by the strong
growth projected for renewable sources of generation. To satisfy the growing demand, the reference (1)
predicts a sharp increase in the utilization of coal over the next 20 years, as well as a steep increase in

the development of renewable energy sources as viable solutions to the demand.

trillion kilowatthours
40

= Nuclear

= Renewables

" MNatural gas

30 mCoal

= Liquids
20
10 I

2007 2015 2020 2025 2030 2035

Figure: 1.2 World electricity generation by fuel, 2007-2035 (1)

2 Coal combustion emits almost twice as much carbon dioxide per unit of energy as does the combustion of natural gas,
whereas the amount from crude oil combustion falls between coal and natural gas.
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In addition to the above, the world will shortly come to an end of fossil fuels as the world's
primary energy resource. With daily consumption of 86.7 million barrels in 2010, and with a 2% annual
increase in consumption oil might run out in the near future within 40-50 years. The other forms of
fossil fuels have a finite lifetime as our major source of energy, and current forecasts suggest that

alternatives must make a major contribution in the near future.

1.2 ENVIRONMENTAL ISSUES

Tied with the increasing energy demand and shortage of fossil fuel supply is the issue of global
warming and climate change, caused by burning of fossil fuels. The United Nations’ Intergovernmental
Panel on Climate Change (IPCC) report Climate Change 2007 (3): This report identified long-lived
green-house gases (GHGs) as the main factor affecting global warming and the radiative forcing of the
climate system, and pointed out that global GHGs emissions by human related activities have increased
70% between 1970 and 2004. Between 1970 and 2004, global emissions of CO,, CH4, N,O, HFCs,
PFCs and SF6, weighted by their global warming potential (GWP), have increased by 70% (24%
between 1990 and 2004). The emissions of these gases have increased at different rates; CO, emissions
have grown between 1970 and 2004 by about 80% (28% between 1990 and 2004) and represented 77%
of total anthropogenic GHG emissions in 2004. The largest growth in global GHG emissions between
1970 and 2004 has come from the energy supply sector (an increase of 145%) and combustion of Fossil
fuel (3). Some of the impacts of the ongoing climate change has been already observed, these include
more frequent occurrence of storms and flooding, alterations in disturbances of forests due to fires and
pests, excess heat-related mortality in Europe, changes in infectious diseases vectors, earlier greening of
vegetation in the spring, and others. Greater negative impacts, such as decreases in the biodiversity and
productivity of crops, increase in risk for coastal erosion due to sea-level rise, and an increase in
malnutrition are projected if the current GHG emissions trends (and as a result, the trend in globally

increasing temperature) continue in the next 50-100 years. Of all the available technologies producing



renewable energy, sun energy is a hot topic in current research. The following chapter will deal with sun
as the main source of energy. After a brief description of the sun, and its energy source it will give a
discussion on the quantity, availability and distribution of solar energy worldwide. This chapter will end

then with my motivation and outline of the dissertation.

1.3 THE SUN AND ITS ENERGY
1.3.1 Description of the sun

The sun is located at the center of the solar system and provides energy to all planets. Earth
obtains its main energy in the form of light and heat from the Sun. The sun’s shape as it recently
appeared in photos by NASA (4) (see figure 1.3) is almost perfectly spherical. It has a diameter of about
1.4 million km, nearly 10 times that of the largest planet, Jupiter, and 100 times that of Earth. Its radius
is 695 500 kilometers. The sun has a total mass of about 2x10°° kilograms, at present about 75 % of the
Sun's mass consists of hydrogen, while the rest is helium and less than 2% consists of heavier elements,
including oxygen, carbon, neon, iron, and others (5). This changes slowly over time as the Sun converts

hydrogen to helium in its core.

Figure: 1.3 A-The Sun chromospheres is a thin "layer" of solar atmosphere between the visible surface,
photosphere, and corona. B- Plasma of the Sun Taken by Hinode's Solar Optical Telescope
on Jan. 12,2007, by NASA



1.3.2 The energy source of the Sun

The sun is an inexhaustible (or at least very slowly exhaustible) source of energy mostly
composed of gases. It can be thought of it as one huge thermonuclear reactor, emitting energy into space
in the form of electromagnetic radiation. The current stellar classification, has given the sun a spectral
class label of G2V. G2 indicates its surface temperature, and V signifies that the Sun is a main sequence
star, and therefore generates its energy by nuclear fusion (6). The exact nuclear process is not well
known, but the most likely is one by which hydrogen, the Sun's most abundant fuel, is converted to
helium by nuclear fusion. It is believed that the sun convert more than 700 million metric tons of
hydrogen to about 695 million metric tons of helium each second. In this process of nuclear fusion, huge
amounts of energy in the form of electromagnetic rays are released. Most of this electromagnetic
radiation emitted from the sun's surface received by Earth surface lies in the visible band centered at 500
nm (1 nm = 10" meters) Figure (1.4), although the sun also emits significant energy in the ultraviolet

and infrared bands, and small amounts of energy in the radio, microwave, X-ray and gamma ray bands.
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Figure: 1.4 ASTM G173-03 Reference Solar Spectra on Earth (7)



1.3.3 Total quantity of the Sun’s energy

The total quantity of energy emitted from the sun's surface in all directions is a quantity known
as solar luminosity. This quantity can be approximated by Wien’s law and the Stefan-Boltzmann law
that describe the peak wavelength and the total radiation power emitted by an object with a certain
temperature. Wien’s Displacement law tells how to estimate the temperature of a star if we know the

wavelength of its maximum emission that can be obtained from the spectral observations of the star.
A max = 0.0029 Km/T Eq.(1.1)
A max: Wavelength of maximum emission of the object (in meters)
T: Temperature of the object (in Kelvin)

The maximum intensity of sunlight is roughly at 500 nm = 5.0 x 10”7 m (see graph 1) accordingly

using Wien’s Displacement law the Sun surface temperature can be estimated as
T =0.0029/5.0 x 107 m = 5800 K = 5527 C

The luminosity of a blackbody (which most stars closely approximate) of temperature T and

radius R is given by the Stefan-Boltzmann Law: L=4nR*cT4 Eq. (1.2)
Where o is the Stefan Boltzmann constant (5.67 X 10—8 W/m2/K4)

The Stefan-Boltzmann law states that a blackbody radiates electromagnetic waves with a total
energy flux F at the surface of the star directly proportional to the fourth power of the Kelvin

temperature T of the object:
F surface = ¢ T4 Eq. (1.3)
F = Energy flux, per square meter of surface per second
o = (Stefan-Boltzmann constant) = 5.67 x 10-8 W m-2 K-4 or = (1.3x10-23 J/K)

T = Object’s temperature, in Kelvin

6



The surface area of a spherical object like the sun = 4nR2 Eq. (1.4)
R= the radius of the star.

To calculate the total luminosity of a star we can combine equations 2 and 3 to give:
F =4nR26T4 (W/m2) Eq. (1.5)

The radius of the sun RS = 696000 km, or 696000000 m and its surface area, AS =4 RS? = 6.08

x10" m?. The outward irradiative energy flux (per unit area) at the sun's surface (T = 5800K) is

oT4 = (5.67 x 107®) x (5800) x4 = 7.35 x 10’ W m™. The total irradiative energy output of the

Sunis 7.35 x 107 x 6.08 x10"®¥ m?>~3.87 x 10 W

1.4 SOLAR ENERGY INTERCEPTED BY EARTH
1.4.1 Solar constant

The sun emits some amount of total energy from its surface every second (this is the luminosity
of the sun). As that energy is radiated away from the sun, it passes through increasingly larger spherical
areas. Since the total amount of energy passing through each sphere is the same, the energy per unit area
decreases as the square of the distance (or the square of the radius of the big sphere) from the sun. It is
often more convenient to consider the irradiative energy per cross-sectional unit area that the Sun
provides for Earth system. This quantity is called the "Solar constant" abbreviated as Sop, and is simply

the total energy output of the sun divided by the area (ASE) of the "big sphere".



DSE =AU,

)

Earth

Surface area of
the big sphere

Asr=4 7 (Dsr)’

Ilustration: 1.1 Calculation of Solar constant

Due to the Earth's elliptical orbit, the actual distance between Earth and Sun varies from a
minimum of 147.097.000 km to a maximum of 152.086.000 km (8). For computing the value of the
solar constant, the astronomical unit AU is used3.The astronomical unit is the principal unit of
measurement or average earth-sun distance is used. The big sphere centered at the Sun with a radius of
Dse (see illustration 1.1) has the total surface area of Agg = 4x(Dsg)” = (2.81 x 10> m™). The energy
output of the sun, 3.87 x 10*® W, is uniformly distributed on this sphere surrounds the sun see

illustration (1.1). Therefore the solar constant is equal So = (3.839 x 10°® W)/ 2.81 x10” m™ =1377 W

2
m”.

3 AU, mean distance between the earth and sun; one AU is 149,604,970 km (IAU 2009).
8
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Figure: 1.5 temporal variation of total solar irradiance, as measured by radiometers on several spacecraft
from 1978 to 2006 adopted from (9).

Measurements of the solar irradiance by radiometers at spacecrafts on top of Earth atmosphere
show the same results of solar constant. The solar constant actually varies by about 0.3% over the 11-
year solar cycle (See figure 1.5) but averages about 1,377 W/m®. This is the solar spectrum we receive

outside the Earth’s atmosphere that is also known as extraterrestrial or Air Mass 0 (AMO) spectrums.

1.4.2 Insolation: Solar Radiation Striking the Earth Surface

The amount of solar energy that actually passes through the atmosphere and strikes a given area
on the Earth surface over a specific time varies with latitude, the seasons as well as with the weather
condition and is known as the insolation (incident solar radiation). When the Sun is directly overhead
the insolation, that is the incident energy arriving on a surface on the ground perpendicular to the Sun's
rays, is typically 1000 Watts per square meter (10). This is due to the absorption of the Sun's energy by

the Earth's atmosphere that dissipates about 25% to 30% of the radiant energy (10).



[lustration: 1.2 the path length of the solar radiation through the Earth’s atmosphere in units of Air Mass
AM

The Air Mass is the path length which light takes through the atmosphere normalized to the
shortest possible path length (that is, when the sun is directly overhead). The path length of the solar
radiation through the Earth’s atmosphere, changes with the zenith angle. It increases from unity for 0°
(zenith) to 1.5 for 48° and 2.0 for 60°. The AM1.5 spectrum is the preferred standard spectrum for solar
cell efficiency measurements in the literature (11). It quantifies the reduction in the power of light as it

passes through the atmosphere and is absorbed by air and dust.

1.4.3 World distribution of solar radiation

Solar radiation is unequally distributed all over the world, and it varies in intensity from one
geographic location to another depending upon altitude, which is associated with latitude and season,
and atmospheric conditions, which are determined by cloud coverage and degree of pollution. The
following guidelines are useful for the broad identification of the geographic areas with favorable solar
energy conditions in the world based on the collection of the direct annual average ground solar energy

component of sunlight from 1983-2005 (12).
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Figure: 1.6 Annual global average insolation from July 1983- June 2005 (12)

The most favorable belt (15-35° N) covers many of Northern African Nations and Southern parts

of Asia. It has over 3 000 h/year of sunshine and limited cloud coverage. The Solar insolation in this
region averages between 6.5-7.5 KWh/m?*/day (NASA 2011). Because of its geographical location more
than 90% of the incident solar radiation comes as direct radiation. The equatorial belt located between
(0-15° N), is moderately favorable because, it has high atmospheric humidity and cloudiness that tend to
increase the proportion of the scattered radiation. Sunshine is estimated at 2500 h/year with solar
insolation between 5.0-6.5 KWh/m?/day. The less favorable belt is the region between (35-45° N). The
scattering of the solar radiation in this belt is significantly high because of the higher latitudes and lower
solar altitude. In addition, cloudiness and atmospheric pollution are important factors that tend to reduce
sharply the solar radiation intensity. Solar insolation in this region is between 4.0-5.0 KWh/m?/day.

Regions beyond 45° N have less favorable conditions for the use of direct solar radiation, because
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almost half of it is in the form of scattered radiation, which is more difficult to collect for use. This
limitation, however, does not strictly apply to the potentials for solar UVR applications. In the Southern
hemisphere there are three zones of high radiation; in south America, again on the western coast,
moving from latitude 10 S to 30 S; in South Africa, between 10 and 35 S; and in Australia, between 15
and 30 S.
1.5 THE MAGNITUDE OF SOLAR ENERGY ON EARTH

To get an idea of how much energy is supplied by the sun one can compare the average amount
of sun power received at Earth surface per square meter to the whole world electrical energy
consumption. The total amount of energy that is intercepted by the earth at any given moment equals to
solar constant times Earth’s cross-sectional area facing the sun, Ac=n d2/4, where d is the earth diamter.
Since the Earth rotates around its axis every 24 hours as it rotates, no energy is received during the night
and the Sun's energy is distributed across the Earth's entire surface area of a sphere of  xd?, so that the
average insolation is only one quarter of the solar constant or about 342 Watts per square meter. From
this amount 23 % is absorbed by dust and other atmospheric gasses and 29% reflected back to space and
48% reaches the surface. Therefore, an average amount of sun power received at Earth surface per
square meter is 0.48 x 342 = 163 W/m’. Multiplying this amount by Earth’s entire surface area of 5.10 x
10" m?x 163 W/m?= 8.31 x 10'® Watts or 83100 TeraWatt. Integrating this power over the whole year
the total solar energy received by the earth will be: 83100 TW X 24 X 365 = 727956000 TeraWatthours

(TWh)4.

To put this into perspective, the total annual electrical energy consumed in the world from all
sources in 2009 was 17,480 TWh (see figure 1.2) (1). Thus the available solar energy is over 4,0000

times the world's electricity consumption. The solar energy must certainly has to be converted into

4 Tera Watt Hour means getting power at a capacity of 1 terawatt (10" watts) for one hour
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electrical energy, but even with low conversion efficiency of only 8% the available energy will be

58236480 TWh or over a 3331 times the consumption.

1.6 MOTIVATION

A photovoltaic solar cell is a proven technology to capture the solar energy and provides clean
and renewable electrical energy that can reduce the world’s dependency on fossil fuels, and reduce GHG
emission, global warming and other related environmental issues. In spite of the substantial growth over
the past decades the high cost of photovoltaic solar cells has remained a limiting factor for the
implementation of solar electricity in a large scale. More rapid and widespread implementation of
photovoltaic electricity generation requires more advanced technological developments. In particular,
technological innovations that reduce the cost of photovoltaic electricity substantially could drive a rapid

expansion in implementation of photovoltaic technology.

Currently, the dominant photovoltaic technology is based on solid-state pn junction devices, in
which semiconductor absorbers produce electron-hole pairs and the electron-hole pairs are separated by
a built-in electrical field in the pn junction to generate electricity. The main semiconductor absorbers
used in solid-state solar cells include polycrystalline silicon, (13) amorphous silicon, (14) cadmium
telluride (CdTe), (15) and copper indium gallium diselenide Cu (In, Ga) Se2, (16) etc. These types of
solar cells have high power conversion efficiency; however, suffer from high manufacturing and

material cost.

Among the material systems currently of interest for this reason are the group of molecular-based
materials combinations often referred to as ‘organic’ or ‘molecular’ photovoltaic materials. These refer
to conjugated molecular species, such as polymers, molecules and dyes, which are capable of absorbing
light and conducting charge and thereby acting as organic semiconductors (17). Their attraction lies
primarily in the possibility of processing such materials directly from solution, and so with bulk
synthesis of the chemical materials and bulk solution processing of photovoltaic modules, the cost of the
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photoactive material could fall by an order of magnitude compared even with thin film inorganic
semiconductors (18), (19). Additionally, the less challenging manufacturing environment, compared, for
example, with crystalline silicon wafer production, promises to reduce the capital cost for production
facilities and to make the technology more widely accessible, especially in developing countries (20).
Moreover it is also believed that if such materials are naturally synthesized and stable the cost could be

further reduced.

Dye sensitized solar cell (DSSC) is one of the low cost alternatives for the conventional pn
junction based solar cells, and this device is commercially promising because it can be made from low-
cost materials and does not require elaborated manufacturing facilities. At the moment there are three
types of dyes (21) that can produce cells with AM1.5 conversion efficiencies over 10%. However, these

types of dye suffer from the drawback that they are based on the rare ruthenium transition metal.

Asphaltene is one of these materials that for sure fulfill the requirements of organic
semiconductors; i.e. absorbing a broad range of visible and near infra red light (22) (23) capable of
conducting charge (24), stable and naturally abundant. Asphaltene is an organic moiety that contains a
large number of structures, in particular high molecular weight fused aromatic hydrocarbons
components with hetero-atoms (25). Most of the researchers have found that the sign of asphaltene
charge is positive in organic solvent such as heptane, toluene, ethanol, and nitro methane as studied by
zetametry (26), and electrophoresis (27). The origin of the electric charges is a consequence of an

electron transfer between the organic solid particles and the liquid organic phase (24).

Asphaltene therefore is an excellent candidate for use in DSSC. Despite of the long term research
on this material, there has been no any study directed to its potential use in such purpose. The following
chapter will bring in a latest literature survey on asphaltene chemical and elemental structure, molecular
size and shape, fractionation processes, and some of its physical and optical properties relevant to its

proposed use.

14



1.7 DISSERTATION OUTLINE

Chapter one of this dissertation starts with an introduction to the main world energy related
problems; increase energy demand, shortage of energy supply and environmental issues related to
combustion of fossil fuel. The Sun description, its energy source, total quantity of the solar energy
reaching the earth surface, as well as world distribution of solar energy is then discussed. The chapter
closes with an elaboration on the magnitude of solar energy on earth, the importance of capturing this
energy and problems of wide scale implementation of photovoltaic solar cells on earth. Chapter two is
intended to give the reader an overview on asphaltene, its chemical composition, molecular weight and
shape, and physical properties as well as methods of its fractionation. The history of photovoltaic cells,
their status, its development, and trends in the photovoltaic industry are then discussed in chapter three,
which also goes a deep insight into the dye sensitized solar cells in particular it is the main subject of
this dissertation. Chapter three starts with a brief abstract of the device's history, the technological
ground of its development, its operation principle, and the main cell components; and goes onto
materials used in manufacturing it, technical considerations in building it and its characterization
parameters; and ends up with ways to improve DSSC performance. Chapter four contains experimental
work and discussion of the results obtained. The dissertation then ends with a conclusion and

recommendation for future work.
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Chapter: 2 Asphaltene

2.1 ASPHALTENE DESCRIPTION

Asphaltene is the part of crude oil that contains a large number of structures, in particular high
molecular weight fused aromatic hydrocarbons components with hetero-atoms. Asphaltene usually
appears brown to black and the melting point varies with oil geographical sources. Asphaltene
decomposes when the temperature exceeds 300-400 °C (28). In view of the complexity of the chemistry,
asphaltenes are defined as the portion of crude oil insoluble in light n-alkanes (e.g., n-heptane or n-
pentane), but soluble in aromatic solvents (e.g., benzene or toluene). Asphaltene extracted using n-
pentane is known as C5-Asphaltenes and with n-heptane is known as C7-Asphaltenes. The amount,
chemical composition, and molar mass distribution of the Asphaltene “solubility class” wvary
significantly with the source of the crude oil and with the method of precipitation (29); (30); (31); (32);
and (33).

2.2 ELEMENTAL COMPOSITION

As any other hydrocarbons, the primary elemental components of petroleum asphaltene are
hydrogen and carbon. Ouchi, in 1985 has shown that H/C ratio is linear function of the portion of
aromatic carbons of petroleum fractions, as measured by C'>-NMR (carbon nuclear magnetic resonance)
(34). The H/C ratios of asphaltene are averaged between 1.1:1 to 1.4:1 (35), and (34). C" nuclear
magnetic resonance (NMR) and Carbon K-edge X-ray absorption near-edge spectroscopy (XANES)

studies show that about 50 % of the carbon is aromatic, and the rest saturated (36).

The elemental composition of 57 different asphaltenes from 8 countries was reported by Speight
in 1991. He found that carbon and hydrogen contents of asphaltene do not vary significantly, however,
the proportion of hetero-elements, such as oxygen, sulfur and nitrogen, varies significantly - from 0.3 to

4.9% for oxygen; from 0.3 to 10.3% for sulfur; from 0.6 to 3.3% for nitrogen (37). This observation
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suggests that the variation of hetero-element content may be the main contributor to the differences in

the physical properties of asphaltene.

2.2.1 Sulfur

Following carbon and hydrogen, sulfur is the third most abundant element found in asphaltene.
The average sulfur content of asphaltene varies from 2-6 % but it can be identified at concentration
above 10 % (38). Sulfur form identification in asphaltene has been studied by the application of x-ray
absorption spectroscopy by George et al., 1990; and by XANES (X-ray Absorption near Edge Structure)
spectroscopy (39). The data gave a clear demonstration of the existence of nonvolatile sulfide and
thiophene sulfur in the asphaltene with thiophene species are the most dominant. Other forms of sulfur
that found to occur in asphaltene include the alkyl-alkyl sulfides, alkyl-aryl sulfides and aryl-aryl

sulfides (40); (41).

2.2.2 Nitrogen

Studies on the disposition of nitrogen in petroleum asphaltene indicated the existence of nitrogen
as various heterocyclic types (42); (43); (44). Much of the nitrogen is believed to be in aromatic
locations (45). There is also evidence for the occurrence of carbazole nitrogen in asphaltene (46) and
(47). Application of XANES spectroscopy to the determination of nitrogen species in asphaltene,
confirmed the presence of pyrrolic nitrogen and pyridinic nitrogen being the two major types of nitrogen

(25). In fact, the technique showed the predominance of pyrrolic nitrogen in the samples examined.

2.2.3 Oxygen

The presence of oxygen in asphaltene is evaluated mainly through elemental analysis (by
difference) and by chemical reaction. The total content of oxygen in asphaltene from different sources
may vary from 1% to 7% by weight. Oxygen was found to exist in asphaltene as in carboxylic, phenolic
and ketonic locations (42), but is not usually regarded as being located primarily in heteroaromatic ring

systems.
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Some evidence for the location of oxygen within the asphaltene fraction has been obtained by
infrared spectroscopy. Examination of dilute solutions of the asphaltene in carbon tetrachloride show
that at low concentration (0.01% wt/wt) of asphaltene, a band occurs at 3585 cm™', which is within the
range anticipated for free non-hydrogen-bonded phenolic hydroxyl groups. In keeping with the concept
of hydrogen bonding, this band becomes barely perceptible, and the appearance of the broad absorption
in the range 3200 to 3450 cm™ becomes evident at concentrations above 1% by weight. Other evidence
for the presence and nature of oxygen functions in asphaltene has been derived from infrared
spectroscopic examination of the products after interaction of the asphaltene with acetic anhydride.
Thus, when asphaltene are heated with acetic anhydride in the presence of pyridine, the infrared
spectrum of the product exhibits prominent absorptions at 1680, 1730, and 1760 cm™. These changes in
the infrared spectrum of the asphaltene fraction as a result of treatment with refluxing acetic anhydride
suggest acetylation of free and hydrogen-bonded phenolic hydroxyl groups present in the asphaltene

constituents (42).

2.2.4 Metal content

Various metals (e.g., Ni, V, Fe, Al, Na, Ca, and Mg) have been shown to accumulate in the
asphaltene fraction of crude oil, typically in concentrations less than 1 % w/w (48), (49), (50), and (51).
Vanadium and nickel are generally the most abundant of the trace metals, are present mainly as chelated
porphyrin complexes, and have been linked to catalyst poisoning during upgrading of heavy oils (52),
(53). The concentrations of other trace metals not bound in porphyrin structures (e.g., Fe, Al, Na, Ca,
and Mg) have also been reported to vary in deposits as a function of well depth (54), and among

asphaltene sub fractions (48), (51).

2.3 STRUCTURE OF ASPHALTENE

Due to the complexity of asphaltene molecules, finding the exact structure of asphaltene has

proven to be an overwhelming task. Various techniques have been used to investigate the structure of
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asphaltene using physical methods that include infrared spectroscopy (IR), nuclear magnetic resonance
(NMR), electron spin resonance (ESR), mass spectroscopy, X-ray, ultra-centrifugation, electron
microscopy, small angle neutron scattering, small angle X-ray scattering, quasi-elastic light scattering
spectroscopy, vapor pressure osmometry (VPO) and gel permeation chromatography (GPC) as discussed

by Ruiz-Morales, and Mullins, 2007 (25).

Although the complete structure of asphaltene has not yet been completely revealed, some
common features have been established. Asphaltene are now believed to consist of condensed aromatic
rings that carry alkyl and salicylic systems with hetero elements (i.e., nitrogen, oxygen and sulfur)
scattered throughout in various, including hetro-cyclic locations (55), (25). The aromatic carbon content
of asphaltene is typically in the range of 40 to 60 %, with a corresponding H/C atomic ratio of 1.0-1.2.
The NMR results indicate that the average number of rings in a single fused ring system is around 7
(56). In a study conducted by Groenzin and Mullins, 2000, (25), fluorescence depolarization technique
was applied to survey the molecular size of a broad range of asphaltene and related compounds. It was
found that, the variability in asphaltene molecules is huge, some with nitrogen, others with sulfur, some
with a big ring system, others with a small ring system, an occasional molecule with a metal, a

porphyrin, etc.

Alkane chains

Figure: 2.1 Idealized molecular structure of asphaltene
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At the risk of oversimplifying, three idealized asphaltene structures were proposed. These three
structures are presented in figure 2.1. Idealized molecular structures for three asphaltene consistent with
overall molecular size, aromatic ring systems, and chemical speciation, the aromatic rings are shown
with darker lines (57). Asphaltene molecules are shaped “like your hand” with the palm representing the

core aromatic ring system and the fingers representing the peripheral alkane substituents (58), (59).

2.4 ASPHALTENE MOLECULAR MASS

The molar mass of asphaltene has been a topic of continued controversy over the last decades
mainly due to its tendency to aggregate or associate even at low concentration. However, with the
development of more advanced techniques, the debate on molecular mass of asphaltene seems to be
over. In the past the molar mass of asphaltene has been measured by various techniques such as Vapor
Pressure Osmometry (VPO), mass spectrometry (MS), size exclusion chromatography (SEC), and
scattering phenomena such as small angle X-ray (SAXS), small angle neutron scattering (SANS).
Molecular mass determined by light scattering methods (SAXS, SANS) and fluorescence depolarization
technique differ by as much as factor of 10 or more. It has been understood that many of these
techniques have measured molar mass of aggregated asphaltene or micelles than a single asphaltene
molecule. Also, it is recognized that the molar mass of asphaltene depends on the technique and
experimental condition (time, concentration and temperature) employed for the measurement. Size
exclusion chromatography has yielded average molecular weights as high as 10,000 amu (60) . In
another study, laser desorption mass spectroscopic results yielded asphaltene molecular weights of 400
amu with a range of roughly 200-600 amu. Fluorescence depolarization measurements indicated the

molecular weights of 750 amu with a range of roughly 500-1000 amu (57).

Some obstructions on using MS to measure the molar mass of asphaltene has been the concern
that some ionization methods may cause aggregation, fail to ionize some components, or break high-

molecular-weight species into smaller pieces. But two recently developed MS methods appear to
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alleviate those concerns. Both indicate molecular-weight of asphaltene between 600-1100 amu. The first
is two-step laser desorption ionization MS (L2MS), used by Pomerantz, et al, 2008 and coworkers (61).
In this technique, an infrared CO, laser desorbs species from the surface by heating them enough to pop
them off as neutral molecules but not enough to break them apart. An ultraviolet laser ionizes the intact
molecules by exciting their aromatic rings, and the fragments are then mass analyzed. The researchers
find a molecular weight distribution that peaks around 600 amu and extends to more than 1,000 amu.
The second new method is laser-induced acoustic desorption (LIAD), utilized by Shea and coworkers
(62). LIAD gets around this problem by evaporating asphaltene as neutral molecules rather than ions.
Shea 2007 and coworkers deposit samples on titanium foil and fire a laser at the opposite side. The laser
energy is converted to a sound wave that travels through the foil and pushes molecules off the other side.
The molecules are then subjected to electron ionization, which non-selectively ionizes all organic
compounds; they found a molecular weight of asphaltene ranges from 400 to 1,100 a.m.u. When they
compare asphaltene samples from around the world, they find that molecular weight distributions vary
depending on geographic origin. For example, Brazilian asphaltene samples have a lower molecular

weight range than North American asphaltene.

2.5 ASPHALTENE SIZE AND SHAPE

The asphaltene particle size and shape varies widely in the literature (63) reported that the
diameter of disk-like asphaltene entities in tetrahydrofuran for safanya asphaltene fractions is about 13
nm. Rajagopal and Silva in 2004 (64) measured the spherical particle size of asphaltene in toluene by
light scattering method and estimated it to be 23 nm even at very low concentration of about 1 ppm. The
freeze-fracture-transmission electron-microscopy (FFTEM) technique was employed to study the
asphaltene particle diameter in toluene medium and was found to be in the range of 7-9 nm (65). In more
recent study conducted by Chianelli et al. 2007 (58) using WAXS wide angle x-ray scattering and SAXS

Small angle x-ray scattering on Venezuelan and Mexican asphaltene show the presence of the
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“asphaltene particles” with sizes in the range of 3—5 nm. Thus, the survey of the literature indicates that
the asphaltene particle diameter varies between 3 and 23 nm. The variation in data is attributed to the
difference in solvents, techniques and concentration range employed. The variety of shape of asphaltene
has been proposed including thin-disk, spherical, fractal-like, oblate ellipsoid, prolate and discoid (63)

(65); (66); (58).

2.6 ASPHALTENE SUB-FRACTIONATION
2.6.1 Sub-fractionation Procedures

Separation of the total asphaltene into sub-fractions is often motivated by an attempt to probe the
relationship between the chemical composition, solubility, aggregation behavior, and emulsion-
stabilizing properties of discrete portions of the asphaltene fraction. Previous methods of separating
asphaltene into sub-fractions include gel permeation chromatography (67), sequential elution solvent
chromatography (68), liquid-liquid extraction (69), dialysis fractionation (65) , ultracentrifugation (70), ,

and precipitation by the addition of flocculants (69), (48), (57), and (51)

2.6.2 Coarse Fractionations

Two different experimental methods are common for the separation of asphaltene into sub-
fractions by precipitation and will be referred to as the “coarse” and “fine” fractionation methods. The
solvent/anti-solvent combination used and exact procedure for isolation of the precipitated asphaltene
generally varies between researchers; however, in both methods the total asphaltene fraction is typically
dispersed in a “good” solvent (e.g., toluene) at a fixed solute concentration and a flocculating solvent
(e.g., n-heptane) is added to induce partial precipitation. During a coarse fractionation, two asphaltenic
fractions (i.e., insoluble and soluble) are generated by asphaltene precipitation at a given solvent
condition. Typically, the ratio of flocculants to solvent is varied so that several pairs of more and less
soluble fractions are generated. For example, Yarranton and coworkers studied the solubility behavior

and molar mass distribution from Vapor Pressure Osmometry (VPO), and interfacial tension
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measurements of several Athabasca n-C7 asphaltenic coarse fractions precipitated from mixtures of
hexane and toluene (71). Andersen and coworkers generated several coarse fractions of Boscan n-C7
asphaltene by precipitation in mixtures of heptane and toluene (69). Spiecker studied the solubility and
aggregation behavior by SANS of coarse asphaltenic fractions precipitated from various parent
asphaltene by a similar procedure (48). In each of the above studies, the aromaticity and N/C content of
the less soluble fractions generally decreased with increasing yield of precipitated asphaltene (i.e.,
higher flocculent/solvent ratios) and corresponded with an increase in aggregate size. Sulfur and oxygen
contents were typically distributed evenly throughout the fractions. Furthermore, the less soluble
fractions were generally more aromatic, had a higher N/C content, and formed larger aggregates in
toluene and pyridine than the more soluble fractions. The various studies offered differing results
concerning the isolation of trace metal species. UV Visible and HPLC-SEC measurements on Boscan
asphaltene indicated that metallo-porphyrins were preferentially extracted in the more soluble fraction
and contents decreased with decreasing asphaltene yield of the insoluble fraction (69). In contrast,
higher concentrations of various trace metals (e.g., Fe, Ni, V, Na) were observed in the less soluble
fractions compared to the more soluble fractions as determined by the inductively coupled plasma (ICP)

technique (48).

2.6.3 Fine Fractionations

Instead of generating only two fractions, one of which represents at least half of the original
asphaltene by mass, the fine fractionation procedure separates the total asphaltene into several discrete
sub-fractions by a step-wise increase in the concentration of the flocculating solvent. During each
precipitation step, a small amount of asphaltenic material is precipitated and isolated, the soluble filtrate
is recovered, and the next fraction is precipitated after a change in solvent conditions. The major
difference between the coarse and fine fractionation methods is that the coarse fractions precipitated at

higher flocculent contents likely contain the entire subset of chemical species present in fractions
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precipitated at lower flocculant contents; whereas each fine fraction should represent the discrete subset
of asphaltenes that precipitate between the ranges of two solvent conditions. For example, Yang et al.
isolated six asphaltenic sub fractions from Athabasca bitumen by step-wise increasing the ratio of n-
heptanes to bitumen (H/B) (51).The first fraction to precipitate was the most aromatic and had the
highest concentration of Fe, Ca, Mg, and Al. Atomic H/C ratio was observed to increase and
metalloporphyrin contents decrease systematically as the fractionation proceeded (i.e., at higher H/B
ratios). Unlike the previous analyses of coarse fractions by SANS and V.P.O. (48) and (72), no
significant variations in aggregate molar mass were observed byVapor Pressure Osmometry (VPO), for
the fractions dissolved in toluene at 50 C°. Groenzin and coworkers isolated six sub fractions of n-C5
asphaltene by sequential precipitation in mixtures of n-pentane and toluene (73) Fluorescence
depolarization measurements on solutions of the asphaltenic fractions in toluene indicated that the less
soluble fractions emitted at higher wavelengths than more soluble fractions, suggesting the less soluble
fraction possibly contained a higher population of large chromophores. Buenrostro-Gonzalez et al.
compared the chemical composition of sub fractions generated by step-wise increasing the amount of
flocculants (i.e., acetone or n-heptane) added to a 2.3 % (w/w) solution of Mayan n-C7 asphaltene in
toluene (74).Ten discrete fractions were generated for each solvent mixture, but not enough material was
precipitated during the first few fractionations (i.e., the least soluble asphaltene fractions) to perform
subsequent chemical analyses. There were no apparent trends in atomic H/C, N/C, S/C, or O/C with the
order of fractionation for the heptane-toluene fractions analyzed. Similarly, there were no apparent
trends in atomic H/C, N/C, or S/C for the acetone-toluene fractions; however, O/C content appeared to
increase continuously for the third through sixth fraction. These results suggested that polar interactions
dominated the solubility behavior at low acetone contents, while dispersion interactions dominated the
solubility behavior at high acetone contents and for the heptane-toluene fractions. Similar polar

fractionations were performed by sequentially increasing the amount of n-pentane flocculent to a
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mixture of Mobil and Venezuelan n-C7 asphaltene in methylene chloride (50), and (75). Marked
differences in physical appearance, crystallinity, and solubility behavior (in dodecylbenzene sulfonic
acid) were observed between the most polar and least polar fractions. Similarly, the more polar fractions

had higher metals contents (i.e., Fe, Ni, and V) than the less polar fractions.

2. 7ASPHALTENE AGGREGATION

The aggregation mechanism for asphaltene is generally believed to be governed by van der
Waals dispersion interactions, electrostatic interactions between molecular charges, hydrogen bonding
of polar moieties, and orientation dependent repulsive steric interactions with lesser contributions
stemming from intermolecular charge transfer and weak inductive interactions (76). A recent proposal
based on a review of the current literature suggests that strong specific forces, such as interactions
between polar heteroatoms or n-bonding between aromatic moieties, drive asphaltene aggregation while

weaker non-specific dispersion forces dominate asphaltene precipitation (77).

Asphaltene Monomer Asphaltene Aggregate

\‘(\\ Aliphatic Bridge

\

Aromatic

Ring
~

Polar Moiety

“Primary Particle”

Figure: 2.2 Asphaltene Aggregate Structure

Although the intermolecular interactions that drive asphaltene aggregation are generally
accepted, debate still exists over the orientation of heteroatom, alkyl, and aromatic moieties within the

molecular framework. For example, two different models have been adopted in the literature to account
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for the degree of aromatic condensation within the fused ring backbone of asphaltenes, but both models
are consistent with monomer masses between 500 to 1000 amu. One is the so-called “continental” model
of asphaltenes (76), which posits a monomer molecular structure consisting of a large, highly condensed
aromatic core surrounded by an aliphatic periphery, as inferred from X-ray diffraction and fluorescence
depolarization experiments (73), and (59). Interactions of “continental” monomers would likely to form
dense-packed aggregates through stacking interactions of the aromatic cores (78), (79). Alternatively,
the so-called “archipelago” model (80) was proposed in which individual asphaltene monomers are
comprised of clusters of polycondensed groups consisting of 5 to 7 aromatic rings connected by short
aliphatic side chains, possibly containing polar heteroatom bridges (81), , (78), (56). The “archipelago”
model is supported by chemical and thermal degradation studies which concluded that the extent of
aromatic condensation in asphaltene is significantly lower than generally believed (82). Furthermore,
molecular simulation studies on a proposed Athabasca asphaltene structure suggested that the presence
of long aliphatic bridges gives asphaltene the capacity to fold themselves into a complex three
dimensional globular structure with self-similar internal structure (78). If the archipelago like structure is
valid, it seems probable that asphaltenic aggregates possess a porous, reticulated microstructure

susceptible of entraining significant amounts of surrounding solvent.

2.7.1Critical nano-aggregate concentration

The critical micelle concentrations (CMC) or more recently critical nanoaggregate concentration
(The terminology was changed by the asphaltene community from “micelle” to “nanoaggregate”) (83)of
asphaltene have been determined using a variety of different methods such as calorimetric titration (84)
and electrical conductivity (83). The data for the values of the critical micelle concentration for the
asphaltene found by these methods were in the range of 1 to 5 g/L in toluene. Alternating-current (AC)
conductivity measurements performed by Eric Sheu and co-workers on asphaltene in solvent showed a

break in the conductivity curve at ~150 mg/L. A very recent publication conducted by (83) confirmed
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that the self-association of asphaltene occurred in organic solvents using electrical conductivity. He
observed a clear break between two linear regions at a value of 130 mg/ L that is attributed to

nanoaggregate formation.
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Chapter: 3 Photovoltaic

3.1 HISTORY OF PHOTOVOLTAIC TECHNOLOGY
3.1.1 The Photovoltaic phenomenon

The discovery of photovoltaic effect was very important event in the history of scientific
development because it stimulated scientists to think about light in a different way. The unusual point
about the photovoltaic effect is the relationship between the intensity of the light shined on a piece of
metal and the amount of electric current produced. Photovoltaic is defined as the direct conversion of
sunlight into electricity using the physical mechanism called the photovoltaic effect. The term “photo”
comes from the Greek word phos which means light and “voltaic,” from the Italian scientist Alessandro
Volta, referring to electricity. A photovoltaic (PV) cell, also known as “solar cell,” is a device that

generates electricity when light falls on it.

The Photovoltaic effect phenomenon was first discovered in 1839 by the French scientist
Edmund Becquerel (85), who reported a photocurrent when a silver coated platinum electrode was
illuminated with white light in an electrolytic solution and connected to a counter metal electrode
(strictly speaking this is a photo-electrochemical effect). About thirty years later in 1873 Willoughby
Smith discovered the photovoltaic effect in selenium (86). Later on in 1876, William G. Adams
observed that illuminating a junction between selenium and platinum also has a photovoltaic effect (87).
By that time the first solid state photovoltaic devices were constructed. However, the photovoltaic effect
was not fully understood until the development of quantum theory of light and solid state physics in
early to middle 1900s. This strange observation was explained in 1905 by physicist Albert Einstein
(1879-1955). Einstein hypothesized that light travels in the form of tiny packets of energy, now called

photons.

Einstein's theoretical explanation of the photoelectric effect was very important because it

provided scientists with an alternative method of describing light (88). In 1918, a Polish scientist
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Czochralski discovered a method for mono-crystalline silicon production, which enabled mono-
crystalline solar cells production (89). The first silicon mono-crystalline solar cell was constructed in
1941. From the mid 1950s to the early 1970s, PV research and development (R&D) was intended
primarily for space applications and satellite power. Under these circumstances, the first fabricated
inorganic solar cell was reported by Chapin, Fuller and Pearson in 1954 at Bell Laboratories (90). It was
a crystalline silicon solar cell, which converted sunlight into electric current with an efficiency of 6%.
As the space program progressed, silicon solar cells became the universal power source for use on space

satellites.

3.1.2 Application of Photovoltaic technology on Earth

Throughout the research and development stage of photovoltaic technology for space
applications, researchers never considered this technology practicable for mass power production on
Earth. Oil and coal fossil fuels were incredibly cheap when compared with electricity production costs
of silicon solar cells. It wasn't until the awareness of the environmental harm caused by fossil fuels and,
more likely, the energy crisis of the early 1970s in industrialized nations that public and governmental
support of photovoltaic energy began to increase significantly (91). As a consequence the establishment
of the biggest photovoltaic companies took place between1970-1979. In 1970, Solar Power Corporation
was established. Three years later, in 1973, Solarex Corporation was established. At the Delaware
University a solar photovoltaic-thermal hybrid system, one of the first photovoltaic systems for domestic
application, was developed. A silicon solar cell of US$ 30 per W was produced. In 1974, the Japanese
Sunshine project commenced. A year later, in 1975, Solec International and Solar Technology

International were established (92).

Many important events in the field of photovoltaic energy occurred in 1980-1990. BP purchased
Lucas Energy Systems and entered the solar industry business. Saudi Arabia installed a solar powered

seawater desalination system with 10.8 kW peak power in Jeddah. Volkswagen tested a photovoltaic
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systems placed on vehicle roofs with 160 W peak powers for vehicle start up. In 1984, a 1 MW
photovoltaic power plant began to operate in Sacramento, California. The same year ARCO Solar
introduced the first amorphous silicon modules. In 1985, researchers of the University of New South
Wales in Australia constructed a solar cell with more than 20% efficiency. BP built a power plant in
Sydney and shortly after another one in Madrid. In 1986, ARCO Solar introduced the first commercial

thin film photovoltaic module. In 1989 BP got a thin film technology patent for solar cells production.

3.1.3 Organic photovoltaic

The first organic compound in which photoconductivity was observed was Anthracene revealed
in the beginning of the 20th century by Pochettino (93) and Volmer (94). 30 years later in the late 1950s
and beginning of 1960s the possible use of organic materials as photoreceptors in imaging systems was
acclaimed (95). The commercial potential to produce image making machines as well as scientific
interest led to increased research into photoconductivity and related subjects. In the early 1960s it was

discovered that many common dyes, such as methylene blue, had semiconducting properties (96).
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Figure: 3.1 Some of the early investigated organic molecules. Top: TPP and anthracene. Bottom:
phtalocyanine and Chl-a.

The first actual organic photovoltaic cell investigations were done on porphyrins and PCS. This

class of compounds has remained among the most investigated one, because they are easy to prepare, are
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highly colored, have good semiconducting properties and readily form complexes with a number of
metal ions. Because of the analogy with natural photosynthetic processes most of the earlier
understanding of the organic photovoltaic effect in organic photocells comes from the study of devices
fabricated from many biological molecules like carotenes, chlorophylls and other porphyrins, and the

structurally related phtalocyanines.

3.2 DYE-SENSITIZED SOLAR CELLS
3.2.1 Historical development

The basis of inventing the DSSC is associated with three main major concepts in technological
developments; photovoltaic, sensitization and nano-technology. The historical events of the first one
have been already addressed and the following paragraph will focus on the last two. The idea of
modifying the band gap of semiconductors to light of wavelength longer than that corresponding to its
band gap (sensitization) has been discovered accidently and connected to the beginning of photography
dated back to 1873. It was an exciting connection between photography and photo electrochemistry,
both of which depend on photo-induced charge separation at a liquid solid interface. Silver halides
crystals, first used in photography, have band gaps which range from 2.7 to 3.2 eV, and therefore, these
materials are insensitive to wavelengths longer than 460 nm. To make it photosensitive to longer
wavelength Vogel in Berlin 1873 (97) associated dyes with the halide semiconductor grains and expand
the photo response to longer wavelengths. That was the first film, able to deliver the image of a sight
practically into black and white picture. Moser shortly afterward used the same analogy to make the first
sensitization of a photo-electrode, (98) and it was confirmed by Rigollot in 1893 (99). However, it took
scientists more than 80 years to understand that their operating mechanism is by injection of electrons
from photo-excited dye molecules into the conduction band of the n-type semiconductor substrates (100)
which was dated from the 1960s. In subsequent years, the idea developed that the dye could function

most efficiently if chemisorbed on the surface of semiconductor.
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The concept of Nanotechnology on the other hand has been recognized a long time ago and
humanity has without knowing employed nanotechnology, in making steel, paintings and durable
rubber. Nanotechnology got the biggest boost in the early 1980s with two major developments: the birth
of cluster science and the invention of the scanning tunneling microscope (STM). This development led
to the discovery of fullerenes in 1985 and the structural assignment of carbon nano-tubes a few years
later. In the field of semiconductors, the synthesis, electrical and chemical properties of semiconductor
nano-crystals were studied. This led to a fast increasing number of semiconductor nano-particles of

quantum dots and nano-structured photovoltaic materials.

The use of dye-sensitization processes in photovoltaic remained rather unsuccessful to develop
high efficiency solar cell, until it was combined with nanotechnology and breakthrough at the early
1990's in the Laboratory of Photonics and Interfaces in the EPFL Switzerland. By the successful
combination of nano-structured electrodes and efficient charge injection dyes professor Gritzel and his
co-workers developed a solar cell with energy conversion efficiency exceeding 7 % in 1991 (101) and
10% in 1993 (102).This solar cell is called the dye sensitized nano-structured solar cell or the Gritzel

cell after its inventor.

3.2.2 Operation principle of DSSC

Dye sensitized solar cells (DSSC) or “Grétzel cells” consists of combination of several different
materials, every of which performs a specific task toward the overall objective of harvesting solar light
and transforming it into electricity (103). A typical DSSC is composed of two sheets of conductive
glass. To make it conductive the glass is coated with a transparent conductive oxide layer (TCO). One of
the glass plates, the working electrode or the photo-electrode, is covered with a film of porous nano-
particles of semiconductor which is sensitized by the dye. The other glass plate, the counter electrode, is
coated with a catalyst Pt is commonly used. Both plates are sandwiched together with the help of sealant

which also acts as spacer. The electrolyte, commonly a redox couple in an organic solvent, fills the gap
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between the two electrodes. When light shines on the cell, the dye molecules absorb photons and
become photo-excited. An excited dye molecule injects an electron into the conduction band of the
semiconductor and becomes oxidized. The electron then travels through the metal oxide, reaching the
collector (TCO). Subsequently, the electron moves through an outer circuit to reach the counter
electrode, performing electrical work on the way. The original state of the dye is restored by electron
donation from the reduced specie in the electrolyte, completing the circuit. The voltage generated under
illumination corresponds to the difference between the Fermi level of the electron in the semiconductor
oxide and the redox potential of the electrolyte. Generally the cell produces electric power from light
without going through any permanent chemical transformation. However, there are unwanted reactions,
which may reduce the overall cell efficiency. These are that the injected electrons may recombine either
with oxidized sensitizer or with the oxidized redox couple at the TiO, surface, resulting in losses in the
cell efficiency (dark current will be discussed latter). The following figure is a schematic representation

of the principle of DSSC operation:
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Figure: 3.2 Operation principle of DSSC (104)
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3.2.3 Main components of DSSC

3.2.3.1 Conducting substrate

As mentioned above both the working and the counter electrodes in DSSC are made from
transparent conductive glass substrate. The most commonly used substrates for DSSCs are made of
coated glass with a transparent conducting oxide (TCO). Suitable TCO must have high transparency to
most of the electromagnetic radiation as well as high electrical conductivity to efficiently collect all the
generated photocurrent. The most widely used TCO, in DSSC is fluorine doped tin dioxide (SnO;: F or
FTO) due to its thermal stability and low cost. Indium tin oxide (In, Os: Sn or ITO) has also been used
extensively because it has higher specific conductivity. However, because of high cost and limited
supply of indium, and the costly layer deposition requiring vacuum, as well as its low stability at higher
temperatures alternatives are being sought. Carbon nanotube conductive coatings are a prospective

replacement (105).

3.2.3.2 The counter electrode

These conducting glass electrodes has poor reduction ability for I3, therefore a catalyst is highly
needed in the counter electrode to overcome the high activation energy of the two electron transfer.
Platinum is the most widely used material for this purpose. It acts as a catalyst in the redox reaction at
the counter electrode and thus avoiding this process becoming rate limiting in the light energy
harvesting system. Platinum however, has another problem apart from its high price, is the non-
confirmed possibility of corrosion by the iodide solution, which leads to the formation of Ptly (106).
Since platinum is very expensive, other cheaper alternatives may take its place like various forms of
carbon (107). In this regard, it is found that functionalized graphene sheets with oxygen-containing sites
perform comparably to platinum in DSSC (108). Gold, although expensive, is another viable alternative

(109) that is constantly used in solid state DSSCs.
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3.2.3.3 The working electrode
3.2.3.3.1 Semiconductors

Semiconductors that have narrow band gaps and absorb visible light efficiently are subject to
photo-corrosion and therefore are not suitable for DSSC. Metals oxides on the other hand, such as
titanium or niobium have a wide band gap, an absorption edge towards the ultraviolet and consequently
are insensitive to the visible spectrum. For this reason, the sensitizer, or the dye is adsorbed onto the
semiconductor’s surface expanding the absorption spectrum range, and thus increasing light harvesting

efficiency (110).

Since the beginning of research, TiO; has been the preferred semiconductor in DSSCs, in spite of
some promising properties offered by other metal oxides such as ZnO (111), SnO, and Nb,Os (112).
TiO,, the white pigment, is chemically inert, has good thermal stability non-toxic, relatively cheap,
readily available material, and serves as an attractive candidate for many industrial applications (paints,
paper, coatings, plastics, etc. (113). Anatase is the most preferred form among the three common
crystalline polymorphs of TiO, (Rutile, Anatase and Brookite) (113) because it has a high band gap
energy (3.2 eV, and absorbs only below 388 nm) making it invisible to most of the solar spectrum,
reducing the recombination rate of photo-injected electrons. Rutile has also been employed; however, it
has a smaller band gap (3.0 eV) and so is less effective, since photon excitation within the band gap

generates holes that act as oxidants making it less chemically stable (114).
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Figure: 3.3 A- scanning electron microscope picture of the fractal TiO2 film used in the first
embodiment of the DSSC in 1988. B- Scanning electron micrograph of a TiO2 anatase
colloid film (104)

The TiO; film morphology plays an important role in the DSSCs performance. In order to obtain
the maximum area available for dye adsorption using the minimum quantity of TiO,, the semiconductor
layer should have nanostructure mesoscopic morphology (Figure: 3.3 B) essential for a high specific
surface area. A monolayer of dye on a flat surface absorbs at most a few percent of light because it
occupies an area that is much larger than its optical cross section. In the first laboratory embodiment of
the DSSC which dates back to 1988 (115), the photo-anode was a titanium sheet covered with a high
surface area “fractal” TiO, film that had a roughness factor of about 150. The overall conversion
efficiency in full sun light by that DSSC had an conversion efficiency in between 1% and 2%.Years
later, in 1991 Gritzel reported a breakthrough, with an efficiency of around 7% achieved by the
innovative use of a nano-scopic TiO; particle layer that produces a junction of huge contact area. The
semiconductor’s surface is thus enlarged over 1000 times allowing for efficient harvesting of sunlight by
the adsorbed monolayer of sensitizer.

At the beginning, it was thought that the meso-porous films could elevate charge carrier
recombination. However, this does not happen, because the injected electron and the positive charge
find themselves on opposite sides of the liquid-solid interface within picoseconds after light excitation of
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the dye (116). Nevertheless, since the injected electron has to move across a large number of colloidal
particles and grain boundaries, there will be an increased probability of recombination with increased
film thickness. Thus, there exists an optimal thickness to obtain maximum photocurrent. In addition,
Zhu et al. observed that recombination occurs close to the glass coated with a TCO layer and not
throughout the entire Titania matrix. For this reason, present researchers use a compact (117) or
nanocrystalline TiO; as “blocking layer”. The use of a light-scattering layer is also quite common; it
consists of larger Titania particles that work as a photo-trapping system (118).

Typical semiconductor film thicknesses are 5-20 pm, with TiO, mass of about 1- 4 mg cm™, film
porosity 50-65%, and average pore size 15 nm and particle diameters of 15-20 nm. The three deposition
techniques commonly used to deposit the semiconductor onto the glass substrate are screen-printing
doctor blading, and spin coating (117). A relatively new and exciting research field in semiconductor

morphology is the use of nanostructures, namely nanotubes, nanowires, and nanorods (119) and - (120).

3.2.3.3.2 The sensitizer

Despite the fact that the highest efficiency of the dye sensitized solar cells has been achieved
from a collaborative effect of numerous physical-chemical nanoscale properties, the key issue is the
principle of dye sensitization of large band-gap semiconductor electrodes. In the dye sensitized solar
cells this is accomplished by coating the internal surfaces of porous TiO, electrode with special dye
molecules tuned to absorb the incoming photons (104). The dye is the light absorber and the
photoreceptor sensitizing the semiconductor and so some conditions must be fulfilled. Without a doubt a
dye that absorbs nearly all the sunlight radiation incident on earth, like a black-body absorber is highly
desirable. The solar spectrum has its best or greatest possible intensity in the IR region (ca. 1200 nm)
(see figure 1.4) and so it is required to shift the absorption peak of the dye to as low energy as possible.
On the other hand, the energy content of the photon decreases as one move further into the IR region, so

920 nm has been chosen as the threshold wavelength below which the sensitizer should absorb (113).
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In addition to that, the dye should be chemically absorbed into the surface of the semiconductor,
so it must carry groups to attach the dye to the surface, such as carboxylate (121), (122) or phosphonate,
(123) and (124) groups, being these the most employed ones. Other groups, like boronic acid (125),
salicylate (113), silanes (126) amides (127), ethers (128) or hydroxamic acid groups (129) can also be
employed to attach photo-and redox-active molecules to metal oxide surfaces. Upon excitation the dye
should inject electrons into the solid semiconductor with a quantum yield of unity, and this is best done
when the electronic coupling of the donor levels of the dye and the acceptor levels of the semiconductor
are well matched. The energy level of the excited state of the dye should be lower than the conduction
band of the oxide to minimize energetic losses during the electron transfer reaction. It is also important
that the redox potential of the sensitizer should be sufficiently positive than it can be regenerated via

electron donation from the redox mediator (130).

Finally, the sensitizer should be stable enough to carry on about 10° turnover cycles
corresponding to about 20 years of exposure to natural light (131). In order to achieve that, one has to
make sure that the electron injection and the recovery of the oxidized form by the redox couple are fast
enough to suppress side reactions like degradation (e.g., loss of ligand), desorption or aggregation. To
date, the best photovoltaic performance both in terms of conversion yield and long-term stability has
been achieved with polypyridyl complexes of ruthenium (II) what so called N3 and Black dye ( see

figure ) (131).
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Figure: 3.4 Chemical structure of the two of ruthenium complexes N3 and Black dye (131).

Despite the high performances of these two dyes, other non-metallic alternatives are currently
being pursued (132). Due to its scarcity, ruthenium is a very expensive metal and hence the necessity for
alternative is required. The most promising alternatives are natural organic dyes, which are considerably
cheaper, though so far generally less stable and less efficient. However, they have a great potential for

this application due to their high absorption coefficients compared to ruthenium sensitizers (133).

When talking about organic dye, the most two organic dye structures that attract particular
attention are porphyrins (134) and phtalocyanine (135), the former because of the analogy with natural
photosynthetic processes, the latter because of their photochemical and phototherapeutic applications.
However, porphyrins lacks red light and near IR absorption so it cannot compete with the N3 or “black
dye” sensitizers. Phtalocyanine in contrast show intense absorption bands in this spectral region.
However, its problem is the unsuitable energetic position of the LUMO level which has turned out to be

difficult so far (104). A significant progress in the use of organic dyes for DSSCs was made by the
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group of (136), (137).They used coumarine or polyene as sensitizers (see figure 7), and got high solar to

electric power conversion efficiencies reaching up to 7.7% in full sunlight.
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Figure: 3.5 Molecular structure of A- Coumarine. B- Polyene-Diphenylaniline Dye employed as
sensitizers in DSSCs

Co-sensitization, the use of two dyes combination that complements each other in their spectral
features is another strategy to obtain a broad optical absorption extending throughout the visible and
near IR region (138), (139). This strategy has the advantage of enhancing photo-absorption in that the
optical effects of the two sensitizers are found to be additive. In particular, there was no negative
interference between the co-adsorbed chromophores, opening up the way for testing a multitude of other
dye combinations (140). In addition to all these alternatives, fruits, flowers and/or leaves have been
employed as sources of natural photosensitizers and reported as cheaper, low-energy and

environmentally friendly alternatives for the production of DSSCs (129).

3.2.3.4 The Electrolyte

The electrolyte is an important part of DSSCs. Without it the cell will not work. It acts as the
hole-transport material. It is responsible for internal charge carrier between the two electrodes. It
regenerates the dye at the working electrode with the charge collected at the counter electrode. When the
dye absorbs light it loss electron and becomes oxidized, for stable continues operation of the solar cell,

the oxidized dye must be reduced back to its ground state as rapidly as possible by a suitable electron
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donor. The electrolyte plays this role and donate electron to the dye. For choosing the electrolyte, it is

important for stable performance of the solar cell to consider the following (113);

1- The redox couple must be fully reversible;
2- It should not exhibit significant absorption of light in the visible region
3- Stable in the oxidized and reduced forms.

3.2.3.4.1 Redox couple

So far the best DSSC performance has been obtained using the tri-iodide /iodide (Is/I") redox
couple in an organic matrix, commonly acetonitrile. The good result of this redox mediator is based on

the following kinetics.

1- First, the photo-oxidized dye injects an electron into the conduction band of the

semiconductor much faster than electron recombination with I5".

2- Secondly, the oxidized dye preferably reacts with I- than recombines with the injected
electron.
3- Finally, the two electron process of I'' regeneration from I5” occurs quickly enough at the

catalyst-coated counter electrode to be productive.

The overall result of the above processes leads to coherent diffusion of I5” towards the counter

electrode and I" diffusion in the opposite direction.

2e-+ 13- < él-

[lustration: 3.1 Tri-iodide/iodide redox couple.

When employing this redox couple as electrolyte however, its concentration has to be taken into
consideration. Obviously, at low electrolyte concentrations conductivity will be inadequate and rapid

reduction will not be ensured. On the other hand, when employing high electrolyte concentrations,
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iodide can substantially suppress cell efficiency by increasing the recombination of I5” and injected
electrons, and increasing the rate of light absorption by the redox couple. The suppression of the dark
current (see section 3.2.4.1) may be achieved by additives such as tetrabutylammonium hydroxide
(TBAOH) (141) and/or methylbenzimidazole (142). It has also found that, these additives have

enhanced the cell’s long-term stability (142).

Some other redox couples have also been tested, such as phenothiazine (143), (SeCN)2/SeCN-
(144), (SCN)2/SCN- (144) and/or Br3-/Br- (145) and theoretically a well designed change in the
electrolyte formulation could increase the Voc by up to 300 mV (146). However, probably the most
experienced and most feasible alternative to date is the use of cobalt complexes. Several complexes of
Co(I1)/Co(III) have been tested (147), (148). Compared to iodide, their advantage is that they are non-
volatile, non-corrosive and have the benefit of being easy for molecular modifications. However, with
present technology the current exchange rate at the counter electrode is much smaller and leads to

voltage losses (148).

3.2.3.4.2 Organic solvent

Regarding the best solvents for the redox couple, hundreds of chemical compounds can be used

as long as they fulfill most of the following requirements:

1- Low volatility at the expected cell operating temperature;
2- Low viscosity to easily penetrate the pours semiconductor
3- Resistance to decomposition over long periods of time;

4- Good redox couple stability;

5- Low toxicity and low cost.
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Several organic solvents such as methoxypropionitrile (149), butyronitrile (150) and/or
methoxyacetonitrile (151) have been tested among others; however, acetonitrile is the most used solvent,

particularly when one wishes to maximize cell efficiency.

Even though 11 % conversion efficiency for DSSCs with liquid electrolytes has been achieved,
the potential problems caused by liquid electrolytes, such as leakage and volatilization of organic
solvents, are considered as some of the critical factors limiting the long-term performance and practical
use of DSSCs. A worth mentioning area of research in DSSC regarding electrolytes is the use of room
temperature ionic liquids, quasi-solid state and solid state. These electrolytes are progressively viscous
enabling increased stability. They appear to solve problems such as dye desorption, solvent evaporation

and sealing degradation, however, until now their performance has been consistently lower.

An ideal ionic liquids for DSSC should have good chemical and thermal stability, negligible
vapor pressure, non-flammability, high ionic conductivity and a wide electrochemical window (152).
Molten salts based on imidazolium iodides have revealed very attractive stability features (153) and
(152). Despite their high viscosity, linear photocurrent response up to full solar light intensities has been

observed. The best results have been obtained with 1,3-dialkylimidazolium iodide compounds (154).

Solid-state electrolytes overcome the disadvantage of fluidity and volatility for liquid
electrolytes, however, poor interface contact property and lower conductivity for solid-state electrolytes
lead to lower light-to-electricity conversion efficiency for DSSCs. Quasi-solid-state electrolytes, on the
other hand, own comparable liquid electrolyte’s ionic conductivity and interface contact property and
solid-state electrolyte’s long-term stability, it is believed to be one kind of the most available electrolytes
for fabricating high photoelectric performance and long-term stability of DSSCs in practical

applications.
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3.2.4 Technical consideration
3.2.4.1 Dark current

An important point that has to be taken into consideration when trying to get the maximum
obtainable cell voltage: is what known as the dark current. The TiO; layer is an inter-connected network
of particles with high porous interior. The dye should penetrate everywhere and adsorb over a large
surface area. The redox mediator must also penetrate the same domain so as to be present in the direct
surrounding area of the photo-sensitizer. If the redox mediator reaches to the back contact, dark currents
arise from the reduction of the redox mediator by the collector electrode with the oxide layer.
Technically, this charge recombination can also occur at surfaces other than that of TiO,. Due to the
spongy nature of the TiO, film, it can also happen at the back conducting glass electrode. Dark currents
can be suppressed by co-adsorption of saturated hydrocarbons with anchoring groups that isolate the
uncovered oxide surfaces from interactions with oxidized form of the redox couple, for example
chenodeoxycholic acid (113), (155). Alternatively, introduction of the dye-coated electrode to a solution
of a pyridine derivative such as 4-t-butylpyridine has also been found to improve dramatically the
efficiency of the cell (113). Another strategy, as mentioned above in this chapter, is to use a compact

(117) or nanocrystalline (118), TiO, “blocking layer”.

3.2.4.2 Dye density on the semiconductor

Sensitization of semiconductor in DSSC is usually done by immersion of the working electrode
in a solution of known dye concentration. The dye coverage is controlled by two factors time of
immersion and dye concentration. The amount of sensitizer dyes on nano-crystalline semiconductor
films is a factor of considerable importance for controlling the performance of DSSCs because
performance reduction for highly loaded films has frequently been reported (156), (157), (158). To
clarify the origin of the lowered performance, transient absorption (TA) spectroscopy measurements

were examined as a function of dye concentration. Hirata found that electron injection efficiency
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decreases with increasing concentration of dye on the surface. They explained that this is due to multi-
layer adsorption of dyes on the surface (159). Moser and co-workers reported that the electron injection
rate was reduced by the aggregation of N3/TiO; films by comparing them with N719/TiO, films, (160).
More recently, Pellnor et al. carefully studied the difference in electron injection dynamics between
N3/TiO, and N719/TiO; by varying experimental conditions such as the observed wavelength and the
density of dye on the surface (161). Although they pointed out that the injection dynamics difference
between N3/TiO, and N719/TiO, was mainly due to the difference in temporal spectral change, they
observed that the injection dynamics were affected by the density of dye on the surface for N3/TiO,
films. Hence, more careful considerations are needed to obtain the necessarily amount of dye coverage

that give the best cell performance with the amount of dye coverage.

3.2.4.3 Characteristic parameters of DSSCs

3.2.4.3.1 Open circuit voltage

The DS solar cell can be regarded as a battery in a simple electric circuit. In the dark, the cell
does nothing. At that point the system is at equilibrium, the Fermi energy of the TiO, electrode
(corresponding to the free energy of electrons in this film after thermalization) equilibrates with the
midpoint potential of the redox couple, resulting in zero output voltage. Under these conditions, the TiO,
Fermi level lies deep within the band gap of the semiconductor, and the film is effectively insulating,
with a negligible electron density in the TiO, conduction band. Likewise at the counter electrode, there
will be high concentrations of oxidized and reduced redox couple present in the electrolyte and no
significant change in chemical potential of the electrolyte, which remains effectively fixed at its resting
value. When light hits the working electrode, photo-excitation of the dye injects electron into the TiO,
film which leads into dramatic increase in electron density, raising the TiO, Fermi level towards the
conduction band edge, and allowing the film to become conducting. This happen in parallel with hole

injection into the redox electrolyte (162). That causes the circuit to switch on and develops a voltage, or

45



electromotive force (e.m.f.), analogous to the e.m.f. of the battery. Since this developed voltage has
occurred when the terminals are isolated (infinite load resistance “shunt resistance”) is called the open
circuit voltage (Voc) (163) .The magnitude of open-circuit photo-voltage developed is determined by the
energy difference between the Fermi level of the solid under illumination and the Nernst potential of the
redox couple in the electrolyte (162). However, the experimentally observed open-circuit potential for
various sensitizers is smaller than the difference between the conduction band edge and the redox
couple, probably due to the competition between electron transfer and charge recombination pathways.
Knowledge of the rates and mechanisms of these competing reactions are vital for the design of efficient

sensitizers and, thereby, improvement of the solar devices (113).

3.2.4.3.2 Short circuit current

The given current when the terminals are connected together under illumination is called the
short circuit current lsc, and is dependent on the incident light. The generated photocurrent is roughly
proportional to the illuminated area, for that reason the short circuit current density, Js, is the useful
quantity for comparison (163). In order to relate the photocurrent density, Js, to the incident spectrum,
we need to calculate the Incident Photon to Current Efficiency (IPCE), that shows the probability that an
incident photon of energy E will deliver one electron to the external circuit. It can be calculated in the

following equation:

(1.25 x103)x photocurrent density (mA cm —2)
(wavelength (nm))x (photon flux (Wm ~2)) Eq. 3.1

IPCE =

For any intermediate load resistance RL, the cell develops a voltage V between 0 and Voc and
delivers a current I such that V=1 x RL, and I(V) is determined by the current-voltage characteristics of
the cell under that illumination, as described above. However, when a load is present, a potential

difference develops between the terminals of the cell, and this potential difference generates a current
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which acts in the opposite direction to the photocurrent, and the net current is reduced from its short
circuit value. This reverse current is usually called the dark current in analogy with the current which

flows across the device under an applied voltage V in the dark.

Most solar cells behave like a diode in the dark, admitting a much larger current under forward
bias (V > 0) than under reverse bias (V < 0). This rectifying behavior is a feature of photovoltaic
devices, since an asymmetric junction is needed to achieve charge separation. The overall current
voltage response of the cell, its current-voltage characteristics, can be approximated as the sum of the

short circuit photocurrent and the dark current (163).
The cell power density is given by the equation: P=JxV Eq. 3.2

The power density of the cell reaches a maximum power point, which occurs at some voltage V,,

with a corresponding current density J,, as shown in figure 3.4.

3.2.4.3.3 The fill factor

The fill factor (ff) is defined as the ratio of the maximum power from the solar cell to the product
of Voc and Jsc, and describes the “squareness” of the J-V curve. Graphically, the maximum power
density or fill factor is given by the area of the rectangle formed by J, x V, (see figure 3.4). The outer
rectangle has an area Js. x V. If the fill factor was equal to 1, the current voltage curve would follow

the outer rectangle.

FF = Ymax, Jmax Eq.3.3

Voc Jsc
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Figure: 3.4 I-V curves of an organic PV cell under dark (left) and illuminated (right) conditions.
3.2.4.3.3The global efficiency

The global efficiency, n global, of the cell is the power density delivered divided by incident
light power density, Is, and is related to Js. and V. using the ff: These four quantities: Js, Vo, ff and 1
global are the key parameters for testing the solar cell performance. They should be defined for
particular illumination conditions. The Standard Test Condition (STC) for solar cells is the Air Mass
(AM) 1.5 spectrum (see chapter one), an incident power density of 1000 mWem™ (1 sun) and a

temperature of 25°C (163).

__ Vocx]Jscx FF
Pin

Eq. 3.4
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Chapter: 4 Material and methods

4.1 ASPHALTENE PREPARATION

Petroleum asphaltene are defined as the n-pentane or n-heptane insoluble but toluene soluble /
fraction of crude oils. This operational definition is a consequence of the extremely complex structure of
asphaltene which consist of thousands of compounds containing highly aromatic cores, long chain
aliphatic groups, heteroatoms (sulfur, nitrogen, and oxygen) as well as trace quantities of heavy metals
(vanadium and nickel, iron, etc ). Therefore, it is extremely difficult to get a definite molecular structure,
for this reason we tried to fractionate it into some sub-fraction according to their solubility class and use

them as light harvesting material in DSSC.

4.1.1 Extraction of asphaltene

For the first trail asphaltene dye sentsized solar cells presented in this dissertation, the used
asphaltene was either obtained from the upgrading experiment or extracted by using hexane as solvent, it
will be referred to as hexane asphaltene or by the associated experimental number. The crude oil used
was Canadian Tar sands for the first trials or latter on Altamira Hunt Crude oil. As the project proceeds,
the asphaltene were extracted from the crudes as follows: The crude oil sample was separated into
maltenes (n-heptanes soluble) and asphaltene (n-heptene insoluble) by adding n-heptanes in a volume-
volume ratio of n-heptanes to crude oil of 40: 1 followed by filtration. A 50 ml of crude was mixed with
2000 ml of n-heptane in a beaker, the mixture then stirred by magnetic tip overnight at room
temperature. The used solvent-to-oil ratio of 40:1 has been demonstrated to be suitable for avoiding
errors in the determination of the amount of asphaltene fraction and in its characterization (164). The
mixture was filtered using a filter paper No 40 with a pore diameter of 8 um. The obtained asphaltene
contains parts of oil that does not dissolve in heptanes such as clay, sand etc. for this reason it was
purified by dissolving it completely in toluene at room temperature and then filtered again to remove

debris. The obtained solution of asphaltene and toluene was covered and kept under vacuum at room
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temperature for 24 hours to dry out. The precipitated asphaltene then weighted for determining
asphaltene content, marked as crude asphaltene and will be referred to as un- fractionated asphaltene

throughout this dissertation.

Table: 4.1 Yields of asphaltene extracted from 50 ml crude oil

Asphaltene Unpurified | Purified Impurities
Wt. gram 6.46 6.27 0.19

4.1.2 Fractionation of asphaltene

A sample of 3 g asphaltene was dissolved in 100 mL toluene, and 300 mL n-pentane was added
into the solution and mixing by stirring with a magnetic bar at ambient temperature. After adding n-
pentane, the ratio of the total volume of the n-pentane to toluene is kept at 75/25 in volume. The solution
was covered and stirred for half an hour for precipitation of insoluble. After filtration, the insoluble
fraction was collected and dried at room temperature and left under vacuum overnight to obtain the first
fraction (First precipitate. Fr.1). another amount of 270 ml pentane then added to the filtrate n-pentane

and toluene to keep the ratio of the total volume of the n-pentane to toluene at 85/15 in volume.

N
Crude oil
n- Heptanes } Extraction
I ) }
Maltene Asphaltene ) Fractionation
A
~ Solution 1 ( n-pentane to tolune 75/25) R
A 4
Filtration Solution 2 (85/15)
v v
Fr.1
Filtration Solution 3 (90/10)
v v
Fr. 2 Filtration Evaporation
: A 4 A 4
Fr.3 Fr. 4

[Nlustration: 4.1 Asphaltene extraction and fractionation procedure
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The filtration and drying process then repeated following the procedure described above,
(Second precipitate. Fr. 2) was precipitated in a solution with an n-pentane to toluene ratio of 85/15 in
volume. Similarly, samples (Third precipitate. Fr.3) (n-pentane to toluene = 90/10), were precipitated in
binary solutions with the increasing proportion of n-pentane. The last fraction, (fourth precipitate Fr. 4),
was obtained by evaporating the solvents with the remaining asphaltene. The asphaltene extraction and

fractionation scheme is shown in Figure 4.1.

Table: 4.2 Yields of solvent sub-fractions of 3 gram asphaltene

Sub-fraction Fr. 1 Fr.2 Fr.3 Fr.4 Loss

Wt. gram 0.12 0.63 0.07 1.10 1.08

4.1.3 Asphaltene thin films

To measure the absorption spectra of asphaltene, a thin film of different asphaltene fraction has
been deposited onto clean glass substrate by using spin coating technique. Absorption spectra of this thin
film have been recorded using UV.VIS spectrophotometer. In the procedures; 0.002 gram of every
asphaltene fraction was added to 20 ml toluene and dissolved completely by the aid of sonic machine.
The substrate was placed on the spin coater chamber, and an appropriate amount of asphaltene solution
was applied on the surface of the glass substrate using syringe and needle. The spin coating speed was
kept at 2500 rpm. The coating was done on plain glass slides which were not transmittance to UV so the
UV spectra were eliminated. The time of spin coating was 30 seconds. After spin coating, the films were

left in clean plastic box for visible light absorption.
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4.2 BUILDING THE DSSC
4.2.1 The used TiO; paste

Three TiO; pastes were used in this study. The first paste was prepared in our lab according to
the procedures published in literature (165). This will be referred to as homemade TiO; paste. In the
procedure a 6 grams of commercial TiO, powder (P25) obtained from Sigma Aldrich Company were
mixed with 1 ml of acetic acid and grinded in a mortar for 5 minutes. A total of 5 ml D. water plus 15 ml
ethanol were added ml by ml with continue grinding. The amount of added ethanol was then increased
to 2.5 for 6 times and grinding for 1 minute for every addition. The paste was then transferred to a
beaker with the help of addition of 100 ml ethanol, and stirred with magnetic tip and sonicate with
ultrasonic horn for 2 seconds work + 2 second rest for 30 times. A 20 gram of terpineol was added with
repeating the sonciation procedure. Finally, 3 gram of ethyl cellulose was added and repeating the above
mentioned sonciation procedure. The ethanol then evaporated by the help of a rotary evaporator. A

schematic diagram showing the fabrication procedure is shown below.

The other two TiO, paste used in this research were a commercial highly transparent Ti-
Nanoxide HT/SP and Ti-Nanoxide R/SP obtained from Solaronix Company Switzerland. The first paste
contains approximately 18 % wt. of nano-crystalline titanium dioxide with 8-10 nm particle size, with
terpineol and other organic binders. A layer of highly porous anatase nanocrystals is obtained after firing

at 450 °C for 30 minutes. The obtained sintered layer is highly transparent.
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6 gram of TiO2 powder mixed with 1 ml acetic acid and grind in a mortar for 5 min

Add 1 ml D. Water and grind in a mortar (1min) x 5 times

Y

Add 1 ml ethanol and grind in a mortar (1min) x 15 times

Y

Add 2.5 ml ethanol and grind in a mortar (1min) x 6 times

Transfer the paste to beaker using 100 ml ethanol

\ 4

Stir with magnetic tip ( 1 min), sonic ate 1 with ultrasonic horn ( 2 sec work + 2 sec rest ) x
30 times and stir with a magnetic tip for 1 min

Add 20 gram Terpineol
v

Stir with magnetic tip ( 1 min), sonic ate 1 with ultrasonic horn ( 2 sec work + 2 sec rest ) x

30 times and stir with a magnetic tip for 1 min

Add 3 gram ethyl cellulose

Stir with magnetic tip ( 1 min), sonic ate 1 with ultrasonic horn ( 2 sec work + 2 sec rest ) x
30 times and stir with a magnetic tip for 1 min

Evaporate the Ethanol with a rotary evaporator

[Nlustration: 4.2 preparation of the homemade TiO; paste

4.2.2 Preparation of the photo-electrode
4.2.2.1 The Blocking layer (compact TiO- layer)

The blocking layer was prepared in the following manner. The FTO glass was first cleaned in a
detergent solution using an ultrasonic bath for 15 min, and then rinsed with water and ethanol, after that
the FTO glass plates were immersed into a 50 mM aqueous solution of TiCls at 70 C for 30 min and
washed with water and ethanol. The TiCly solution was formed by mixing 0.54 ml Ticls in 100 ml of

ultra water in an ice path.
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4.2.2.2 Nanocrystalline TiO2 layer

The nanocrystalline TiO; layer in this study was prepared by applying a layer of one or more of
the above mentioned TiO, pastes by spreading (doctor blading) on a conductive transparent surface of a
piece of glass (F-doped SnO,, FTO, (Sloarnoix TCO30-8 SA Switzerland 8 Q/cm?/&,3.3 mm thickness
and 500- 1000 nm transmittance) that had been cut to 5 x 2.5 cm and cleaned with D water and ethanol.
The FTO-coated glass was covered with two layers of parallel adhesive Scotch tape 1 cm apart to

control the area and the thickness of the TiO; film (3 x 1 cm) see figure 4.1.

A B

Figure: 4.1 A-Applying the TiO, paste B- Photo electrode after asphaltene absorption

The colloidal paste was applied between the tapes on the FTO-coated glass by rolling a glass rod
on the surface. The film thickness is controlled by the paste concentration and the adhesive tape
thickness as well. Film thickness was in both cases, typically 8 = 10 um. The TiO; nanocrystalline
electrode was dried in air for 20 minutes, and then heated in a tube furnace at 450°C for 30 min with air
supply. The heating processes enable the added organic polymer in the colloidal paste to be burnt off
leaving the TiO, film with higher surface area and more porous. It also increases the resistivity of the
film. In addition, the surface is dehydroxylated during this process, leaving reactive Ti;  centers
available for reaction with the anchoring groups of the sensitizers. To minimize rehydration of the TiO,
surface from moisture at ambient air (which causes dye desorption), the electrodes, while still warm (50-

70°C) from annealing, were immersed into a solution of asphaltene for several hours depending on the
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experiment that was carried out. The porous oxide layer acts like a sponge and there is efficient uptake

of the asphaltene, leading to intense coloration of the film.

4.2.3 Preparation of the counter electrode

To prepare the counter electrode, two holes were drilled in the FTO glass (Sloarnoix TCO22-7 a
2.2 mm thick soda-lime glass coated on one side with a fluorine doped tin oxide SnO2:F) layer ("FTO"
glass) by diamond coated drill. The sheet resistance of the FTO layer is ~7 ohm/square. The perforated
sheet was washed with H,O as well as with ethanol and cleaned by ultrasound in an ethanol bath for 10
min. After cleaning, the Pt catalyst was deposited on the FTO glass by coating with drops of H,PtCls
solution (2 mg Pt in 1ml ethanol) and repeating the heat treatment at 450°C for 15 min. The platinum
coating on the counter electrodes acts as catalyst reducing the oxidized form of the electrolyte (see

chapter 3.2.3.2.).

4.2.4 The electrolyte

Two type of commercial electrolytes obtained from Solaronix company have been used in this
study. They are Standard lodolyte MPN-100. It consists of 100 mM of tri-iodide in methoxypropionitrile
solution. The second one is lodolyte TG-50. It is lodide Based Redox Electrolyte consists of 50 mM of

tri-iodide in tetraglyme.

4.2.5 Assembling the asphaltene DSSC

The asphaltene covered TiO; electrode (cleaned with toluene after taken out of the asphaltene
solution) and Pt-counter electrode were assembled into a sandwich type cell and sealed with a two layers
of Surlyn thermoplastic hot-melt sealing foil of 60 um thickness made of the SA SX1170-60 Solaronix.
The sealant was used to connect the two electrodes and to provide space for the electrolyte between two
electrodes. To get the good sealant the sandwich of electrodes was heated on the heating plate at 100 C°
for 10 to 15 sec while pressing them together. A drop of the electrolyte solution was introduced into the

hole in the back of the counter electrode and covered the hole with tape. The electrolyte was introduced
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into the cell via vacuum backfilling by inserting a needle of a syringe in a piece of rubber that glued into

the surface of the counter electrode. The following figure is a sketch of completed asphaltene DSSC.

Holes to introduce the electrolvte

/ \ Pt layer

hal Back
Asphaltelle 10 Glass Ekctrode

! TTETRcTolye —7*

- -

d _y Compact
TiO; layer

TCO Glass

Lightp otons \[iOzNano-particles

[lustration: 4.3 Schematic diagram showing completed asphaltene DSSC
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Chapter: 5 Results and Discussion

5.1 INTRODUCTION

Some of the following experimental results have been included in the provisional form of the
United State Patent Application No 20090114283 U.S. Provisional Application Serial No. 61/224,

791132, described as Asphaltene Based Photovoltaic Devices.

5.2 FIRST EMBODIMENT ASPHALTENE SOLAR CELL

Table 2, 3, 4 in the above mentioned patent are the results of our first embodiment asphaltene
DSSC that produces current and voltage when shined by light (see table 5.1,5.2).Asphaltene
fractionation technique used here was by titration of asphaltene toluene solution with pentane until the
precipitate starts appearing. The first precipitate (fr.1) collected at 100 ml pentane addition and the
second at 200 ml pentane. The photo-electrode of this cell is composed of one layer of our homemade
TiO, paste mentioned in (chapter 4.2.1) and no blocking or compact layer were used. The asphaltene
was hexane extracted asphaltene, obtained from Canadian Tar Sands. Two solvents (Benzene and
Toluene) were utilized to make the asphaltene solution. Toluene gave much better result when applied as
solvent to spread the asphaltene over the photo-electrode. Hence, it has been chosen as the preferred
solvent in the upcoming asphaltene solar cell presented in this dissertation. The counter electrode was
prepared according to the procedure described above (See 4.2.3). Two asphaltene concentration; 0.5 g/l
and 0.25 g/l were used. The less asphaltene concentration gave better results see table 5.1, table 5.2. The

cells were tested by Multimeter VOM (Volt-Ohm meter), and under direct Sun rays.
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Table: 5.1 Current and voltage results of the first 0.5 g/l asphaltene DSSCs

ASPHALTENE | FR.1 FR.2 FR.3 FR. 4 UNFR. UNFR.
TOLUNE | BENZENE

Current (LA) 0.2 1.1 1.5 2 0.1 0.01
Voltage (mV) 11.7 1.2 1.6 5.7 7.02 2.3

Table: 5.2 Current and voltage results of the first 0.25 g/l asphaltene DSSCs
ASPHALTENE | FR.2 |FR. 4 FR.4* FR.3# FR.3*#
Current (LA) 12 4.1 7 23 40
Voltage (mV) 14 4.1 6.8 52 273

The performance of FR. 3 cell with two layers of TiO, paste increased on the second day and then
declined sharply. After a visual inspection of the cell it was discovered that, some colored spots start
appearing on the back electrode as indication of the electrolyte touching the counter electrode, which
was not in on the second day. This causes electrons produced from the excited asphaltene to recombine
with ions in the electrolyte and thus reduces the current of the cell. The explanation of increasing the cell
performance on the second day is probably due to the saturation of pores in the paste with electrolyte

which takes time as it happens by the capillary action (see chapter 4.4.2). Testing the cell under solar

simulator shows a diode characteristic curve, see figure (5.1).

Figure: 5.1 Diode curve of the first embodiment asphaltene solar cell.

* Measurements after one day

# Two TiO, layers
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From this set of results, one can withdraw the following conclusions:
1- Asphaltene could be a good photo-sentsizer.
2- There are some differences in cell output with asphaltene fraction and concentration.
3- The thickness of TiO; layer has a great impact on cell performance
4- Leaving the cell for one day produces better results.

5- Toluene gave much better result when applied as solvent to spread the asphaltene over the photo-

electrode.

(@)
I

It was also observed that TiO, paste peel off from the FTO glass surface.

5.2 IMPROVING THE PERFORMANCE OF ASPHALTENE DSSC

After our first cell showed a characteristic diode curve which was an indication of photovoltaic
effect, we start working on enhancing the performance of these cells by improving the manufacturing
processes and materials. Our purpose was first to perfect the manufacturing processes of the cell and
obtain reproducible cells with fewer errors, then to vary the asphaltene variables. Taking into account
the above mentioned comments, we have done the following; increased the thickness of the TiO, layer
to two layers; leave the cells overnight before testing; use toluene as solvent to spread the asphaltene
over the photo-electrode; and incorporating the compact layer to adhere the TiO, paste on the FTO

glass.

5.2.1 Introducing TiO, compact Layer

The importance of a blocking layer in organic dye-sensitized solar cells has been demonstrated in
many studies (166), (167), (168), (169). It was shown that upon the addition of a compact layer, the
light-harvesting efficiencies were more than tripled. Such a compact layer improves the adhesion of the

TiO; to the TCO and provides a larger TiO,/TCO contact area and more effective electron transfer from
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theTiO, to the TCO by preventing the electron recombination process (see 3.2.4.1), which occurs in the
interface between the redox electrolyte and the TCO surface. The compact layer can be fabricated by
various methods such as sputter deposition (166), dip-coating (167), chemical vapor deposition (168),
and spray pyrolysis (169). Especially, the fabrication of theTiO, compact layer using a TiCls; aqueous

solution has been widely adopted (166) and is the method used in this research.

To test the effect of the compact TiO, layer on the performance of asphaltene solar cells we
made two asphaltene solar cells both with three TiO, layers (one compact and the other is Nano-
crystaline layer). The used paste in these cells was commercial highly transparent Ti-Nanoxide HT/SP
paste stated above, and the TiO, compact layer was prepared using TiCly aqueous solution see (4.2.2.1).
The asphaltene was un-fractionated unpurified Hunt asphaltene obtained from Altimera crude oil with

utilized concentration of 0.5 g/1.

Table: 5.3 The effect of TiO, compact layer on asphaltene cell performance

Cell id Voc (v) | IJsc (mA/cm®) | FF % | IPCE % | Voc Slope (ohms)
With compact | 0.4784 | 0.158 35.42 1 0.03 1830
With compact | 0.420 | 0.388 46.46 | 0.07 398

The cells were tested under a solar simulator at standard condition of 1.5 sun and the results are
shown in table 5.1. It is clear that, the introduction of TiO, compact layer prepared by the above

mentioned method has increased the short circuit current, the fill factor as well as overall cell efficiency.
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Figure: 5.2 Asphaltene DSSCs with one compact layer

5.2.2 Improving the fill factor by decreasing series resistance

From the above table, even though the two cells were manufactured by the same procedures with
one compact layer and two transparent TiO, layer there was a big difference in their performance. This
difference was clear as a result of their series resistance. Accordingly, in order to better improve

asphaltene DSSCs more work should be done on minimizing series resistance.

5.2.2.1 Purifying asphaltene and using RTV silicone rubber mask layer on the photoelectrode

Figure: 5.3 Purifying asphaltene and using RTV mask layer.

A typical DSSC usually contains three interfaces formed by FTO/TiO,, TiO,/dye/electrolyte, and
electrolyte/Pt-FTO. Simultaneously, electrons are transferred to tri-iodide at the TiO./dye/electrolyte

interface and iodide is reduced to triiodide at the counter electrode. Series resistance in DSSC could
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arise from one of the above interfaces and have a great impact on cell performance. The values of series
resistance can be raised by varying the electrical properties of TCO, increasing the thickness of the
electrolyte layer and the catalytic activity of the counter electrode. Many researchers (170), (171) (172)
have found that, under short circuit conditions, electron transport was predominately affected by the

series resistance in TCO-dye interface, and the electrolyte/Pt-TCO interface.

The extraction of asphaltene from crude oil involves dissolving the crude oil in n-heptanes
followed by filtration. Asphaltene is the part of crude oil that does not dissolve and stay on top of the
filter paper. Asphaltene extracted by this method could contain inorganic impurities which may increase
resistivity of the asphaltene films when applied on top of TiO,. Hence, it may have an effect on charge
transfer and increases the series resistance at TiO,/asphaltene/electrolyte interface. For this purpose we
employed the purification method described above (chapter 4.2.1) to take off these impurities, before

using it in DSSC.

In addition to that, when applying the compact layer in our previous experiments, the FTO glass
was immersed completely in a TiCl4 aqueous solution. Subsequently, TiO, compact layer was formed on
all the TCO coating of the FTO glass used to prepare the photoelctrode. This has shown to increase the
resistivity of the TCO layer, for that reason we used RTV silicone rubber paste as mask and cover the
backside of glass completely and leave less than half side of conducting surface uncovered, which will
be used to deposit the paste. Following these two strategies the efficiency of our cells has increased

significantly when compared to previous cells from 0.07 see table 5.1 above to 0.25 see table 5.2 below.
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Table: 5.4 Purified Un-fractionated Hunt asphaltene cell parameters with 0.5 gm/ 1

Iv parameter 80 mW/cm’ 100 mW/cm’ 120 mW/cm” Dark
Voc (V) 0.54 0.55 0.54 0.26
Jsc (mA/cm?) 0.59 0.72 0.91 0.013
Fill factor % 65.4 63.2 60.6 NA
Voc slope (ohms) | 43.6 42.6 38.7 NA
Efficiency (%) 0.26 0.25 0.25 NA

It is clear that the enhancement of cell efficiency in this cell was a consequence of decreasing
series resistance and increasing close circuit current which leads to increase fill factor. This is in
agreement of other people findings, who found an increase of FF with decrease in series resistance
(173) . To study the effect of varying light intensity on cell performance, the cell was tested under three
different intensity levels 80, 100, and 120 mW/cm®. As was expected higher light intensity produces
higher current density but less fill factor and therefore lower cell efficiency. This observation is a well
known phenomena in DSS cells (174). This is probably due to increase recommendation processes. The
existence of the recombination process can be verified in the dark current measurement column five in

the above table.

5.2.2.2 Varying asphaltene concentration

To see if the asphaltene concentration has an effect on the performance of asphaltene DSSC, we
have made three different solar cells with three different asphaltene solutions (0.5 g/l, 1g/l and 10 g/l).
Our initial plan was to use 0.5, 1, 2 g/l but because of human mistake of measuring the concentration,
we used 10 g/l instead of 2g/l. To prepare the asphaltene solution we used 0.02, 0.005, and 0.001 grams
unfractionated purified asphaltene dissolved in 20 ml toluene. We followed the same procedures
described above in 5.2.2.1 and chapter 4 for preparing both the electrodes as well as building the cell.

The results are shown below.
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Table: 5.5The effect of asphaltene concentration on DSSC performance at 80 mW/ cm®

Asphaltene Copx 10 g/I1 0.5 g/I 19/L
cell
rameter
Voc (V) 0.58 0.54 0.57
Jsc (mA/cm?) 0.3 0.59 0.85
Fill factor (%) 43.5 65.36 52.26
Voc slope (ohms) 248 43.6 50.0
Efficiency (%) 0.1 0.26 0.31
Dark current 0.013 0.02 0.019

From the above table it is evident that asphaltene concentration has a great impact on series
resistance, current density and fill factor. While there was no significant change in open circuit voltage,
at high asphaltene concentration of 10 g/l both the current density, and fill factor decreased sharply

which was coupled with increased series resistance.

The explanation of this decrease is probably due to asphaltene aggregation. This phenomena is
well documented in the literature of asphaltene see (ch.2) and in agreement with using Porphyrin
Sensitizers (one molecular that is shown to occur in the asphaltenic part of crude oil in DSSC (175).
Aggregates decreased the photocurrent generation in devices made of tetrachelate porphyrin
chromophores, and some push-pull porphyrins suffer from dye aggregation as well (176). The strategy
to suppress dye aggregation on the TiO, surface is to add a co-adsorbate into the dye solution when
fabricating sensitized TiO, films into devices. The lower current density and cell efficiency in 0.5
asphaltene cell when compared to 1g/l one is an indication of lower asphaltene absorption on the TiO,
layer. The fill factor effect can be better viewed by plotting the open circuit voltage and current density
of the above cells, see figures 5.3, 5.4 and 5.5. It is obvious that 0.5 asphaltene cell produced the best
squared curve of the J-V curve (figure 5.4) which corresponds to the best fill factor table 5.5. However,

this cell has the lowest efficiency. Since the photoelctrodes of all these three cells were left in the
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asphaltene solution for the same time, this could introduce another variable that could improve cell

performance (immersion time).
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The variation of dark current in all above cells could be a result of imperfect sealing of the cells,
since it was done on hot plate and not using hot press where one can control temperature, time as well as
the applied pressure. The used sealant here was Surlyn thermoplastic hot-melt sealing foil of 60 um

thickness purchased from Solaronix.

5.2.3 Increasing the short circuit current and open circuit voltage

The overall efficiency of any solar cell (see chapter 3.2.4.3.3) is the product of fill factor (FF),
open circuit voltage and short circuit current. The improvement in the last asphaltene solar cell was a
consequence of increasing the fill factor by decreasing the series resistance with concurrent small
improvement in both open circuit voltage and short circuit current. In order to make asphaltene
competitive to other dyes used in DSSC we need to increase both open circuit voltage and short circuit

current.
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5.2.3.1 UV-Ozone treatment of the photo-electrode

The main components of the TiO, pastes utilized in this study as well as in most DSSC research
labs more than TiO, particles are organic compounds used to disperse and link the semiconductor
particles to form a network film. At high temperature sintering processes these compounds decompose
and permit the formation of porous TiO, films with high surface area. However, some carbon atoms will
probably deposit on top of TiO, particles and hinder the absorption of the dye, and the electron injection.
UV-03 treatment is well known method to remove organics on transparent conducting oxides and has
been widely used in organic electronic devices to clean the surface and modify the work function of
ITO. Recently UV-03 treatment was applied to synthesize porous nano-particulateTiO, films at room
temperature and remarkable improvement of photo-conversion efficiency was obtained using the
treatment. It is believed that the main effect of the UV—03 treatment was reported to be the removal of
residual organics and positive shift in the conduction band of the nano-crystalline titanium dioxide,

which promotes electron injection from the dye (177) (178).

To see if UV-03 treatment has an effect on the performance of asphaltene solar cells, UV-03
treatment was first applied on the last TiO, layer. Two asphaltene cells were made this time one with the
commercial paste and the other is homemade paste described above (4.2.1). Both cells have given much

better Voc and photocurrent when compared to the previous cells without UV-O treatments see table 5.6

Table: 5.6 the effect of UV-O treatment on top TiO, layer

Cell id Voc (V) | Jsc m A/lcm? | FF % IPCE %
Ti HT/SP + R | 0.806 8.51 15 1.03
H P25 + R 0.809 6.77 14.7 0.8

After, our UV-03 treatment on top layer of the photo-electrode showed improvement in cell

operation, we apply UV-O3 in three processing steps; on bare FTO before the compact layer, before and
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after the compact layer and after the mesolayer. The used asphaltene here was fr.2 asphaltene with
applying concentration of Img/ml. Due to difficulty of applying the previous sealing material, the
sealant has changed to Polypropylene w/ Rubber Medium Adhesive tape with 228.6 micrometers thick
obtained from Grainger company item no 6JT54, the adhesive was not strong enough so some drops of
crazy glue was put in on top of the tape between the electrodes. So the thickness was further increased a

few micrometers. The results are shown in table 5.7.

The efficiency of these cells has increased four times when compared with the ones without UV—
O3 treatment. The improvement in efficiency was a result of a big boost in both short circuit current and
open circuit voltage. This enhancement was a result of increase in asphaltene absorption, eliminating
organic contamination and therefore, higher photon capture and higher electron injection. However these
cells shows very low fill factor. The decrease in the fill factor is due to increasing the electrolyte
thickness as a result of increasing the sealant layer. The electrolyte ions will take longer time to reach
the counter electrode before it reduced back. Similar results were observed with increasing the

electrolyte thickness see 5.2.2.1.

Table: 5.7 The effect of ozone treatment on the asphaltene DSSC

IPCE (%) [Voc (V) |Jsc (mA/enr™2) [FF (%) |FTOUVO |[CLUVO |ML UVO
1.44]  0.8252 13.19 13.1 X X
1.34]  0.7818 13.55 12.9 X X
0.76]  0.7790 7.74 12.2 X X X

The low photo current in asphaltene solar cell when UVO treatment was done on all the three
TiO; layers was probably due to electrolyte touching the counter electrode because of improper sealing.

So changing the sealant is vital at this point.
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5.2.3.1 Varying asphaltene fraction

The open circuit voltage and short circuit current are both depend on the extent of light
absorption. The most straightforward way to increase Jsc is to absorb a greater fraction of the incident
light. The optical gap of the Ru dye in the most efficient DSSC to date is 1.8 eV, allowing it to absorb
essentially all the light out to 700 nm. Increasing the photocurrent density requires decreasing the optical
gap to extend the dye’s absorption into the near-infrared. Our first thought of increasing short circuit
current is to try different asphaltene fraction. Fractionation of asphaltene produces slightly different

absorption spectra (see figure 5.6)
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Figure: 5.7 Absorption spectra of asphaltene thin films

Neglecting the fill factor at the moment, the cells made of Fraction four which is the most
toluene soluble fraction produces the less photocurrent and photo voltage when compared to the other
asphaltene fractions. The less soluble asphaltene part (fraction one) generates higher photo voltage but

lower photocurrent then fr.2, (see table 5.5) fr.3, and un-fractionated asphaltene.
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Table: 5.7 Asphaltene fraction cell parameters

IPCE (%) |Voc (V) [Jsc (mA/cm™2) |FF (%)  |Frac #
1.80 0.7793 13.69 16.6 3
1.38 0.7098 4.76 40.1 4
1.02 0.7724 10.52 13.0 1
1.76 0.7744 13.45 13.0| Unfrac.

These results are in agreement with the absorption spectra of asphaltene thin films presented in
figure (5.7). Both Fr.1 and Fr.4 have lower absorption in the visible part of light and therefore, will have
lower photocurrent. The high fill factor in Fr.4 cell is a result of changing the sealant to lower thickness

and easy to process; fastelfilm 230110 with 130 micrometer thick film, obtained from Fastel Adhesive.
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Chapter: 6 Conclusion and recommendation

6.1 CONCLUSION

The essence of this research work is well encapsulated by the title of this work, namely,
“Asphaltene as light harvesting material in dye sentsized solar cell”. Without a doubt the title is
representative of the topics covered in this research. Despite the fact that there were considerable doubts
about the suitability of these materials as sanitizer in DSSC at the start of this work, the research
presented in this dissertation has comes a long way in removing many of these reservations. It has been
proved that for at least one part of the asphaltene or asphaltene in whole can be effectively utilized.
Asphaltene indeed is an excellent sanitizer in DSSC. In this regard, the present chapter concludes this
dissertation by summarizing the motivation and the achievements of this research and recommending

future work in this area.

Asphaltene the most abundant naturally forming material and undesirable part of crude oil that
causes a lot of trouble to most oil refining companies has been shown in this study to be good sensitizer
in DSSC. The results obtained show that every step in manufacturing the asphaltene cell has an effect on
different cell parameters. According to results shown above, asphaltene solar cells have achieved a fill
factor of 65% -70 %, when series resistance was minimized, Voc of 0.7 — 0.8 volt, and photocurrent of
10 - 13.69 mA/ cm® when UV-O treatment were employed and contaminates were eliminated.
Therefore, a total overall efficiency of 4.55 % — 7.0 % could be easily attained with good engineering
design and material process. Fraction three (Fr.3) obtained at 90/10 pentane to toluene ratio has
produced the best asphaltene solar cell so far with 1.8 total efficiency. Un-fractionated asphaltene

produced comparable result with fraction three.
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6.2 FUTURE WORK

While our attention in this study was focused on perfecting the asphaltene solar cell by
improving the photo-electrode there still more work can be done on the counter electrode. Good
adhesion of the Pt layer onto the TCO substrate is very important for DSCs. If the Pt does not stick to
the substrate, it may adsorb at the TiO, surface and catalyze dark currents at the TiO/electrolyte
interface. Previous studies of DSCs constructed with different Pt electrodes show that, the short circuit
currents with sputtered Pt electrodes had higher currents than those with Pt electrodes made by thermal
decomposition of H2PtCl6 implemented in this study. This can be explained by better adhesion of the
sputtered layers. A similar experiment showed that, especially for thick Pt layers, the adhesion is

improved by heating the substrate during sputtering.

Another exercise attractive from a fundamental viewpoint is chemical characterization and
molecular modeling of the various asphaltene fractions. In this regard, two techniques can be employed
SAXS and WAXS. SAXS will give information about the shape and size of different asphaltene
fraction. It is capable of delivering structural information of macromolecules between 5 and 25 nm, and
therefore will help improves design and control of asphaltene cells. WAXS data help identifying
aggregate on an inter-molecular level and thus well in identifying the optimal asphaltene concentration.

Obtaining this data could be very useful information for subsequent studies with this material in such
purpose.

Although the only fractionation procedure employed in this study was with varying pentane ratio
with toluene, other solvents could be used and may produce better fraction. Methylene chloride as
example has been utilized as dissolving medium of asphaltene and used with heptanes to fractionate the
asphaltene. Varying the carbon ratio of fluctuating solvent may produce different asphaltene fraction

with better physical properties suitable for DSSC.
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Higher-power conversion efficiencies can be achieved by further optimizing the device structure.
In a multi-component device like DSSCs, the overall performance of the cell depends critically on the
individual properties of the constituent components and processes. Optimal performance is obtainable
only when one understands the factors that control each of the components and depends on the ability to
tune to the required configuration. The following chart is especially designed to represent the main
components of asphaltene DSSC and to address parameters that one needs to deal with when trying to

improve its performance.

Substrate BL TiO» Asphaltene Electrolvte Pt Catalvst

AT Th T T TN
._.-:_-:_-' o -'_.-:_.-

B e e ot .

A 4 A 4

Substrate Blocking layer  Nano-structured TiO, Asphaltene fraction Thickness Thickness
(Glass Method of method of preparation  Purification of the layer method of
—SnO, -F application surface morphology Fractionation Solventused  application
PET-ITO) Thickness Thickness methods Redox couple Pt grain size
Sheet Resistivity Method of Immersion time Adhesion
Transmission application Applying

Haze (screen printing) Concentration

Sheet thickness Aggregation

[lustration: 6.1 main components of asphaltene DSSC and Parameters to be considered to improve its
performance
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British thermal unit
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Intergovernmental Panel on Climate Change (IPCC)
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American Society for Testing and Materials
Global Terrestrial Reference Spectra
Stefan Boltzmann constant (5.67 x 10—8 W/m2/K4).
Solar constant
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Diameter of earth sphere
Surface area of earth sphere
Air Mass at 48° zenith angle
Air Mass at 0 zenith angle
Ultra violet radiation
Earth cross-sectional area
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Dye sensitized solar cell
Carbon ;3 nuclear magnetic resonance
X-ray absorption near-edge spectroscopy
Infrared spectroscopy
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SAXS Small angle X-ray scattering
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Amu Atomic mass unit
L2MS Two-step laser desorption ionization mass spectrometry
LIAD laser-induced acoustic desorption
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PV Photovoltaic
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STM Scanning tunneling microscope
TCO Transparent conductive oxide
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FTO Fluorine doped tin dioxide
LUMO Lower unoccupied molecular orbital
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