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ABSTRACT

Exploring new technologies that can meet the world’s energy demands in an efficient and
clean manner is critically important due to the depletion of natural resources and
environmental concerns. Dye-sensitized solar cells (DSSCs) are low-cost and clean
technology options that use solar energy efficiently and are being intensively studied.
How to further reduce the cost of this technology while enhancing device performance is
one of the demanding issues for large scale application and commercialization of DSSCs.
In this research dissertation, four main contributions are made in this regard with the
motivation to reduce further cost of DSSC technology. Firstly, ~10% efficiencies were
achieved after developing understanding of key concepts and procedures involved in
DSSCs fabrication. These efficiencies were achieved after step-by-step modifications in
the DSSC design. Secondly, carbon nanotubes (CNTs) were successfully employed as an
alternative to Pt in the counter electrodes of DSSCs. DSSCs fabricated with CNTs were
~86% as efficient as Pt-based cells. Non-aligned CNTs were successfully grown using
four different CVD methods and finally, multi-walled vertically aligned CNTs (MW-
VACNTSs) were synthesized using water-assisted chemical vapor deposition (WA-CVD).
Thirdly, carbon derived from pyrolysis of nanocrystalline cellulose (NCC) was
successfully employed in counter electrodes of DSSCs instead of Pt. DSSCs with NCC
were ~58% as efficient as Pt-based DSSCs. Fourthly, novel organic metal-free dyes were
designed and employed instead of commonly used Ru-based dyes. DSSCs with these
novel sensitizers were ~62% as efficient as those using the conventional Ru-based dyes.
Characterization techniques including current-voltage measurements, scanning electron
microscopy (SEM), electrochemical impedance spectroscopy (EIS), cyclic voltammetery
(CV), thermogravimetric analysis (TGA), small angle x-ray scattering (SAXS), atomic

force microscopy (AFM) and x-ray photoelectron spectroscopy (XPS) were used.
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CHAPTER 1 INTRODUCTION

World energy consumption is increasing rapidly, see Figure 1-1, and this energy demand
seems to be a major challenge to humanity in the future. In order to maintain economic
growth, it is necessary to find a new horizon of energy sources to tackle this energy issue.
Within this context, several alternative energy sources such as solar energy, wind energy

have attracted the attention of both industry and academia.’

Solar energy is one of the most promising future carbon-free energy resources as the sun
is the most abundant energy source available. Almost all energy sources including wind,
fossil fuel, hydro and biomass have their origins in sunlight. The direct conversion of
sunlight into electric power by photovoltaic (PV) cells is of particular interest. In PV
power generation, electricity is produced without the exhaust of greenhouse gases and
without nuclear waste byproducts.” Simultaneously, both reserve depletion and
greenhouse gas emissions require a major shift from fossil fuels as the dominant energy

source.3

Today, global primary energy consumption is about 16 TW and is predicted to rise to 25-
30 TW in 2050." A total of ~1.73 x 10'7 W of solar radiation reaches the surface of
earth.” The theoretical solar power reaching the earth at any given time is estimated to be
1.2 x 10° TW and practical potential is estimated to be ~600 TW.® Even if a fraction of

this solar energy can be harvested, it is enough to satisfy world’s energy demand.
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Figure 1-1: World total primary energy consumption [EIA, http://www.eia.gov].

Although the use of PV cells is relatively small (~15 GW), it has a particularly promising
future, as progressive energy policies are being implemented in many countries to
accelerate its deployment. Global PV capacity has been increasing rapidly, at an average
annual growth rate of ~40% since 2000, and it has significant potential for long-term

growth over the next decades, see Figure 1-2.
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Figure 1-2: World renewable energy generating capacity [US energy information

administration, AEO tables (2013)].


http://www.eia.gov/

It is estimated that PV cells will provide ~11% of global electricity production by 2050,
avoiding 2.3 gigatons (GT) of CO, emission.’ This growth is a result of a combination of
recent developments in this field including decrease in prices, increase in investments and

the use of low-cost novel thin film technologies.

1.1. PHOTOVOLTAIC TECHNOLOGIES

Photovoltaic technologies can be divided into three generations as shown in Figure 1-3.

Current record photovoltaic cell efficiencies are shown in Figure 1-4.
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Figure 1-3: Classification of photovoltaic technologies.
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Figure 1-4: Current record photovoltaic research-cell efficiencies.®

1.1.1. First generation solar cells

The first solar cell made with silicon (Si) was demonstrated at Bells labs in 19547,

providing the foundation of the first generation solar cells. Silicon, a semiconductor

material, is available abundantly in the earth’s crust. Its energy band gap (1.1 eV) has

made it suitable for PV applications. Today, this technology is mature and wafer based

crystalline silicon c¢-Si PV cells and modules dominate the current market accounting for

almost 90% of it.'® These cells and their modules are being produced on a massive scale

and are able to produce at the rate of several hundred MW a year, or even at the GW-

scale. Crystalline silicon cells can be classified into these main categories, namely:

1. Monocrystalline (Mono c-Si) / single crystalline (sc-Si);

2. Polycrystalline (Poly c-S1) / multi-crystalline (mc-Si);

The theoretical limit (Shockley-Queisser limit) for these cells is ~33%.'" The efficiency

of commercially produced modules ranges from 14% to 20%.'? This is still far away from
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the theoretical maximum efficiency value. Si-based PV is relatively expensive due to the
high cost of purifying, crystallizing and sawing c-Si. It is also slow to grow Si crystals,
requiring thick Si wafers to absorb sunlight. It is strongly believed that these drawbacks
can be avoided by reducing the Si quantity in these cells using novel techniques such as

thin film solar cells.
1.1.2. Second generation solar cells

Thin film second generation technologies appeared in 1970." It took almost 20 years of
research and development to start deployment of this technology in significant quantities.
Second generation PV could provide relatively low-cost electricity as compared to c-Si
based technology. Besides its low-cost, second generation PV requires less material and
can be packed into flexible and lightweight structures that can easily be integrated into
building components. All these factors make second generation PV more attractive than
first generation technology. The three primary types of thin-film solar cells that have
been commercially developed are:

1. Amorphous silicon (a-Si and a-Si/puc-Si);

2. Cadmium telluride (CdTe);

3. Copper-indium-selenide (CIS) and Copper-indium-gallium-diselenide (CIGS)

1.1.2.1. a-Si/uc-Si solar cells

Although a-Si has lower efficiency as compared to other thin film solar cells, it was
commercialized much earlier. a-Si-based cells have efficiency of 9.5% + 0.3% (1.07
cm?).'"* The main disadvantage of a-Si solar cells is related to their poor stability under

sun exposure.

A variant of a-Si solar cells are multi-junction cells consisting of a-Si cells with layer of
uc-Si such as Kaneka’s 11.7% micromorph a-Si/jic-Si heterostructures.'> Although pc-Si
showed good stability under 1 sun illumination'®, the mechanisms related to light-induced

degradation are still not well understood.



1.1.2.2. CdTe solar cells

Cadmium telluride (CdTe) thin film PV solar cells are economical, having ~18%
efficiency with manufacturing costs under USD 0.75/W."” There are some environmental
concerns about the toxicity of cadmium and long term availability of tellurium as it is
produced as a byproduct of copper processing. However, the small amount of Cd used in
thin film solar cells can be recycled at the end of the lifetime of modules in order to

1solate them from the environment.

1.1.2.3. CI(G)S solar cells

CI(G)S-based PV cells are a promising type of thin film solar cells. These cells have
achieved a record efficiency of 20.3% at the lab level, which is close to the c-Si based
solar cells."® However, significant cost advantages have not yet been achieved on such
modules. Therefore, there is a race to increase efficiency for commercially available
modules. Improvements can be achieved by improving the understanding related to thin
film processing, and development of new technology to solve equipment and scale-up

issues.
1.1.3. Third generation solar cells

Third-generation PV technologies comprise novel concepts that do not fall under
previously discussed technologies. Some third-generation PV technologies are beginning
to be commercialized, but are still in need of basic research and development. These can
be classified into three types:

1. Concentrating PV (CPV);

2. Organic solar cells;

3. Dye-sensitized solar cells (DSSC).

1.1.3.1. Concentrating PV (CPV)

In concentrating PV (CPV) technology, sunlight is concentrated directly on small and
highly efficient multi-junction solar cells using lenses or mirrors. These multi-junction

solar cells are typically made of semiconductor compounds from groups III and V of the

6



periodic table. Concentrating sunlight increases the solar illumination power density.
Therefore, higher concentration means greater generation of electricity. In order to
generate electricity in an efficient manner, the lenses and the mirrors should be
permanently oriented towards the sun, achieved using a single- or double-axis tracking

systems. Drawing heat off the cells is also important and is achieved using heat sinks.

Silicon-based CPV modules that are commercially available offer efficiencies in the
range of 20% to 25%. CPV based on multi-junction solar cells using III-V

semiconductors have achieved laboratory efficiency of more than 40%. "

This technology has some disadvantages including high cost, inefficient operation in
cloudy days, need of additional maintenance and management due to the tracking and

cooling systems.

1.1.3.2. Organic solar cells (OSCs)

Organic solar cells are promising photovoltaic devices due to their flexibility, low-cost
and simple manufacturing processes. They have potential applications in large area,
printable and flexible solar panels. Organic solar cells are composed of organic or
polymer materials. Their success in recent years has been due to many significant
improvements that have led to higher efficiencies. This technology is still in its infancy;
however, organic PV module efficiencies are now in the range 4% to 5% for commercial
systems and 10.6% in the laboratory for a polymer tandem cell, and 12% efficiency for a

commercial tandem cell.*%*!

There are mainly two structures of OSCs, namely the bilayer heterojunction and the bulk
heterojunctions. Bilayer heterojunctions are analogous to p-n junction Si solar cells,
while the bulk heterojunction is an attempt to maximize the p-n interface by intermixing

donor and accepter polymeric materials in a solution.

One of the major challenges that organic solar cells are facing is their instability when

22,23, 24,25

exposed to light. The efficiency of solar cells degrades by 25-50% within a very

7



short period of exposure to light and/or environment. However, some recent results show

that after the rapid decrease in efficiency (~ 25%), the cells appear to stabilize.?

1.1.3.3. Dye-sensitized solar cells (DSSCs)

Dye-sensitized solar cells are photoelectrochemical solar cells that mimic
photosynthesis.”” These cells are attractive because they use low-cost materials (TiO,, for
instance) and are simple to manufacture. Laboratory efficiencies of around 12% have
been achieved using modern dyes such as zinc porphyrin dye and electrolytes such as
cobalt (II/IIT)-based redox.”® However, commercial efficiencies are low, typically under
4%-5%. DSSCs having liquid electrolytes have some issues regarding stability under UV
light. This can be overcome using solid-state electrolyte materials. Recently, 15%

laboratory efficiency was achieved for solid-state DSSCs based on Pb-perovskites.*’

For a truly significant impact of photovoltaics in our future electricity-mix, we need
efficient and low-cost solar cells fabricated using abundant non-toxic materials with

simple manufacturing processes.

1.2. AIR MASS AND THE SOLAR SPECTRUM

The sun is a tremendous source of energy. Radiative energy at the surface of sun is
reasonably constant®’>!, however, it is attenuated by reaching the earth’s surface. About
70% of the solar radiation in space reaches the Earth’s surface. Apart from the reflection
of clouds, attenuation is due to absorption and scattering.”> The degree to which the
atmosphere affects the sunlight reaching at the earth’s surface is defined by the “air
mass”. Air mass (4AM) is defined as the ratio of the path length at an angle 0 from zenith

to that at zenith, as shown in Figure 1-5, and can be estimated according to

1
AM = p— (1-1)

where 6 is the angle measured from the zenith.
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Figure 1-5: Air Mass (AM) increases with the angle from the zenith.

The spectrum outside the atmosphere is designated as AM 0 and is relevant to satellite
and space-vehicle applications. The incident power density for AM 0 is 1353 W/m?. The
AM 1 spectrum represents the sunlight at the surface of earth when the sun is directly
overhead and has an incident power of about 1040 W/m?. When the sun is 48 degrees off
zenith, the spectrum is called AM 1.5, see in Figure 1-6. AM 1.5 G corresponds to
incident power of 1000 W/m? and is regarded as the standard spectrum for measuring the
efficiency of solar cells on the surface of earth at mid altitudes. Here in AM 1.5 G, G

stands for global, and the global spectrum comprises the direct plus the diffuse sunlight.
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Figure 1-6: AM 1.5 G reference spectrum.™

1.3. MOTIVATION

As discussed above, DSSCs technology is a promising alternative to silicon based solar
cells as it has already superseded a-Si solar cells in terms of efficiency. Currently, the
most efficient DSSC has ~15% efficiency with solid electrolyte. DSSCs have many
advantages over Si based and thin film solar cells including simple and energy-efficient
manufacturing, low-cost, non-toxic (compared to CdTe, for instance), and suitability for a
wide variety of end-user products. DSSCs also work better than Si solar cells under low
light intensities, and can thus be a good choice for indoor applications. For DSSCs to be
competitive, they must be low-cost. Cost reductions can be realized if current materials

including Pt and Ru can be replaced with lower-cost alternatives.

The counter electrode is one of the most critical components in DSSCs, which reduces
triiodide (I5") back to iodide (I') used as a redox charge mediator in regenerating the light
absorbing sensitizer after electron injection.”* In order to achieve higher electrocatalytic
activity, the I'/I3” redox reaction rate on the cathode should be fast. In other words,

electrocatalytic activity in I'/I3” redox reaction should be high.
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Several studies have shown that platinum is an excellent candidate for use as catalyst in
the counter electrode. However, its high cost and limited availability are not compatible
with a low cost technology. In a quick calculation, trying to produce the entire world’s
electricity using this technology would require far more platinum than is present on earth.
Also, platinum is found to degrade over time while in contact with the corrosive
electrolyte.”® Therefore, efforts are needed to search for a material that can replace

platinum.

Another vital component in DSSCs is the photoanode, which accepts electrons injected
from the photoexcited dye sensitizers. The dye sensitizers play a key role in DSSCs. To
date, the best conversion efficiencies have been achieved using Ru-based complexes as
sensitizers®® in liquid-based electrolyte DSSCs. Ruthenium is a rare and potentially toxic
heavy metal; ruthenium (Ru) complexes are expensive. Studies have shown that there is
not enough Ru present in the world for this technology to meet our energy needs.
Consequently, after the transparent conducting oxide (TCO) substrates, the ruthenium
sensitizer is the second most expensive component in DSSC manufacture.”” There is
therefore a need to develop new precious metal-free dye sensitizers that can replace the

traditional ruthenium sensitizers.

The objectives of the present research are to identify and optimize candidate materials for
DSSCs which are readily available, cost-effective, sustainable, and capable of showing

comparable performance to platinum and ruthenium based DSSCs.

Researchers are working with various approaches and materials in order to replace

38,39,40,41
S, »99,40,

platinum in DSSCs, such as Co and composites of different conducting

42,43 44

polymers. There is also a great deal of research that has been done on carbonaceous

45,46 48.49

materials such as graphite™™, carbon black47, activated carbon™™", hard carbon
spheres’, carbon nanotubes’'”>*, fullerene®® and graphene.”® A summary of DSSCs
using these materials is given in Table 1-1. These materials are very attractive to replace
platinum because of their low cost, high electrical conductivity, corrosion resistance to I,

11



and high electrocatalytic activity for triiodide.”””*>* Among all these, carbon nanotubes
(CNTs) have recently attracted attention because of their catalytic properties, high surface
area, and high electrical conductivity and may therefore be a potential candidate as a
redox catalyst. *>*'** CNTs may improve mechanical and environmental stability while

enhancing conversion efficiency.

Carbonaceous Voc Jsc FF |
Dye Electrolyte 5 Ref
Materials V) (mA/ecm”) (%) (%)
Sheet N719 T./T 0.634 12.9 59 4.8 45
Graphite  gpoet  N719 /L 0.717 6.2 53 23 45
Paste N719 I/l 0.794 12.7 62 6.2 46
Carbon Paste N719 I/l 0.790 16.8 68 9.1 47
black
Activated Paste N719 I/l 0.630 5.4 51 1.7 48
carbon Paste N3 /1y 0.808 7.9 61 39 49
Hard carbon
spheres Slurry N3 I/15 0.580 15.2 64 5.7 50
Fullerene Film N3 Iy 0.410 2.1 19 02 54
GNP
Y123 Co (I/III)  0.878 14.8 72 9.4 55
film
Graphene D35 Ty/T 0.663 9.5 55 35 56
FGS D35 Co(IIIl)  0.813 8.5 65 4.5 56
N719 I'/1y 0.737 13.4 69 6.8 56
Carb MWCN o
arbon N719 /15 0.740 16.20 64 7.7 51
T Paste
nanotubes
Paste N719 /15 0.588 10.9 65 4.2 52
CSCNT NT719 To/T 0.610 14.25 67 5.8 53

Table 1-1: DSSCs with various counter electrode carbonaceous materials.
In terms of dyes, organic dyes have attracted researchers in recent years. This is because
of their variety of molecular structures, high molar extinction coefficients, low-cost and

simple and environmentally friendly preparation processes. In the last decade, many
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investigations on m-conjugated molecules with donor—acceptor moieties, such as
indoline®', triphenylamine® and coumarin®, have been conducted. Oligothiophenes and
their derivatives are also m-conjugated systems and have attracted the interest of the

scientific community as new series of metal-free dyes in DSSCs.**

1.4. A NOTE ON THE SUSTAINABILITY OF PT AND RU

1.4.1. Calculations for Pt

Let us consider a solar cell module (efficiency = 10%) that has 10 nm of Pt on its counter
electrode and is illuminated under average useful solar irradiance of 200 W/m®. In order
to meet the average global energy consumption (1.6x10"° W), this would require a total
170 kt Pt as shown below:

L6 x 1015 1m? 10-5m x 21.45 x 103kg
O X X —————X
200W x 10% m m3

Annual production of platinum is 180 t whereas known reserves of platinum are 30 kt.

= 170 kt of Pt

Platinum cost (dollar per peak-watt) can be calculated as given below:
Pt price on October 20, 2013 is USD 1400 per troy ounce ($ 45000/kg) and this gives

1m? s 21.45 x 103kg  $45000 0.50%
—— X 107°m X X =
200W x 10% m3 kg w

1.4.2. Calculations for Ru

Similarly, for the same module having 2x10” mol/cm” dye loading®, the amount of Ru
required to meet the average global energy consumption (1.6x10" W) can be calculated
as shown below.

L6 % 105w 1m? 5% 10-7 mol 10*cm? 101g 1lkg
6 X X ————— X X X X
200W x 10% cm? m? mol ~ 1000g

= 160 kt of Ru

Annual production of Ru is 15 t whereas known reserves are 5 kt.

Ruthenium cost (dollar per peak-watt) can be calculated as given below:

13



Ru price on October 20, 2013 is USD 57 per troy ounce ($ 1900/kg) and this gives

1m? __mol 10*¢cm? 101g 1kg  $1900 0.02$
———— x2x 1077 X X X X =
200 x 10% cm? m? mol ~ 1000g kg w

These calculations have shown that the main challenge is the sustainability of Pt and Ru.
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CHAPTER 2 STRUCTURE AND WORKING
PRINCIPLES OF DSSCs

In this chapter, the technology of the dye-sensitized solar cell (DSSC) is introduced
starting with a short description of the operating principles of the cell. After this, a more
detailed look is taken at cell operation in light of the key steps of photovoltaic
conversion, as well as the other important fundamental operational aspects of the cell
physics and chemistry. At the end of this chapter, important parameters that determine

the performance of DSSCs are also discussed.

2.1. STRUCTURE OF DYE-SENSITIZED SOLAR CELL
(DSSC)

A DSSC generally contains four main elements: a photoanode, a dye-sensitizer, a hole
transport electrolyte and a counter electrode. The photoanode is a thin nanoporous layer
of annealed TiO; supported on transparent conducting oxide (TCO) glass. Dye molecules
such as ruthenium bipyridine derivatives, which are sensitive to the visible light region in
the solar spectrum, are attached chemically onto the semiconductor electrode. The
counter electrode consists of a TCO coated with a catalyst layer, typically platinum.
There is electrolyte typically containing the I/Is” redox couple in between these two

electrodes. A schematic structure of DSSC is shown in Figure 2-1.
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Figure 2-1: A schematic structure of dye-sensitized solar cell (not to scale).

2.2. OPERATING PRINCIPLE OF THE DYE-SENSITIZED SOLAR

CELL

Figure 2-2 depicts schematically the regenerative working cycle of the dye-sensitized
solar cell. Upon absorbing a photon, an electron is excited from the highest occupied
molecular orbital (HOMO) level to the lowest unoccupied molecular orbital (LUMO)
level of the dye molecules. This excitation leads to electron injection from the excited
state of the dye molecules (S*) into the conduction band (CB) of TiO,. Subsequently, the
injected electrons percolate through the TiO, and are collected by the TCO. These
electrons that pass through the external circuit come to the counter electrode and take part
in the reduction of triiodide (Is") to iodide (I') ions. The iodide ion in the electrolyte
donates an electron to the oxidized dye molecules (S*) which is reduced to the ground

state (S°).
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Figure 2-2: Schematic representation of the operating principle of DSSC (not to scale).

The operating cycle can be summarized as given below:

S’ +ho— S (2-1) (Absorption)

S"—> 8" +e (Tio,) (2-2) (Electron injection)

e (Tio,) » e (TCO) (2-3) (Electron transport)

I35 +2e~(Pt) » 31~ (2-4) (Triiodide reduction)

257 +310 —>28° +1; (2-5) (Regeneration of dye)
Overall cycle:

hv — electricity

Due to the energy level positioning in the system (Figure 2-2), DSSC produces potential
difference between its electrodes. Under open-circuit condition, the difference between
the conduction band edge of the TiO; and the redox potential of the redox couple defines
the maximum photovoltage that can be obtained from a DSSC.® This is the maximum

potential energy difference through which the electron travels.
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2.3. DSSC AND CONVENTIONAL P-N JUNCTION SOLAR CELL

As the DSSC has a different structure and components than a conventional p-n junction
solar cell, the operation of the DSSC is also different in many respects from the p-n

junction solar cell that can be discussed as follows:

e In a conventional solar cell, light absorption and charge transport takes place in
the same material, but in the DSSC these two functions typically happen
separately, i.e., dye molecules absorb light and charge transport occurs in TiO,
nanoporous film electrode and electrolyte.

e The depletion field across the junction is responsible for charge separation in a p-
n junction cell whereas no such long-range electric fields exist in the DSSC as the
individual particle size of TiO, is too small to form space charge layer and also
any existing electric fields are screened out upon contact with electrolyte.

e In a conventional cell, the opposite charges produced travel in the same material,
while in the DSSC, electrons percolate in the nonporous TiO, network and

“holes” move in the electrolyte.
2.4. RECOMBINATION PROCESSES/LOSSES

Recombination processes decrease the efficiency of the DSSCs. The most probable and

common losses are shown in Figure 2-3.

Recombination of electrons with oxidized dye molecules:
e (TiOZ)JrS+ — S’ (2-6)
Recombination of electrons with the triiodide species in the electrolyte:
2¢ (TiO,)+1; —3I (2-7)
Recombination of electrons from bare TCO with the triiodide species in the electrolyte:

2¢ (TCO)+I; =3I (2-8)
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Figure 2-3: Recombination processes in DSSC (not to scale).

DSSC operation is discussed in more details in the following sections. This is discussed

in terms of energetics and kinetics.
2.4.1. Reaction 1 (Absorption)

Dye molecules absorb photons due to an excitation between their electronic states, see
Figure 2-4. This excitation is of metal-to-ligand charge transfer (MLCT) in nature. This
promotes electrons from the HOMO level to the LUMO level of the molecular ground

state.”’
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Figure 2-4: Charge transfer processes between a dye sensitizer molecule and the TiO,

layer: (1) MLCT excitation; (2) Electron injection, and (3) Charge recombination.

The kinetic competition between electron injection and excited state decay of the dye
molecule to its ground state has a strong correlation to the overall performance of DSSC.
For an efficient DSSC, the rate of the the injection process should be much faster than
that of the decay of the excited state of the dye to the ground state. This can be explained
in terms of the excited state lifetime of the dye, which for typical Ru-complexes is 20-60

68
ns.

2.4.2. Reaction 2 (Electron injection)

One of the most amazing findings in DSSC is the ultrafast injection of the electron from
the excited state of dye molecule to the TiO, conduction band (CB). Although the
detailed mechanism of the injection process is yet not understood completely, there is a
consensus in scientific community that this process takes place on the femtosecond time

1,72
scale for the Ru-based complexes.®"%7!7

Mechanism of electron injection depends upon factors such as the electronic structure of
the dye and the matching of excited dye molecule and the CB of the TiO, energy levels.”
In comparison to silicon-based technology, the electrolyte in a DSSC has high

concentration of charge carriers (ions) that adequately prevent the presence of any of
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macroscopic electric fields. Therefore, charge separation solely takes place due to the
intrinsic energetics of the different species at the TiO,/dye/electrolyte interface. The
excited state of the dye molecule must be more reducing than the TiO, conduction band
in order to inject electrons efficiently, or in other words, the excited state of dye molecule
(i.e., LUMO level) should have lower electron affinity relative to the conduction band

edge of TiO,"*, thus favoring electron injection to the TiOx.

The positioning of energy levels between the dye molecule, conduction band edge of
TiO, and the redox potential of the electrolyte is a primary mechanism for charge
separation in DSSC. In order to separate electrons and holes, the LUMO level of the dye
should be above the conduction band edge of the TiO2 and its HOMO level should be
below the redox potential of the redox pair iodide/triiodide in the electrolyte, as shown in

Figure 2-2.

There is no macroscopic electric field inside the TiO, film, but there is an electric field at
the TiOz2/electrolyte interface due to the adsorbed dye molecules. Typical dye molecules
generally have carboxylic groups (COOH) and they release protons while binding to the
oxide surface of TiO2. These protons along with the cations in the electrolyte become part
of the oxide surface. The potential difference across the Helmholtz layer formed between
negatively charged species and the cations is estimated to be approximately 0.3 eV, and it

helps to separate the charges as well as to reduce recombination.®®

Besides the favorable energetics for charge separation, there are also entropic factors at
work. In the nanoporous TiO, film, the density of delocalized states is comparatively
large to the small number of dye molecules on the TiO, surface. Under this condition, an
increase in entropy occurs following electron injection. Therefore, the electron injection
process can be associated with this entropy change. This change in entropy also facilitates
the charge separation at the dye molecule/TiO, interface by providing a potential
difference of ~0.1 eV.”

The electron injection process competes with the decay of the excited state of the dye to
its ground state. Thus, injection of electron to TiO, must be fast in comparison with dye
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molecule decay. Typical time scales for dye molecule excitation decay are in the range
107-10"" second. The rate of electron injection depends on a couple of factors such as
the electronic coupling between the LUMO of the dye molecule and surface of the TiO»,
and also on their relative energetics. Studies have shown that such charge separation

15 1 -12 . 76,77
occurs on a 107°-10""“ second time scale.”™

2.4.3. Reaction 3 (Electron transport)

At the time of the discovery of DSSCs, maybe the most ambiguous concept was the
highly efficient charge transport through the nanoporous TiO, layer. In contrast to their
compact analogues, the nanoporous electrodes are very different due to (i) the TiO, film
is inherently of very low conductivity, (ii) the individual colloidal particles are very small
in size (~20 nm), so they prohibit a built-in depletion field, and (iii) a junction of large
contact area is produced by the interpenetrating networks formed by the oxide
nanoparticles and their pores that contain the electrolyte. Although the charge transport
mechanisms in DSSC have been studied extensively, these are still under keen debate.”

79,80,81,82,83,84,85,86,87 . . )
”””” To explain electron transport, various mechanisms and models have

178,79,80,81

been proposed including a diffusion mode , a model that deals with tunneling

through potential barriers between the particles®”, a trapping/detrapping model®***>¢,

and an insulator—metal transition model.?’

As already mentioned above, the small size of the TiO, particles prevents a built-in
electric field inside the film, thus eliminating any considerable drift component of these
processes. The transport of electrons occurs due to diffusion processes that arise from the

electronic concentration gradient in nanoporous TiO,.**"%

Studies have also shown that transport of electrons depends upon the incident light
intensity.”’ The diffusion coefficient of electrons depends on the electron quasi-Fermi
level under illumination. These finding are explained using a multiple trapping (MT)

1 92,93,94,95

mode In this model, these electron traps are localized energy states just below

the conduction band edge of the TiO, and they play a significant role in the electron
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transport. The origin, nature and location of these traps in TiO, are still a subject of
discussion. The electron diffusion coefficient is also affected by the particle size of
Ti0,.”® 7 As the particle size in the nanoporous layer of TiO, increases, the roughness
factor of the layer is reduced, and this ultimately increases the diffusion length of
electrons due to a reduction in the number of surface trap states.” (The roughness factor

is the ratio of total actual surface area to the geometric area).

The geometry of the TiO, nanoporous layer also plays a very critical role in terms of
electron transport through it.”” The path of the electrons becomes excessively lengthy and

complex in more porous films thus resulting in slow electron transport.

In DSSCs, charge collection depends upon the kinetic competition between the transport
of injected electrons in the nanoporous semiconductor layer and the recombination
reaction of these electrons with the redox species in electrolyte or with the oxidized dye
molecules. In order to collect charge efficiently, electron transport must be much faster
than recombination. Under solar irradiation, typical electron transport times are of the

order of milliseconds. %!

2.4.4. Reaction 4 (Triiodide reduction)

In normal DSSCs, reduction of triiodide to iodide takes place at the counter electrode
(reaction 4). For high performance DSSCs, the catalytic activity of the counter electrode
must be high for this reaction in order to have low over-potential (energy loss). Platinum
(Pt) 1s commonly used as a catalyst in counter electrodes because of its high catalytic
activity for triiodide reduction. The charge transfer reaction at the CE gives rise to a
resistance that is known as charge transfer resistance Rcp. This resistance at
CE/electrolyte interface and the diffusion constants of triiodide are crucial parameters for
highly efficient DSS(Cs, 102:103.104 Ideally, Rcr should be <1 Q cm? to avoid important
energy losses.'” A bad counter electrode reduces the fill factor of the cell’s current-

voltage (I-V) characteristics, ultimately decreasing its overall efficiency.
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Diffusion is the main transport mechanism of the redox couple between the electrodes of
the DSSC. In order to minimize the effect of the electric field and transport by migration,
electrolytes with high ionic conductivity should be used. For a viscous electrolyte, such
as ionic liquids, diffusion coefficients can be too small to maintain the required flux of

redox couple toward electrodes, thus affecting the photocurrent of the DSSC.'%
2.4.5. Reaction 5 (Regeneration of dye)

The electrolyte in the DSSC is commonly an organic solvent having the /I3 redox
couple that plays a crucial role in reactions (4) and (5). I3 is produced at the TiO,
electrode, while I' is produced at the counter electrode, but these are consumed at the
corresponding opposite electrodes. In other words, the electrolyte feeds reactions (4) and
(5) with redox couple at the electrodes while maintaining the redox potential in the bulk
of the electrolyte. The reduction of the oxidized sensitizer (S") by iodide follows a multi-

. . 1
step reaction mechanism. '’

Electron transfer from I into the oxidized dye molecule is one of the main processes
needed to achieve effective charge separation. The electron transfer rate was estimated to
be 100 ns using time-resolved laser spectroscopy'’’, which is much faster than that of
charge recombination between injected electrons and oxidized dye molecules. Thus, this

fast reaction also gives rise to effective charge separation.
2.4.6. Reactions 6, 7 and 8 (Recombination)

There is a possibility that electrons in the TiO, nanoporous film can recombine with
either oxidized dye molecules or triiodide in the electrolyte as these electrons are always

within a few nanometers distance of the semiconductor/electrolyte interface.

Reaction (6) is a very slow reaction as compared to electron injection in TiO,. Reaction
(7), recombination of injected electrons in the TiO, with the triiodide ion at the interface,
also known as dark current, is one of the undesirable processes in the DSSC. This process

is much more probable than process (6).”* Recombination (reaction 8) could also occur
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on the transparent conducting oxide (TCO) as the TiO; film may not fully cover the TCO.
However, studies have shown that this effect is small and negligible as platinum-free

TCO has very poor electrocatalytic activity towards the iodine/triiodide redox system.®

Reaction (6) must proceed slowly as compared to the electron injection and regeneration

of dyes in order to have significant charge separation.

The kinetics of reaction (6) follows a multiexponential time law, taking place on a
microsecond to millisecond time scale as compared to ultrafast electron injection.'®*!% It

depends on the density of electrons in the semiconductor and the intensity of light.

Recombination of electrons in TiO, with triiodide in the electrolyte is usually
characterized by the electron lifetime. Long lifetimes (1-20 ms) are observed with the I'

/15" redox couple under 1 sun light intensity.

2.5. PERFORMANCE EVALUATION OF DSSC

One of the standard characterization techniques of solar cells is to measure current
density-voltage (J-V) curves under standard illumination and temperature conditions. A
circuit and a typical J-V curve for a photovoltaic cell are shown in Figure 2-5 and Figure
2-6, respectively. In Figure 2-5, Jgc represents photocurrent source. Rg is the series
resistance including charge transfer resistances, ionic transport, and resistive losses in the
electrodes, and Rp is the shunt resistance and it is attributed to the recombination
processes in solar cells. These two resistances affect the shape of the J-V curve. Analysis

of the J-V curves includes the determination of the following parameters:
2.5.1 Short-circuit current density (Jsc)
This is the maximum current density produced by the cell. Jsc is measured at an applied

potential of zero volt. Jsc is a function of the illumination intensity.
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2.5.2 Open-circuit potential (Voc)

This is the maximum voltage produced by the cell, measured when the current in the cell
is zero. Theoretically, open-circuit corresponds to an almost flat band condition. In a
DSSC, it is mainly determined by the difference between Fermi level of TiO, and redox

potential of the electrolyte.
2.5.3 Maximum power point (MPP)

The point in the J-V curve yielding the maximum absolute value of the product of current
density and voltage, i.e. maximum power density (Ppn,x), is called the maximum power
point. It corresponds to the area of the largest rectangle that can fit inside the JV curve of

the cell, as shown in Figure 2-6.
2.5.4 Fill factor (FF)

FF is the ratio of the maximum power density to the product of short-circuit current

density and open-circuit voltage:

FF = SierVapp

JSC 'VOC
This parameter indicates the deviation of the measured J-V characteristic from ideal J-V
characteristics.
R +
5
JSC Rp
Jdark -
0

Figure 2-5: Circuit of a typical photovoltaic cell.
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Figure 2-6: Typical shape of the J-V curve of a photovoltaic cell.
2.5.5 Power conversion efficiency (1)

The power conversion efficiency describes the overall performance of the solar cell and
is defined as the maximum power produced by the cell (Ppna) divided by the power

incident on the active area of the cell (Ppign):

P
Efficiency (n) =P’”—“

Light

In order to compare results from various laboratories, standard measurement conditions
have been developed. Under standard conditions while testing solar cells, the light
intensity should be 1000 W/m? the light source should have spectral distribution of that
of AML1.5 G solar spectrum, and the temperature of the cell should be 25°C. The power

output of the solar cell at these conditions is the nominal power of the cell.
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CHAPTER 3 BACKGROUND ON CARBON
NANOTUBES (CNTSs)

This chapter deals with the structure and general background of carbon nanotubes

(CNTs). Well known synthesis methods are also discussed in detail.

3.1. CARBON NANOTUBES (CNTS)

Sumio lijima, an electron microscopist working at the NEC laboratories in Japan,
discovered fullerene-based CNTs in 1991 during arc-discharge synthesis of Cg.''* Since
then, a tremendous amount of research has been conducted to explore synthesis
routes/methods, and many different applications due to the extraordinary properties of

CNTs.

There are a variety of carbon nanotubes, but only two have been studied extensively,
namely single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes
(MWCNTs). SWCNTs consist of a single graphene sheet of sp* covalently bonded
carbon atoms seamlessly joined as a cylindrical tube, typically 0.7-10 nm in diameter.
SWCNTs can be either metallic or semiconducting, depending upon the direction about
which the graphene sheet is rolled to form a cylinder, described by the chiral vector (Cp).
Various types of SWCNTs are shown in Figure 3-1. Types of SWCNTs can be defined
using a pair of integers (n, m) in their lattice representation. The CNT is of the armchair

type with n = m, zigzag with n = 0 or m = 0 and chiral for all other (n, m).

C, =na; + ma; = (n, m), (n, m are integers, 0 < | m | <n)

The diameter of the CNT can be calculated using the chiral indices according to

circumference a — >
d= = Ch.Chz—\/n +m* +nm
/s s

where a ~ 2.49 A is a lattice constant slightly greater than typical C-C bond length.""!
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Figure 3-1: Unrolled graphite sheet to construct CNT with chiral vector C, and a; and a;

are unit vectors. T is the translational vector of nanotube and ‘0’ is the chiral angle'"".

MWCNTs, which typically have larger diameters, consist of coaxial layers of graphene
bonded together through van der Waals forces. Their lengths can vary from several
microns to millimeters; their properties are different than those of the SWCNTs. For
instance, MWCNTs are mostly metallic but SWCNTs can be either metallic or

. . 112
semiconducting.

3.2. SYNTHESIS ROUTES/METHODS

Several ways have been explored to synthesize CNTs. Arc-discharge, laser ablation and
chemical vapor deposition (CVD) are well known and are of widespread use. An overall

description of each of these is given in the following sections.
3.2.1. Arc-discharge

The arc-discharge method is a process using high temperatures to produce CNTs. In the
arc-discharge method, an arc is ignited between two electrodes, typically made from

graphite, in a gaseous environment, see Figure 3-2. Carbon is evaporated due to arcing,
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cools and condenses in the form of filamentous product that is comprised of multi-walled
carbon nanotubes. With modification, single-walled carbon nanotubes can also be

produced using this method.

Cathode Angde

Figure 3-2: Schematic diagram of an arc-discharge system.
3.2.2. Laser Ablation

In the laser ablation method, see Figure 3-3, an intense laser beam (Nd:YAG laser beam,
for instance'"”) is directed at a carbon surface, typically graphite in a gaseous
background. The evaporated carbon condenses on the cold finger (collector) in the form
of CNTs. By controlling the process parameters, CNT yield and diameter distribution can
be controlled. For bulk production of CNTs, this method is not appropriate but its other
features such as CNT quality, diameter control and their distribution makes this a good

choice for SWCNT samples for various laboratory applications.

CNTs produced by laser ablation are uniform in diameter, in the form of bundles
consisting of hundreds of SWCNTs having diameter 5-20 nm and tens to hundreds of pm

length 114,115
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Figure 3-3: Schematic diagram of a laser ablation system.
3.2.3. Chemical vapor deposition (CVD)

In CVD, volatile precursors are used as carbon sources to a catalyst at growth
temperatures of 500°C-1200°C (Figure 3-4). Types of CVD methods include thermo-
chemical CVD and plasma enhanced CVD etc. In a typical CVD process, a carbon source
gas decomposes, saturates on the catalyst particles and precipitates to form carbon

11
nanotubes. '

Furnace Tube

(500°C-1200°C)

/

Catalyst

C H

nom

Figure 3-4: Schematic diagram of a chemical vapour deposition system.

In 1988, Endo for the first time, synthesized carbon nanotubes using -catalytic
decomposition of benzene vapors over an iron catalyst at 1100°C.""” Since, a lot of work
has been done on the growth of single-walled and multi-walled CNTs over supported

118,119,120,121,122,123 CNTs

catalysts or with floating catalysts. diameters can be modified by
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controlling the catalyst particle size. Transition metals such as Fe, Co and Ni and their

alloys are well known catalysts for CNT growth.

3.3. VERTICALLY-ALIGNED CNTs (VACNTS) GROWTH

The CVD method is widely used due to its simple process, relatively low temperature
requirement, low-costs and large-scale capability. In addition, CVD has been successfully

used to grow relatively pure and aligned CNTs.'2*!12>-126

127
Here some of the

Extensive literature is available for growing vertically-aligned CNTs.
methods of interest are discussed. One method is to use ethylene as a carbon source gas
with ammonia and argon as process gases on various substrates. In this case, iron is used
as the catalyst, with a growth temperature of typically 720°C. Another method is to use
carbon monoxide as a carbon source gas, with hydrogen and argon as process gases and
invar, an alloy (Ni:Co:Fe), as a catalyst at 580°C. Yet another method is a modification
of the above, with methanol used as the carbon source instead of carbon monoxide.
Finally, a well-known and popular method to produce vertically aligned CNT forest of
longer heights is the so-called water assisted method.'* In this method, ethylene is used
as carbon source gas with hydrogen, H,O and argon as process gases. Iron on alumina

was used as catalyst on various substrates at 750°C. These procedures are discussed in

detail in chapter 4.2.3.
3.3.1 Growth mechanism of CNTs

CNT growth mechanisms are under investigation and are not well understood. However,
an extensive amount of work has been done, in which a number of hypotheses are
proposed by the scientific community. The wide variety of growth conditions make it
difficult to propose a single mechanism of CNT growth. Therefore, the true growth
mechanism may be a combination of these proposed growth hypotheses. The proposed

mechanisms can be summarized as follows:
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e While adsorbing on the surface of catalyst nanoparticles at elevated temperature,
hydrocarbon molecules decompose and result in the formation of hydrogen and
carbon species.

e Hydrogen desorbs while carbon species diffuse through or on the catalyst
nanoparticles.

e Diffusing carbon species precipitate on the opposite surface of the catalyst
nanoparticles, crystallizing into a cylindrical graphene network without any
dangling bonds. Hydrocarbon decomposition is an exothermic process while
carbon crystallization is an endothermic process. Thus, the growth process

continues due to the heat gradient.

There are two common modes for CNTs growth, tip-growth mode and base-growth or

root-growth mode.

In the tip-growth mode, see Figure 3-5 (upper), catalyst nanoparticles detach from the
substrate due to weak catalyst-substrate interaction. Catalyst nanoparticles move along
with the growth process, remaining at the tip of the growing CNTs. This growth process

continues as the catalyst top is available for hydrocarbon decomposition.

In base-growth mode Figure 3-5 (lower), catalyst nanoparticles remain on the substrate
due to strong catalyst-substrate interactions. Hydrocarbon molecules decompose, and
carbon diffuses as in the tip-growth mode. The precipitation process, however, differs:
catalyst nanoparticles are not able to detach from the substrate and hence, carbon initially
crystallizes out as a hemisphere cap followed by the formation of a graphitic cylinder of

CNTs leaving behind catalyst nanoparticles on the substrate.

Catalyst-substrate interaction is related to the wetting property that depends upon the
contact angle of the catalyst with substrate at the elevated temperature. Nevertheless, this
interaction depends on catalyst and substrate materials. The size of the catalyst

nanoparticles determines whether MWCNTSs or SWCNTs are formed.'”
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Figure 3-5: Schematic representation of CNT growth mechanism. Tip-growth (upper

figure) and base-growth (lower figure).
3.4. 2-D CNT THIN FILMS AND THICK PAPERS

An alternative approach is to make two-dimensional CNT thin films and thick papers
using the CNTs grown from methods described in previous section. CNT thin films and
thick papers consist of randomly oriented CNTs held together by van der Waals
interactions. Thin films of CNTs having thickness in the range of 10-100 nm exhibit high
optical transparency and electrical conductivity, and thus have the potential to replace
transparent conducting oxide electrodes such as indium tin-oxide (ITO).'?%!3113%133
Furthermore, thick CNT nanoporous films (Buckeypapers) can be used as electrodes for

super capacitors, fuel cells, solar cells and battery applications,'>*!#>-13¢-137

3.4.1 Preparation of CNT Films

The most widely used preparation methods for CNT films are to disperse CNTs in a
solvent, using ultrasonication. Surfactants or chemical modifications may be used to aid
the process. CNT thin films are then prepared by evaporating the dispersion, spray

coating, spin coating, or vacuum filtration."**"** Among these methods, vacuum filtration
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is a promising approach, as it facilitates surfactant removal."*® Filtration also has many

other advantages, such as uniform film thickness and easy control over thickness.'*’

Nevertheless, procedures are needed to transfer these films from the filter membrane to

desired substrate after filtration.'>’
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CHAPTER 4 EXPERIMENTAL METHODS

This chapter can be divided into four portions. The first portion describes the fabrication
of Pt counter electrode DSSCs with ~10% efficiency. This includes step-by-step
modifications in cell design, fabrication procedures and device characterization. In the
second portion, all experimental work related to CNTs including their synthesis and their
application in counter electrodes of DSSCs is presented. The third portion deals with the
work done on nanocrystalline cellulose (NCC) and its application as a catalyst in CE of

DSSCs. The fourth portion is about characterization techniques used in this work.

4.1. FABRICATION OF NORMAL DSSC

4.1.1 Preparation of photoanode

4111 Substrates

Glass coated with fluorine-doped tin oxide (FTO-coated glass, TCO22-15) was
purchased from Solaronix. These were cut into 2.5 cm x 2.5 cm substrates. Ethanol
(nominally 100%) was purchased from Commercial Alcohols Inc. Before TiO,
deposition, the substrates were cleaned using the following procedure:

e Sonicated in detergent for 2 minutes

¢ Rinsed with DI water

e Sonicated in DI water for 10 minutes

e Rinsed with ethanol

e Sonicated in ethanol for 15 minutes and blow dried

e C(leaned in oxygen plasma etcher for 1 minute at 200 mTorr, 250 W and oxygen

flow rate of 20 sccm where sccm is standard cubic centimeter per minute. One

standard cubic centimeter of gas is defined at 0°C and 1 atm.

41.1.2 Depositing the TiO; layer

Porous nanocrystalline TiO, layers can be deposited by tape casting techniques'*', screen

printing'** or spray painting.'* Subsequently, TiO, is sintered at 450°C for 30 minutes.
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Nanoporous TiO, films have high specific surface areas, typically a factor of ~1000
larger than the area of the film. This porosity facilitates dye uptake. TiO, nanoporous
films typically contain a mixture of small size (20 nm) and large size (250-300 nm) TiO;
nanoparticles. These larger particles scatter photons into the plane of the film, which in
turn improve light-harvesting efficiency by increasing the average path length that a

photon travels through the film.

In this work, TiO; paste (18NR-O) was purchased from Dyesol Limited. Titania paste has
30 wt% TiO; loading. It consists of 20 wt% of 20 nm and 10 wt% of 200 nm anatase
nanoparticles. The TiO, layer was deposited on FTO-coated glass by screen printing
using a 43-thread/cm mesh. Initially, the area of TiO, layer was 1 cm” reduced to 0.04
cm? in later cells, as discussed below, which also defined the area of the DSSC. After
screen printing, the photoanode was calcined in air in a Lindbergh furnace with the
following program:

e 10°C/ minute to 100°C

e Hold at 100°C 20 minutes

e 20°C/ minute to 450°C

e Hold at 450°C 30 minutes and cool down to room temperature

When completed, the films had a bone-white colour. The thickness of the TiO; film was
12 pm. The properties of the nanostructured TiO; electrodes are crucial for the efficiency
of the DSSCs. Controlling the morphology and interfacial properties of the TiO,
electrode is critical to preparing high efficiency DSSC. For example, the internal surface
area of the film determines the dye uptake, the pore size distribution affects ion diffusion,
the particle size distribution determines the optical scattering properties, and the electron

percolation depends on the interconnection of the TiO, particles.'*

The scattering
properties of the film are important for light harvesting efficiency of the film once a
monolayer of dye is deposited on it. Efficient light harvesting can be achieved by using

mixture of larger and smaller TiO; particles in the film.
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4113 Dye impregnation of the electrodes

A monolayer of dye molecules is formed on the nanostructured TiO, electrode by
immersing the sintered electrode into a dye solution for a long enough period to fully
impregnate the electrode. The electrode is sensitive to moisture during the impregnation
process.'* In order to avoid moisture, the electrode should be warm before immersing it

into the dye solution.

A Ru-based complex called N3 dye (see Figure 4-1) was purchased from Dyesol Limited.
A solution was prepared by sonicating 30 mg of N3 powder in 150 mL of ethanol in a
clean beaker with a Teflon lid for 30 minutes. The bath was protected with opaque
covers. Before putting the electrode into the bath, the substrates were heated to 70°C in
order to get rid of moisture. The electrode was immersed for 24 hrs in the dye solution at

room temperature. The electrode was removed from the dye solution and rinsed with

ethanol. The dyed TiO; layer was purple in colour due to dye absorption.
O+_OH
A

HO™ Y0
Figure 4-1: Structure of N3 dye molecule.

4.1.2 Preparation of counter electrode

Platinum was used as a catalyst for triiodide reduction. It was deposited on indium tin-
oxide (ITO) substrate using sputtering at 50 W DC in ~ 0.85 mTorr argon gas. The
platinum layer was very reflective and it was expected that it increased conversion
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efficiency by reflecting light back to photoanode, further increasing the probability of
photon absorption.

4.1.3 Sealing the cell and filling of electrolyte

Thermal adhesive polymer sheets such as Surlyn (25 pm and 60 pum thickness) were
purchased from Dyesol Limited and were used as a sealing material. A series of
modifications were performed to optimize the sealing and filling procedure: Surlyn was

cut to fit around the TiO; layer as shown in Figure 4-2 (a-d).

: FTO FTO FTO
FTO l
@:‘3 Surlyn t#:: surlyn Surlyn .:H‘T} SUI'Iyn
Ti0, Layer Ti0s baver Ti0, Layer i Ti0, Layer
(a) (b) (©) (d)

Figure 4-2 (a-d): Various modifications in cell design.

Finally, the sealant design shown in Figure 4-2 (d) was used. This was the most
preferable design as it facilitated both filling and sealing. To use this design, holes (0.75
mm in dia.) were drilled in ITO counter electrodes before platinum deposition using

diamond drill bits.

In the optimized sealant design, Surlyn was placed on the photoanode and the counter
electrode was put on it in such a way that the platinum and TiO, faced each other, see
Figure 4-3. This unit was placed on a hot plate at 120°C for 1 minute under a small mass
of 0.45 kg. A good seal should have no bubbles, look transparent and be difficult to pry

apart once cool.
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Figure 4-3: DSSC assembling (cross-sectional view, not to scale).

FTO-coated glass

Electrolyte (EL 141) was purchased from Dyesol Limited. The electrolyte was filled

through the drilled holes on the counter electrode with a micropipette. A good filling

should not have any air bubbles. After filling the cell with electrolyte, it was wiped with

acetone to remove any electrolyte on the outside of the cell. A piece of Surlyn and a piece

of glass cover slip were used to seal the filling holes. This final seal was made by heating

and applying pressure to the cover slip using a soldering iron.

4.1.4 Further modifications to the cell design

Modifications were also performed to optimize the cell design and fabrication procedures

as discussed below:

After screen printing the TiO, layer, it was left under ambient conditions to flow

for some time with the aim of reducing surface irregularity of the TiO; layer.

In DSSCs, dark current is produced due to the recombination of charge carriers by
reduction of I3~ at the dye-free sites at the TiO, particle surfaces or the FTO
surface. This results in a loss of photocurrent. In order to reduce the possible dark
current at the TCO-electrolyte interface and further improve the specific surface
area of the TiO, electrode, a TiO, (particles size 20 nm) underlayer was
introduced between the TCO and the screen printed TiO; layer. This layer is also
called a blocking/compact layer. TiO, (Aerodisp, W740X) was purchased from
Evonic Degussa Corporation as a dispersion in DI water. This layer (1.5 um) was
deposited by spin coating at 1500 rpm for 1 minute. After spin coating, the
electrode was annealed for 6 minutes at 125°C on a hot plate. Subsequently, it
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was calcinated in air at 450°C for 30 minutes prior to screen printing of the TiO,

paste overlayer. The photoanode design is shown in Figure 4-4.

FTO

,7 Blocking Laver
( Spin-coated TiO, )

Glass

Screen Printed TiO, Layer

Figure 4-4: Photoanode with blocking layer.

Exposure of cell area under illumination

It was also found that while testing DSSCs, the full cell area (1 cm?) was not
exposed under the sun illumination due to limitation in our testing setup. In this
case, the un-exposed area was contributing dark current into the overall
photocurrent, thus decreasing the overall efficiency of device. In order to exploit
maximum performance of device, DSSCs with smaller area (0.04 cm?; defined by
2mm x 2mm printing screen aperture) were fabricated and fully exposed under

AM 1.5G illumination.

TiCly treatment of the TiO, electrode

Following calcinations, the TiO, electrode was treated with TiCls solution: the
photoanode was soaked in 40 mM TiCls aqueous solution at 70°C for 30 min in
an oven. After this, it was rinsed with DI water and ethanol, respectively, and
blow dried. It was again sintered in a furnace at 450°C for 30 minutes. After
cooling to 80°C, the TiO, was immersed in N3 dye solution. Studies have shown
that TiCly treatment of the TiO, electrode improves the efficiency of DSSC.'*
This treatment increases necking between TiO, particles that facilitates the
percolation of the electron from one particle to another that leads to an increase in

photocurrent and hence the efficiency of the DSSC.
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4.2. CARBON NANOTUBES (CNTS)

4.2.1 Preparation of CNT thin films and CNT thick papers

Vacuum filtration of a suspension of dispersed CNTs is a common and convenient

methodl46,l47

to prepare randomly oriented 2D networks with control of film area and
thickness. In addition to this, it also has the advantages of easy, rapid, solvent-free
detachment that further provides a simplistic method to transfer these CNTs films to
desirable substrates. CNT films are promising materials for use as electrodes because of

their low sheet resistance, transparent properties and flexibility.

SWCNTs were purchased from Helix Material Solutions, Inc. Thin CNT films were
prepared using a vacuum filtration procedure.'*® Suspensions of SWCNTSs were prepared
via ultrasonication of 0.05 mg/mL of SWCNTSs in nanopure water (> 18 MQ cm) with 2
mass% sodium cholate (sodium cholate hydrate, 98%, Aldrich). Here, sodium cholate
was used as a surfactant. Carbon nanotubes that did not disperse well (clumps) were
removed by centrifuging first at 8000 rpm, and then 4000 rpm. The supernatant was
pipetted out after each centrifuging step. Known volumes of the suspensions were diluted
with an equal volume of nanopure water. These were then vacuum-filtered through
cellulose acetate filter membranes (Advantec, 47 mm diameter, 0.22 pum pore size) to
prepare thin SWCNT films. In order to detach these SWCNT films from the filter

membrane, they were rinsed and then submerged in nanopure water.

Similarly, thick papers were made by vacuum filtering the above suspension including

undispersed clumps of SWCNTs.

4.2.2 Growth of vertical aligned carbon nanotubes (VACNTS)

directly on substrates

The objective of this work was to grow VACNTs directly on FTO so that it could be used

as a counter electrode in DSSCs.
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Chemical vapor deposition (CVD) was used to grow vertically aligned carbon nanotubes
(VACNTs).'"” In a typical CVD process, volatile precursor gases decompose on the
surface of a substrate at elevated temperatures and recombine to produce the desired
material. During this process, volatile byproducts are also produced, which can be

removed by flowing carrier gases through the chamber.

The CVD setup includes a Lindberg tube furnace (model TF55035A) having a simple
quartz tube (Technical Glass Products Inc., type 214, [.D. 22 mm, O.D. 25 mm) inside it
as a CVD chamber, see Figure 4-5. The flow rates of all the gases used (Ar, NH3, H,, CO

and C,H,4, Praxair reagent grade) were controlled with calibrated flow meters.

@ : flow meter

H,0 ﬁ_\_ Lindberg TF55035A furnace

Ar

Bubbler
Exhaust
n Oil -«
1" quartz tube > >
H Trap
2

B —
GH, |

Figure 4-5: Schematic diagram of the WA-CVD apparatus setup for CNTs growth.

4.2.21 Carbon nanotube synthesis considerations and
challenges
VACNT growth depends on many parameters including the type of catalysts and their

pattern, the type of substrates, the carbon source and the etchant gases. These parameters

are interrelated; several studies have been done to explore these interrelationships and

. 150,151,152,153,154,155
their trends. ~
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4.2.2.2 Methods of synthesis

There are many methods for synthesizing CNTs.''%!*® Typically, chemical vapor
deposition (CVD) and catalytic plasma enhanced chemical vapor deposition (PECVD)
are better than laser ablation and arc discharge as only CVD and PECVD allow
controlled synthesis. The diameter of CNTs can be controlled by the size of metal
catalyst nanoparticles, and their length can be controlled by the combination of process
gases, their flow rates, growth temperature and time. In this work, we used CVD for
synthesizing VACNTs. CVD methods typically require high growth temperature (700°C-
1000°C) for CNTs, not suitable for FTO substrates. Here, we have optimized the CVD
method to grow CNTs on FTO at temperatures of ~ 550°C.

4.2.2.3 Substrates

The substrate is a key component in CNT synthesis, interfacing with the catalyst and
interacting with the growth environment. Silicon/silicon dioxide is one of the most
commonly used substrates, although there are an almost infinite number of possible
choices. There are several concerns regarding the selection of substrate including
deposition of catalyst, incompatibility with catalyst materials, the gases involved, and
growth temperature. Our initial substrate choice was FTO. This was not feasible, due to
several issues:

e [t can’t withstand at temperatures greater than 550°C due to glass softening.

e In CVD at 720°C under flowing carbon source gases (hydrocarbon gases such as
NHj3;, C,Hy) or even process gases (H»), the sheet resistance of FTO becomes very
high and tin oxide is reduced to metallic tin.

To address these issues, extensive work was done on different substrates for growing
CNTs directly on them such as silicon, quartz, aluminum alloy (6061, McMaster Carr),
stainless steel (316, McMaster Carr) and copper foil (McMaster Carr).

4.2.2.4 Catalysts

The growth of CNTs is controlled catalytically. The catalyst particle breaks bonds and
adsorbs carbon at its surface. This carbon then diffuses through or around the catalyst

surface where it forms graphitic planes.'”’ Initially, iron has been used as a catalyst in this
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work, although other catalysts were also investigated including Ni and invar (Ni:Fe:Co =

42:52:6, (W/w/w)].

4.2.2.5 Methods of catalyst preparation

Catalyst particles can be prepared in many ways including physical vapor deposition
(PVD), electro- and electro-less plating, and co-precipitation methods. The most common
method is to deposit a thin film of catalyst using sputtering or evaporation techniques and
subsequently annealing it to form discrete nanoparticles through de-wetting of the metal.
In this work, where not otherwise stated, the catalyst was deposited by electron beam

evaporation or thermal evaporation from tungsten filaments.
4.2.3 CNTs CVD growth Procedures

In this work, four commonly used CVD procedures for growing CNTs were investigated
and these are discussed in detail in the following sections. All parameters for each CVD

method are the result of systematic optimization.

4231 Method 1 (CVD growth of CNTs using NH; and C,H,)

Initially, Si0,/S1 wafers were used as substrates and iron was used as a catalyst in CVD
growth of VACNTSs. Iron was deposited using either sputtering or thermal and electron

beam evaporation techniques.

In the case of sputtering, the iron catalyst was sputtered on a SiO,/Si wafer using a
“linear out” mask in order to deposit a linear gradient of iron from 0 to 4.5 nm at 15 W
for 500 W-min over a distance of 76 mm. The argon flow rate was 7.5 sccm and chamber
pressure was 2.25 mTorr. In case of thermal and electron beam evaporation, the iron

layer has a uniform thickness of 2.1 nm and 2.5 nm, respectively.

After depositing iron on the substrates, these were annealed in O, using rapid thermal
processing (RTP) at 550°C for 10 minutes. RTP was done using a Modular Process Tech.
Corp. model RTP-600S. In a typical RTP process, before heating, the chamber was
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purged with pure oxygen (Praxair 99.999% research grade) at 10 L/min for 5 minutes.
The oxygen flow rate was then reduced to 2 L/min and the sample was heated at 20 to
30°C/s to 550°C, was held at 550°C for 10 minutes, and gradually cooled down to room

temperature using nominal cooling rates of 25°C/s with 10 L/min O, flow.'*

In this method, a typical CVD experiment has the following steps:

e Substrate was loaded into the center of the chamber and end caps were installed.

e The chamber was evacuated to ~ 50 mTorr.

e The chamber was purged with argon.

e The chamber was flushed with argon at 300 sccm for 10 minutes.

e Argon flow was turned off.

e NH; flow was turned on at 420 sccm for 5 minutes.

e NHj; flow was reduced to 70 sccm.

e The furnace was heated to 720°C at 1°C/sec.

e The system was held at 720°C for 5 minutes before ethylene valve was opened.

e Ethylene flow was turned on at 95 sccm for 20 minutes.

e Ethylene and NH3 flow were turned off 2 minutes before the furnace began to
cool; at the same time argon flow was turned on at 300 sccm.

e The furnace lid was opened to allow the chamber to cool rapidly.

4.2.3.2 Method 2 (CVD growth of CNTs using carbon
monoxide and hydrogen)

The objective to use this method was to optimize the CNT growth temperature to as low
as possible in order to grow CNTs on FTO. Various additional substrates were used
(Si1/Si0,, quartz, stainless steel, aluminum alloy) as well as various catalysts (Fe and
invar). Catalyst materials were deposited (layer thickness 6.5 nm) using electron beam
evaporation. Prior to depositing invar catalyst on quartz substrates, a 35 nm layer of
chromium was deposited. For growth temperature optimization, a range of temperatures

(480°C-580°C) was considered. The detailed growth procedure was as follows:
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e The sample was loaded into the tube furnace and then it was evacuated to <100
mTorr.

e The furnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior
to heating.

e The furnace was heated to 480°C-580°C at 30°C /minute.

e When the desired temperature was achieved, Ar flow was stopped and CO (80
sccm) and H, (1270 scem) were introduced to the furnace tube for 30 minutes.

e When the furnace begun to cool, H, was turned off.

e Ar flow was maintained until the furnace cooled down to room temperature.

During each run of the above procedure, there was always a shiny layer deposited at the
intake end of the furnace tube portion (inner walls), just inside the furnace. It was found
by XRD that it was a layer of nickel oxide (NiO). Upon further investigation, we found
that it was due to a process called the “Mond Process” in which CO reacts with Ni (our
furnace tubing, regulator filter and diaphragm were made of stainless steel) to form nickel
carbonyl at 50°C-60°C, which then decomposes into Ni at 200°C-250°C. Therefore, at
the quartz tube end, which was inside the furnace (temperature 580°C), we had Ni

deposited inside the walls of furnace tube.

4.2.3.3 Method 3 (CVD growth of CNTs using methanol and
hydrogen)
In order to avoid above Ni deposition issue, we decided to use CO produced by the
decomposition of methanol as methanol can be decomposed into CO and H, at 200°C-
400°C."**"'*° The detailed growth procedure was as follows:
e The sample was loaded into the tube furnace and then it was evacuated to <100
mTorr.
e The furnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior
to heating.
e The furnace is heated to 480°C-580°C at 30°C/minute.
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e When the desired temperature achieved, Ar was stopped and H, was introduced
into the tube in two streams: 600 sccm through the bubbler containing methanol,
and 600 sccm directly into the reactor for 20 minutes.

e  When the furnace was begun to cool, H, flow was turned off.

e Ar flow was maintained until the furnace cooled down to room temperature.

4.2.3.4 Method 4 (WA-CVD growth of CNTs using ethylene
and hydrogen)

The water assisted CVD (WA-CVD) method is well known for giving remarkable

features such as dense, impurity-free and vertically-aligned CNTs.'?*

In this procedure,
stainless steel (316) and copper foil were used as substrates and iron (~1.5 nm) on

alumina (~10 nm) as the catalyst. The detailed procedure was as follows:

e The sample was loaded into the tube furnace and then it was evacuated to <100
mTorr.

e The furnace tube was backfilled and purged with Ar (300 sccm) for 15 min prior
to heating.

e All gas lines were purged for approx. 15 minutes.

e FEthylene flow was stopped and furnace tube was purged for 5 minutes.

e Argon (300 sccm), hydrogen (200 sccm) and DI water vapor (4 sccm Ar through
a DI water bubbler) were introduced to the reactor while the furnace was heated to
750°C at 60°C/min.

e The furnace was held at 750°C for 1 minute.

e FEthylene flow (100 sccm) was introduced for desired growth time.

e Ethylene flow was turned off before cooling of furnace.

e When the furnace began to cool, DI water vapor was turned off.

e When the furnace temperature reached below 500°C, H; flow was turned off.

e The furnace lid was opened for rapid cooling.

e Ar flow was maintained until the furnace was cooled down to room temperature.
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4.3. NANOCRYSTALLINE CELLULOSE (NCC)

Here we present the first time that carbon derived from NCC after its pyrolysis has

successfully been used as a catalyst to reduce triiodide in DSSCs.

Cellulose is one of the most abundant natural biopolymers available today. It is low cost,
renewable, biodegradable and non-toxic. It is one of the emerging nano materials that
have been a subject of a huge amount of research efforts in many different fields from
food industry to pharmaceuticals'®. NCC can be derived from acid hydrolysis of
cellulose fibers'®'; it has different properties as compared to cellulose such as nanoscale

dimensionality, high strength, high surface area and special optical properties.'®*

4.3.1 Counter electrodes for DSSC

An aqueous dispersion (5.5 wt %) of NCC (Nanocel, BioVision Technology Inc) was
used as-received in this work. The chemical structure is shown in Figure 4-6. Carbon
obtained after NCC pyrolysis was used as the counter electrode of the DSSCs as an

alternate to Pt.

Figure 4-6: Chemical structure of Nanocel.
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4.3.2 Pyrolysis

NCC films were prepared by drop casting the 5.5 wt% dispersion directly onto the
counter electrode substrate. A drop of NCC solution (~10 uL) was put on an FTO glass
substrate and left to dry at room temperature. After drying, it was placed in Lindberg tube
furnace (Model TF55035A) for pyrolysis under N, (UHP or research grade). An alumina
piece was placed underneath the FTO glass substrate in order to avoid any deformation.
The following procedure was used for NCC pyrolysis of this sample:

e The sample was loaded into the furnace tube and then it was evacuated to <100
mTorr.

e The furnace tube was backfilled with N, and then again evacuated. Evacuation
and backfilling was done 3 times in order to make sure that no oxygen traces were
left in the system.

e The furnace was purged with N, (100 sccm) for 1 hour prior to heating.

e Heating was done in two steps. In the first step, furnace was heated to 200°C at
3°C/minute and was held at this temperature for 5 hours for dehydration. Then, in
the second step, it was heated to 600°C at 3°C/minute and was held at this
temperature for 1 hour.

N> flow was maintained until the furnace cooled down to room temperature.

4.4. CHARACTERIZATION TECHNIQUES USED

4.4.1 Electrochemical impedance spectroscopy (EIS)

Impedance spectroscopy is a non-steady state technique that provides detailed
information about internal system dynamics. It is a powerful method for the investigation
of electrochemical properties of materials and their interfaces including kinetics,
diffusion coefficients, charge transfer resistance and double layer capacitance. Time
dependent electrical perturbation of the system of interest and the measurement of the
response produce additional information about the internal processes. External

perturbation such as AC potential modulation pushes the system out of equilibrium;
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system response as a result of this small AC signal is monitored and analyzed over a

range of frequencies.

Generally, analysis of EIS data is performed by fitting the frequency response to an
equivalent circuit model. The equivalent circuit model typically consists of electrical
elements such as resistors, capacitors, and inductors, representing various physical
processes in the system. Care should be taken while fitting the equivalent circuit elements
as there is the possibility to fit the same response with many different circuits. Therefore,
a deep understanding of the system and its dominant physical processes is required to
obtain meaningful results. It is also valuable to obtain information from other
experimental techniques about the system before fitting the EIS data. As already
mentioned, electrical elements are being used to identify the frequency response of a
system, e.g., a parallel combination of a resistor and a capacitor is used to fit any
electrochemical interfaces in system. In such equivalent circuits, resistors represent
physical processes at any interfaces inside the system that cause resistance to charge flow
in response to applied transient conditions without having a phase shift. This resistance is
known as the “charge transfer resistance” and makes a significant contribution to the
overall impedance of the system. The capacitors represent the physical processes in
which an ionic double layer develops at the system interface, typically at the
electrolyte/electrode interface in DSSCs. Furthermore, the overall series resistance of any
system can also be represented by a resistor in the equivalent circuit. Another important
and frequently used element is the “constant phase element” (CPE). It is an empirical
element representing a physical process related to non-ideal capacitive behavior at the

interface of a system and is defined as follows:

1
Zepp = 5o (0<n=l) 4-1)'*

where Q is a proportional factor. For n = 0, Zcpg represents impedance of a pure resistor
(Q = 1I/R) whereas for n = 1, it represents impedance of a pure capacitor (Q = C). The
phase shift between the voltage and current is independent of frequency and equal to
nm/2. This element is generally used when the electrode of the system is rough, having

inhomogeneous reaction rates.
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Let us consider one of the interfaces of electrochemical cell, such as the
electrolyte/counter electrode interface, in series with a resistance representing transport in
the electrolyte. As mentioned above, a parallel combination of resistor and a capacitor
can be used to fit the Nyquist plot for this interface, as shown in Figure 4-7. Real and
imaginary components of the impedance can be calculated as shown in equation 4-2. The

resistor has only real impedance (R) and the capacitor has only imaginary impedance

(1/ioC).

Resistor
(Rer)

Resistor
(R¢)

Capacitor

(€)

Figure 4-7: Typical equivalent circuit to model electrolyte/counter electrode interface and

series resistance of an electrochemical cell.

-Im (z)

R Rer
Re (z)
Figure 4-8: Nyquist plot for equivalent circuit to model electrolyte/counter electrode
interface with charge transfer resistance, Rct, in parallel with a capacitor (solid line) and
CPE (dashed line) and series resistance, Rs.

Rer R%-wC
Z= Rs+ 2 - C2T
1+RErw?C? 1+ R¢rw?C?

(4-2)
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Here, Rg represents resistance to the ionic charges in the electrolyte, Rcr represents
resistance to charge transfer at the interface, and C is the double-layer capacitance. At
infinite and zero frequencies, impedance of this network is purely resistive. At
intermediate frequencies, the impedance has both real and imaginary components, and
will produce a semi-circular Nyquist plot (Im(z) vs Re(z)), see Figure 4-8. In the case of a
CPE, the semicircle is centered below the Re(z) axis, resulting in a “flattened” semicircle
as illustrated in Figure 4-8 (dashed line). In this work, EIS was performed using a
Solartron Analytical ModuLab-ECS system on two-terminal electrochemical cells,
spectra were collected at 0 V bias, 10 mV AC, between 1 MHz and 100 mHz. Spectra

were analyzed using z-view software (version 3.2, Scribner Associates Inc., USA).
4.4.2 Cyclic Voltammetry (CV)

Cyclic voltammetry is an electrochemical method in which current is measured by
applying a cyclic potential ramp to the working electrode of an electrochemical cell
between low and high endpoints with a constant ramp. Usually, in a 3-electrode cell, the
potential is applied with respect to a reference electrode. In the case of a 2-electrode cell
(as reported here), the counter electrode doubles as a pseudo-reference electrode. It is a
powerful technique that provides detailed information about electrochemical processes in
terms of redox reactions within the cell. The oxidation potential (E,,) and reduction
potential (E,) for an active redox material can be found using this technique.
Corresponding anodic (ips) and cathodic (i,) currents can also be found as shown in
Figure 4-9. In case of reversible systems which are diffusion controlled, the ratio of
cathodic current to anodic current is unity and separation between the current peaks is
given by
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AE, = Epq — Epe = —mv  (4-3)

T
where n is number of electrons involved in the reaction. E, is independent of scan rate

12

and current is proportional to t™* after E,.

In the case of irreversible or quasi-irreversible systems, which are activation controlled,

the electron exchange is slow. The splitting between potential peaks is larger than 5—; mv.
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This spreading of the peaks is an indication of an irreversible system. The height of the
current peaks (i.e., 1(Ep)) decreases in size as currents take more time to respond to the

applied voltage as compared to reversible systems.

In general, CV is performed using a 3-electrode system, namely the working electrode
(WE), counter electrode (CE) and reference electrode (RE). Working electrode is the
electrode under study. The voltage is applied between the WE and RE whereas current
flows between WE and CE. In case of using two electrodes (No RE), a small error is
introduced, as the current flowing across the double layer at the CE results in a potential

offset.

In this work, CV was performed using a Solartron Analytical ModuLab-ECS system on
two-terminal electrochemical cells at 20 mV/s scan rate, unless otherwise noted.

4

AnodicCurrent
[ (Oxidation)

Current / I

f
Cathodic Current i
(Reduction)

Epc

Voltage

Figure 4-9: A typical cyclic voltammogram for reversible system.
4.4.3 Scanning electron microscopy (SEM)

The VACNT forests were investigated using a scanning electron microscope (SEM). In a
typical SEM, a beam of high-energy electrons from a cathode (thermionic, field-

emission) is accelerated towards an anode through a voltage difference between cathode
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and anode. This electron beam has energy in the range of a few hundreds of eV to 100
keV. The electron beam is then focused on to the sample in the form of a narrow beam
having a fine focal spot of 0.4 nm to 5 nm diameter by means of condenser lenses. The
electron beam is generally scanned in a raster scan pattern. Upon reaching the sample,
primary electrons lose their energy by scattering and absorption within an interaction
volume that can extend in the range of ~ 100 nm to ~ 5 um below the surface of the
sample. Due to energy exchange between the electron beam and the sample, a variety of
signals are produced including secondary electrons, back scattered electrons,
characteristics x-rays and heat. Secondary electrons, which are products of inelastic
scattering, are commonly used to produce SEM images as these are most valuable to
show morphology. These secondary electrons are detected by using secondary electron
detectors i.e., Everhart-Thornley (E-T) detector. The SEM used in this work was a
Hitachi S4700 cold field emission SEM. VACNT forest samples were mounted to an
aluminum stage using conductive double-sided copper tape before insertion into the SEM
chamber. In order to study VACNT length and morphology, scratches were made on
various locations along the samples using a scalpel blade, as only the top surface of the

VACNT forest could be otherwise observed with the SEM.

4.4.4 Small angle x-ray scattering (SAXS)

SAXS is a reliable and non-destructive technique for studying nanostructures. It provides
information such as the size of the particles, their shapes and their spacing. In SAXS
measurements (Figure 4-10), a monochromatic collimated beam of x-rays (Kj) is brought
to a sample. Upon interaction with the sample, some of the x-rays scatter elastically by
electrons in the sample volume while the rest of them pass through the sample without
interacting. The experimentally observed scattered intensity describes the constructive

interference of the scattered x-rays (K;) as a function of scattering angle.
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Figure 4-10: A schematic setup of a SAXS experiment.
The angle at which scattered x-rays are detected is denoted by 20. However in SAXS,

scattering is generally determined in terms of the magnitude of the scattering vector Iql as

defined in equation 4-4.

20

K
q=K- K
lq| == sin(6) (4-4)
SAXS was done using a Bruker Nanostar system. The X-ray source was Cu Ka having a
wavelength (L) of 1.54 A. For SAXS measurements, a thin Cu foil (5 um thickness) was
used as the substrate to grow VACNTSs because x-rays attenuate significantly less with
Cu as compared to the same thickness (5 um) of Fe, Ni and Cr, which are the main
constituents of stainless steel. X-rays were incident parallel to the plane of VACNTSs
forest as shown in Figure 4-10. These VACNTs were modeled as cylinders. As there was
no orientation in the plane, x-rays were scattered from these cylinders giving 2D plot in
the form of circular rings on the area detector. Angular integration was performed to
produce a plot of intensity versus scattering vector magnitude. After background

subtraction, the position of the first broad peak maximum was used to calculate the
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average radius of cylinder. This broad peak is due to the fact that there is a distribution of

radii.
4.4.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique which is used to
find elemental compositions and chemical states of elements present in the sample

material.

The working principle of XPS is shown in Figure 4-11. X-rays having characteristic
energy (hv) interact with the electrons in core shells of the elements in a sample and
photo-excite these electrons from their initial states with characteristic binding energies
(BE). These photoelectrons move through the sample to the surface. Some of them
experienced inelastic scattering and appeared as a background in the XPS spectrum
whereas photoelectrons generated near to the sample surface are emitted to the vacuum
after overcoming the work function threshold (¢s). The kinetic energy (KE) of this
photoelectron in vacuum just outside the sample is given by hv — BE - ¢s. Due to contact
potential difference, the KE measured by the analyzer with work function ¢, and can be
found as given below:
KE, = hv — BE — &g — (&, — Dy)
KE, =hv—BE — ®, (4-5)

Using equation (4-5), the BE of photoelectron can be determined as the analyzer work
function (¢a) is constant (~4.5 eV). Equation (4-5) is only valid for conductive samples
where Fermi level is constant through the system. The analyzer must be calibrated using
metal standards. For insulating samples, the Fermi level is not well defined making
situation complicated. In this case, a common reference point, typically set to 285.0
eV'*, is considered by referring all peaks to the C 1s peak from hydrocarbon species that
are always present on sample’s surface loaded from air. Chemical states of the elements
can be determined by finding shifts in the binding energies of these photoelectrons. These
small shifts in binding energy are also referred to as chemical shifts. In a typical XPS

spectrum, the electron count rate is presented as a function of binding energy. As KE and
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BE have opposite signs, an increasing BE scale is plotted from right to left in an XPS
spectrum. Peak splitting due to the interaction of the electron spin (s) and the orbital
angular momentum (1) is observed in XPS. The total angular momentum can be
represented by j = | l+s | . Therefore, an electron from a p orbital can have a j value of
1/2 (higher binding energy) or 3/2 (lower binding energy). The intensity ratios of these
doublets can be found by the expression (2j + 1). Therefore, for an electron from a p
orbital, the relative intensities of the 1/2 and 3/2 peaks are 1:2. The line shapes in XPS
are determined by the convolution of the natural line shape of the excitation source and
the pass function of the analyzer. The analyzer contributes a Gaussian shape whereas the
core level line shape is Lorentzian. The convolution is known as Voigt function. X-rays
are generated by bombardment of high energy electrons on a metallic anode. The most
popular anode materials used in XPS are magnesium and aluminum with typical x-ray

excitation lines Mg K, (1253.6 eV) and Al K,, (1486.6 eV), respectively.
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Figure 4-11: Working principle of XPS.
4.4.6 Mercury drop method for resistance measurements

A homemade setup was developed to measure resistance of the VACNTSs forests.
Mercury has property that it does not wet stainless steel, but it does wet gold'®.
Therefore, in a stainless steel rod, a hole was drilled at one end. This hole was then filled
with gold, so that mercury only wetted the gold. There was also a CCD camera attached

to a microscope to measure the diameter of the circular contact between the Hg and the
58



CNTs. This is important while calculating the specific resistance of CNTs. The setup is
given in Figure 4-12(a, b).

SS Electrode

Gold

|

VACNTs —»

(a) (b)
Figure 4-12: (a) Schematic diagram of setup and (b) built setup.

4.4.7 Thermal gravimetric analysis (TGA)

TGA works on the principle that all organic materials decompose if heated to a
sufficiently high temperature. It is used to determine thermal stability, investigate

decomposition reactions and measure inorganic content in organic material.

In TGA measurements, a controlled temperature program is applied to a substance and
the change in mass is measured against time or temperature. Any change in mass can be
associated with chemical change in the substance due to combustion, oxidation or

decomposition.

In general, a sample is placed in a pan inside a furnace while being suspended from one
arm of a precision balance. The change in weight of the sample is recorded while the
sample undergoes the desired heating procedure. The TGA curve can be represented in
either weight loss of a sample or in differential form and is called the thermogravimetric

(TG) curve.

SDT Q600 (TA instruments) was used for TGA of VACNTSs grown using the WA-CVD

method and NCC after pyrolysis. VACNTs were removed from SS substrates after
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synthesis. TGA was done for VACNTSs under air (20 ml/min) at 5°C/min from room
temperature to 800°C.

The NCC solution first was dried in a petri dish at room temperature. Dried NCC flakes
were pyrolyzed using the heating procedure discussed in section 4.3.2. After pyrolysis,
flakes were ground and 10-20 mg of the powder was loaded into the alumina pan of the
TGA instrument. TGA was done under air (20 ml/min) at 5°C/min from room

temperature to 1000°C.
4.4.8 Atomic force microscopy (AFM)

Atomic force microscopy was invented by Binnig et al. in 1986.'°° Tt is used to study the
topography of surfaces with sub-nm resolution. A fine tip is attached to a cantilever
which is made of either silicon or silicon nitride. The sample is typically mounted on a
3D piezoelectric scanner which is used to move the tip relative to the sample surface. The
tip scans the surface in a raster pattern. The cantilever is deflected by the interaction
forces between the tip and the sample surface. These forces are either attractive or
repulsive depending upon the distance between the tip and sample surface. The bending
of cantilever is detected by optical means using a laser beam as shown in Figure 4-13.
This laser beam 1is reflected from the backside of the cantilever. The position-sensitive
detector converts this reflected laser beam to an electronic signal used to generate the
image of the sample surface under investigation. AFM can be used in different modes in
order to study samples depending upon the type of sample and the required information.
These techniques include contact mode, where the tip is remains constantly in contact
with the surface of the sample and “dynamic modes” such as tapping mode or non-

contact mode.
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Figure 4-13: Working principle of AFM.
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CHAPTER 5 PRELIMINARY WORK

The first part of this chapter is related to the work done on standard DSSCs based on Pt
counter electrodes. Results regarding improvements in the device performance with step-
by-step modifications are presented. In the second portion, work related to the application

of CNT thin films and thick papers in counter electrode is discussed.

5.1. OPTIMIZATION OF NORMAL DSSCs

Fabrication of standard DSSCs with step-by-step modifications was discussed in chapter
4. The first DSSCs fabricated in this study had only a screen printed TiO, layer and was
tested using standard conditions. Dark and illuminated J-V curves of a typical DSSC are
shown in Figure 5-1. At 1 sun, it had Voc = 0.439 V, Jsc =1.04 mA/cmz, FF = 45%, and
an efficiency of 0.2%. It was found that the TiO, layer was not uniform, and the cell was
not sealed or filled properly. In particular, there were bubbles and leakage in the sealing.

Therefore, this device had a low power conversion efficiency.
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Figure 5-1: J-V of the first DSSC fabricated with only a screen printed TiO, photoanode

and a Pt-based counter electrode at 1 sun. Inset: dark J-V.
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The second DSSC was fabricated similarly to the first. This time, the sealing and filling
were of higher quality. Dark and illuminated J-V curves of that DSSC are shown in
Figure 5-2. At 1 sun, it had Voc = 0.538 V, Jsc = 3.64 mA/cm2, FF = 60%, and an

efficiency of 1.2%. All parameters were improved.
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Figure 5-2: J-V of the second DSSC with improved sealing and filling at 1 sun. Inset:
dark J-V.

A DSSC was then fabricated after employing the modifications discussed in chapter
4.1.4. Briefly, two layers of TiO, were used in this device. The first layer (spin-coated)
served as a blocking layer to reduce recombination of photo-injected electrons in the FTO
with the electrolyte and the second layer was screen printed as in case of original device.
Dark and illuminated J-V curves for this modified device are shown in Figure 5-3. At 1
sun, this device showed a Voc = 0.631 V, Jsc = 8.91 mA/cm?, FF = 66%, and an
efficiency of 3.72%. These were encouraging results as all performance parameters were

higher than the device without a blocking layer of TiO,.

Due to the variation of cell areas, and the continual improvement in fabrication
techniques being developed, a quantitative analysis of the dark current with and without

the blocking layer was not possible.
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Figure 5-3: J-V of DSSC with spin-coated and screen printed TiO; layers at 1 sun. Inset:
dark J-V.

The thickness and morphology of deposited TiO, layers were also investigated using a
scanning electron microscope (SEM) [Hitachi S4700 cold field emission], see Figure 5-4
(a, b) and Figure 5-5 (a, b), respectively. Figure 5-4 (a) clearly shows that the TiO, paste
used in screen printing is a mixture of 20 nm and 200 nm particles. The spin-coated TiO;

layer is composed of 20 nm particles and has a thickness of ~ 1.5 um as shown in Figure
5-5(a, b).
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S-4700 15.0kV 5.1mm x200k SE(V) 200nm S-4700 15.0kV 12.5mm x80.1k SE(M) 500nm

Figure 5-4 : (a) Top view of screen printed TiO, on FTO, (b) Cross-sectional view of
screen printed TiO, on FTO.

$-4700 5.0kV 8.9mm x200k SE(U) 0 S-4700 20.0kV 7.0mm x45.0k SE(U)

Figure 5-5: (a) Top view of spin-coated TiO, on FTO, (b) Cross-sectional view of spin-
coated TiO, on FTO.

5.1.1. DSSC Testing Revisited

While measuring J-V curves, the cell area was only partially exposed (0.32 cm?) under
illumination. The testing setup has a 0.32 cm” aperture defining the illumination spot that
was much smaller than the size of the DSSC (1 cm?). In this case, the dark current
through the unexposed area competes with the photocurrent and decreases the cell
efficiency. This was corrected by fabricating cells with smaller areas (0.04 cm?”) and
exposing the full cell area under illumination. Dark and illuminated J-V curves of this

fully illuminated device are shown in Figure 5-6. At 1 sun, this device showed a Voc =
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0.61 V, Jsc = 16.82 mA/cmz, FF = 65%, and an efficiency of 6.59%. Clearly, Jsc was

increased by a factor of two as compared to the previous device.
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Figure 5-6: J-V curve of DSSC with fully illuminated area (0.04 cm?) at 1 sun. Inset: dark
J-V.

5.1.2. DSSCs with TiCl, treatment

As discussed in chapter 4.1.4, TiCly treatment of the photoanode enhances the efficiency
of DSSCs. Therefore, the photoanode was treated with TiCls solution. Details of this
treatment were already discussed in chapter 4.1.4. DSSCs were then fabricated and tested
using this photoanode. Dark and illumination J-V curves under various light intensities
are shown in Figure 5-7 and Figure 5-8 , respectively. Metrics extracted from these
curves are given in Table 5-1. At one sun, this DSSC has an efficiency of ~ 10%. The
results are in agreement with the literature in terms of increase in efficiency, which is
mainly due to the increase in photocurrent. However, a higher Jsc (~25 mA/cm?) and a
lower Voc (0.59 V) were achieved here as compared to both the DSSC without this
treatment and the literature values (0.77 V) for TiCl, treated DSSCs. This may be due to
the production of some intermediate phases of TiO; or the presence of HCI in the

nanoporous matrix of TiO; even after rinsing with DI water and ethanol.
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If the Voc value of the present DSSC can be increased to 0.7 V, the efficiency of the
DSSC would be more than 11%.
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Figure 5-7: J-V curve of DSSC with TiCly treatment under dark.
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Sun Voc (V) £(0.005)  Jsc (mA/em’)  FF (%) 1 (%)

Y Sun (50.52 mW/cm?) 0.556 10+1 67+1 7.3£0.7
1 Sun (101.00 mW/cm?) 0.592 25+2 63=1 10<+1

2 Sun (202.00 mW/cm?) 0.619 49+5 57+1 8.7£0.9
3 Sun (303.00 mW/cm®) 0.628 79+8 50+1 8.4+0.8
4 Sun (404.00 mW/cm?) 0.637 100£10 46+1 7.4+0.7

Table 5-1: Metrics extracted from J-V curves of DSSC with TiCly treatment.

5.2. A NOTE ON ERROR ANALYSIS OF PERFORMANCE

MEASURING PARAMETERS

Standard error analysis of measured and derived metrics was carried out. It was found
that the error in the area of the cells was the dominant source of error, which was
estimated at £10% by measuring the dimensions of the cells under a microscope. The
uncertainty in the area is largely due to the irregular edges of the cells caused by the
screen printing process. Voc values were determined by linear interpolation between the
two measured data points closest to the axis crossing. The uncertainty in Voc was
conservatively estimated as +0.005 V, or half of the voltage step size in the data, although
it is undoubtedly more precise. The uncertainty in the illumination intensity was
estimated from the power meter manufacturer’s specifications, as well as the observed
fluctuations in the measured power of the solar simulator under operation. Calculated
errors in Jsc and power conversion efficiency were dominated by the uncertainty in the

cell area.

5.3. CNT THIN FILMS AND THICK PAPERS

In the case of SWCNTs thin films, it was found that the films were not fully detached
from the filter membrane during submerging in nanopure water. Various approaches were
adopted to deal with this problem. These approaches included:
e Filter membrane with SWCNT film was dried under pressure between sheets of
paper. However, after drying SWCNTs film did not peel off.
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Literature reports of CNT film preparation by filtration procedures often involve
dissolving the filter membrane using acetone baths. However, when using this
procedure here it was found that the membrane appeared to contract upon contact
with the acetone, damaging the SWCNT film. Also, the filter membrane did not
dissolve completely.

Using different filter membranes (Nalgene, 47 mm diameter, 0.22 pum pore size),
again, the film did not detach completely. Another filter membrane MCE (Mixed
cellulose ester, Millipore) was used and it was found that the SWCNT film was
also not detached completely from this filter membrane but this filter membrane
dissolved quite well in acetone.

The MCE filter membrane was partially dissolved in an acetone bath. After
refreshing the acetone bath many times, the film was collected on a FTO-coated
glass in such a way that the free side of the SWCNT film was in contact with
FTO. In order to pyrolyze the remaining filter membrane, this substrate was
placed in a furnace at 530°C for 1 hour under argon. The argon flow rate was 15
sccm/minute. It was found that both the filter membrane and SWCNT film were
consumed. Perhaps residual oxygen resulting in burning of both the membrane
and the CNT film.

We attempted pretreatment of the FTO substrate with hexamethyledisilazane
(HMDS) which is well known adhesion promoter:

o FTO was rinsed with 98% HMDS solution purchased from Fluka. The
filter membrane with SWCNT film was transferred to the treated substrate
in such a way that the SWCNT film was between the FTO and the filter
membrane. Then, this was placed in an oven at 100°C for 1 hour while
pressing under weight. It was found that the film did not stick to the FTO.
This method was not pursued further.

o FTO was soaked in 6.67% HMDS solution for 15 minutes. The filter
membrane with SWCNT film was transferred to the treated substrate as
above. Then, this was put in an oven at 100°C for 1 hour while pressing

under weight. It was again found that the film did not stick to the FTO.
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Partially detached SWCNT films were used to make counter electrodes of DSSC.
Counter electrodes were made by collecting the partially detached SWCNT films on
FTO. Stacks of two films and four films were put in an oven for drying. Dark and

illuminated J-V curves with efficiencies of these DSSCs are given in the Figure 5-9 and

Figure 5-10, respectively.
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Figure 5-9: J-V curve of a DSSC with a stack of two CNT films on FTO as a counter

electrode at 1 sun. Inset: dark J-V.
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Figure 5-10: J-V curve of a DSSC with a stack of four CNT films on FTO as counter

electrode at 1 sun. Inset: dark J-V.
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Metrics extracted from these curves are given in Table 5-2. DSSC with stack of four

films has better FF and efficiency as compared to stack of two DSSC.

In the case of thick papers, again it was found that they did not detach and peel off from
the cellulose acetate filter membrane. As described above, the MCE filter membrane was
dissolved in an acetone bath. Thus, these thick papers were used as counter electrodes of
DSSCs. There was a chance that these thick papers might touch the TiO; layer and short
circuit the cell; a porous electrode separator (Celgard A-117-0300M-A) was used to
avoid this. Unfortunately, the separator blocked the current completely in the DSSC.
Figure 5-11 shows the dark and illuminated J-V curves with the efficiency for a DSSC
fabricated with a thick paper counter electrode and the above mentioned separator with a

hole cut through it to allow contact of the electrolyte with the electrodes.
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Figure 5-11: J-V curve for DSSC with thick CNT paper as a counter electrode at 1 sun.
Inset: dark J-V.
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Counter Electrode Voc (V) £(0.005) Jsc (mA/cm?) FF (%) n (%)

Stack of Two Films 0.425 5.4+0.5 33+1 0.840.1
Stack of Four Films 0.488 6.9+0.7 51+1 1.8+0.2
Thick paper 0.500 4.6+0.5 60+£1 1.4+0.1

Table 5-2: Efficiencies of DSSCs with stacks of two, four CNT films and thick paper

counter electrodes.

5.4. CONCLUSIONS

Standard DSSCs were successfully optimized to achieve reproducible efficiencies ~10%.
Issues were found in CNT thin films and thick paper regarding their detachment from

filter paper. This CNT film/paper work was not pursued further.

72



CHAPTER 6 APPLICATION OF CVD CNTS IN
DSSCs

This chapter deals with the results and discussion regarding applications of CNTs in

counter electrode of DSSC as an alternative to Pt.

6.1. INTRODUCTION

Several strategies to incorporate CNTs into DSSCs have been investigated, including

spray-coating the electrode with a suspension of CNTs in solvent'®'®®

169,170

and deposition of a
CNT-containing paste or slurry.'”! Another approach involves CNTs grown on
other substrates and subsequently transferred to a transparent conducting oxide (TCO)
coated substrate, typically, fluorine-doped tin oxide (FTO) on glass. In this regard, Dong
et al. achieved 5.5% efficiency using VASWCNTs that are transferred to FTO after
growing on a Si substrate.'’”” In 2012, Hao et al. achieved 5.25% efficiency with
VASWCNTs counter electrodes in which CNTs were similarly grown on Si and then
transferred to FTO.'” These approaches have some limitations such as poor availability
of catalytic surface area, and poor electron transport due to contact resistance. Vertically
aligned carbon nanotubes (VACNTS) directly grown on substrates are one approach to
overcoming these issues. So far, few studies have been done in which CNTs are directly
grown on FTO substrates using chemical vapour deposition methods. In 2010, Sayer et

174
" 1n

al. achieved 0.77% efficiency by using a directly grown MWCNT counter electrode.
2011, an efficiency of around 6% was achieved using VACNTs directly grown on a
graphene substrate.'”> A detailed comparison of these works is given in Table 6-1.
Extensive effort is needed to study CNTs directly grown on various substrates, and to

optimize the growth conditions for CVD methods.

73



CNTs Method Dye Electrolyte n  Ref

(%)
VASWCNTs WA-CVD N719 I'/15 55 172
VASWCNTs WA-CVD N719 TJ/T 525 173
MWCNTs MW plasma CVD  Anthocyanin | WAEY 077 174
VACNTSs WA-CVD N719 I'/15 6.0 175

Table 6-1: Comparison of DSSCs with VACNTSs CE already available in literature.

6.2. CNTS GROWTH (VARIOUS SYNTHESIS METHODS ON

VARIOUS SUBSTRATES)

With the aim to develop CNT growth expertise, we initially focused on well-known
substrates for CNT growth, such as SiO, passivated Si. Iron was used as a catalyst,
deposited using sputtering and electron beam methods. CVD method 1 (NH3-C,H4) was
used as discussed in chapter 4.2.3.1. Experimental methods were as in chapter 4.2.3
except where otherwise stated. Following CVD, there was a visible film of black material
on the Si0,/Si substrate; VACNTSs were obtained for both Fe deposition methods and are

shown in Figure 6-1 (a-d).

After successful growth of VACNTs on SiO,/Si, CNT growth was attempted on FTO
using the above CVD method 1, but was unsuccessful. FTO could not withstand the high
growth temperature of 750°C. Therefore, a low growth temperature suitable for FTO was
attempted. For this purpose, CNTs were grown on various substrates (FTO, Quartz,
Stainless Steel (316) and Aluminum Alloy (6061)) at different growth temperatures
(500°C-580°C) with Invar 426 alloy (42% Ni, 52% Fe and 6% CO, w/w/w) catalyst using
CVD method 2 discussed in chapter 4.2.3.2. SEM top views of CNTs grown on these
substrates at low temperature (580°C) are shown in Figure 6-2 (a-d). The CNTs viewed
from the top appear tangled and randomly oriented. There is also a variation in their
diameters. In Figure 6-2 (b), CNTs were grown directly on a stainless steel (SS) substrate
without depositing any catalyst as the iron and nickel content of SS was thought to be

sufficient to catalyze CNT growth.
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Figure 6-1: SEM of VACNTs grown with CVD method with electron beam evaporation
deposited (a, b) and sputtered (c, d) Fe samples.
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Figure 6-2: SEM of CNTs grown at 580°C on a) Aluminum Alloy/Cr/Invar; b) Directly
on SS; ¢) SS/Invar; d) Quartz/Cr/Invar.

When we applied these growth conditions to grow CNTs on FTO, we were still not

successful.

After several unsuccessful trials, a systematic investigation was undertaken. For this
purpose, three well known CVD recipes for growing CNTs were applied on FTO glass in
the absence of catalysts, to evaluate the impact of growth conditions on FTO:

1. Water assisted CVD method (WA-CVD)
2. CVD method with MeOH (MeOH-CVD)
3. CVD method with ammonia and ethylene gases (NH3-C,H4 -CVD)

These methods are discussed in detail in chapter 4.2.3.
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We examined the FTO, before and after exposure to growth conditions, and results are

discussed as follows.

Before exposure to CNT growth conditions, the FTO glass had a sheet resistance and
optical transmission close to the values provided by the manufacturer, ie., 15
Ohms/square and 80%, respectively. A SEM micrograph of as-received FTO, Figure 6-3

(a), showed an interconnected multicrystalline structure with a 100-200 nm grain size.
After exposure, isolated islands with size distributions in the range of 100 nm-10 um

were observed for all samples (Figure 6-3(b-d)).

~ ~ | I | Ii 1 l‘ (] rrrrrrrroeet
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b J | A J
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L I I I A I R I B |
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S-4700 5.0kV 12.5mm x6.97k SE(M) 5.00um S-4700 5.0kV 12.4mm x1.10k SE(M)

[ R | |'=| |
50.0um

Figure 6-3: SEM of (a) As-received FTO, post-exposure to: (b) WA growth conditions,
(c) MeOH growth conditions, (d) NH3;—C,H4 growth conditions.

We proposed that during exposure to NH; or H; at elevated temperatures, the oxide is

reduced to metallic tin, which de-wets the surface leaving these isolated islands on the
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glass substrate (see XPS results in following section). Following growth conditions and
further exposure to air, this metallic tin oxidized to form SnOy, possibly a mixture of SnO

and SnO..

The above interpretation was also supported with the fact that during X-ray photoelectron
spectroscopy (XPS) measurements of these samples, charging was observed due to the
low conductivity of these samples. The energy scales of the spectra were shifted due to
this charging phenomenon and were corrected to align the binding energies of the

adventitious carbon C 1s peak.

In each case, two key observations were made: Firstly, after exposure to growth
conditions, all three samples showed strong intensity from the Si 2s and 2p core levels, at
binding energies ~155 and ~103 eV, respectively, due to the exposed glass substrate. No
Si peaks were observed for as-received FTO glass substrates. Secondly, F 1s emission,
observed on as-received FTO glass, was completely absent after exposure to growth
conditions, indicating a loss of the dopant from the conducting oxide. FTO coated glass
was therefore deemed unsuitable as a substrate for VACNTSs growth. A summary of these
results is provided in Figure 6-4. A much higher C 1s peak was found for the NH;-C,H4
sample, indicating a higher concentration of carbon on this surface, possibly due to the
deposition of carbonaceous materials during growth procedure. Due to the surface carbon
layer, the intensity of all Sn, Si and O features associated with the substrate were

significantly attenuated compared with other samples.
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Figure 6-4: The XPS —F 1s signal is completely absent following exposure to growth
conditions (left), indicating a loss of the dopant from the conducting oxide. The
appearance of the Si 2p peak following exposure indicates de-wetting of the SnOy
revealing the glass substrate beneath the FTO (right), consistent with interpretation of the
SEM results.

Figure 6-5 shows the optical transmission spectra of unexposed and exposed FTO
samples. As-received FTO has a maximum of 80% optical transmission, whereas
exposed FTO samples exhibit 20%-30% transmission. The samples no longer appear

transparent, but rather translucent, indicating strong scattering of the incident light.

79



30 MN%

—— As-received FTO
60 ]
. ] —— FTO-MeOH
£
= 50 —— FTO-{NH3, C2H4)
Q ]
W ] — FTO-WA
8 40 ]
£ 1
E’ ]
® 3¢ ]
A

]
Q2
I

] A A AT weriy]

[
(-]
—

Q

360 450 560 660 760 860 960 1060 1180
Wavelength (nm}

Figure 6-5: UV-vis specta of as-received and post-exposure FTO.

Sheet resistances of these samples were also measured using four-probe method. As-
received FTO has the sheet resistance 15 Ohms/square while the exposed samples of
FTO are no longer conducting. The measurement of the sheet resistance was limited by
the input impedance of the meter. This observed high resistance was due to the loss of a
continuous conduction path in the plane of the surface of FTO glass substrate as
discussed already. Therefore, having the above experimental evidence, we proposed that

FTO is not a suitable substrate for direct growth of CNTs.

6.3. DSSCS WITH CNT COUNTER ELECTRODES BY THE
MEOH CVD METHOD

CNTs were grown directly on Quartz/Cr (65 nm)/invar (6.5 nm) substrate using the
MeOH CVD method 3 discussed in chapter 4.2.3.3; these CNTs were used as catalyst in
counter electrodes for DSSCs. Photoanodes were fabricated following the procedure
explained in chapter 4.1.4, including blocking layer of TiO, but without TiCly treatment.
After sealing, DSSCs were tested using the standard conditions described in chapter
2.5.5.J-V curves under dark and various illumination intensities are shown in Figure 6-6

and Figure 6-7, respectively, and metrics extracted from these curves are shown in Table
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6-2. At 1 sun, an efficiency of 3.7% was achieved. Voc and Jsc increase whereas fill

factor decreases with increasing illumination intensity due to IR? losses.
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Figure 6-6: DSSC with CNT CE grown with the MeOH-CVD in the dark without TiClys

treatment.
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Figure 6-7: DSSC with CNT CE grown with the MeOH-CVD under various light

intensities, without TiCl, treatment.
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Sun Voc (V) £0.005  Jsc (mA/em’)  FF (%) 1 (%)

0.45 Sun (44 mW/cm?) 0.547 2.9+0.3 64+1  2.1+0.2
0.9 Sun (88 mW/cm?) 0.601 101 (12%) 60+1  3.7+0.4
2 Sun (202.0 mW/cm?) 0.637 2943 47+1  4.3+0.4
3 Sun (303.0 mW/cm?) 0.646 42+4 38+1  3.4+0.3
4 Sun (404.0 mW/cm?) 0.655 58+6 36+1  3.4+0.3
5 Sun (505.0 mW/cm?) 0.664 68+7 3341 2.9+0.3

Table 6-2: Metrics extracted from DSSC with CNT CE grown with MeOH-CVD under
various light intensities without TiCly treatment. *At 1 sun, the current densities have
been scaled linearly to 1 sun (101.0 mW/cm®) as the data were mistakenly collected at 88

mW/cm®. Note that in this regime the photocurrent varies linearly with illumination.

6.4. GROWTH OF CNTS USING THE WATER ASSISTED
METHOD (WA-CVD)

6.4.1. Synthesis

Finally, the WA-CVD method was used to grow MW-VACNTS on stainless steel (316)
substrates. Details of the growth procedure were presented in chapter 4. MW-VACNTSs

were grown at different exposure times of ethylene gas, i.e., 20's, 40 s, 80 s and 160 s.
6.4.2. Characterization

6.4.2.1. Scanning electron microscopy (SEM)

In order to determine the growth rate (length/time), we characterized these MW-
VACNTs using SEM. The length of each sample was measured from the resulting
micrographs (Figure 6-9 (a-d)) and plotted versus exposure time as shown in Figure 6-8.

A growth rate of 0.9 pm/s was found from the slope of the plot.
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Figure 6-8: Growth of MW-VACNTSs (exposure time versus CNT length). Each data

point represents the average of 5 samples.

6.4.3. DSSC fabrication and characterization

Counter electrodes of MW-VACNTS were prepared using 10 s, 20 s, 40 s and 60 s
growth exposures on SS substrates using the WA-CVD method 4 described in chapter

4.2.3.4. Photoanodes were prepared using the procedure described in chapter 4.1,

including the spin-coated TiO; blocking layer, but without TiCly treatment.
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Figure 6-9: Growth of MW-VACNTSs on SS with different exposure times a) 10 s b) 20 s
¢) 40 s and d) 60 s.

6.4.3.1. Current density-voltage measurements (J-V curves)

After fabrication of DSSCs using these CEs, J-V curves under dark and illumination were
measured. In the dark, all devices show similar dark currents (at V<450 mV), regardless
of the exposure time of ethylene, see Figure 6-10. However, dark current increased with
increasing exposure time at high forward bias (V>450 mV). This is accounted for the
catalytic activity of the VA-MWCNT counter electrodes. In the dark under forward bias,
electrons enter the cell through the photoanode reducing I3 to I', whereas oxidation of I’
takes place at the counter electrode. For short length VA-MWCNTs, the rate of oxidation
of I is slow as compared to long VA-MWCNTs, limiting the J-V slopes at voltages >450
mV.
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Figure 6-10: Dark J-V curves of DSSCs with MW-VACNTSs counter electrodes.

J-V curves under 1 sun illumination are shown in Figure 6-11. Performance determining
metrics are extracted from the J-V curves and are shown in Table 6-3. Under
illumination, CE with 36 pm length MW-VACNTS had the best performance with respect
to each parameter, e.g., 1 = 5.7%, ~86% efficient of that of a similar DSSC with Pt

counter electrode.

—=— MW-VACNT (9 um)

—+— MW-VACNT {18 um]
—a— MW-VACNT (36 um])
—— MW-VACNT (54 um)

—sa—Platinum

Cusrent Density {mA/cm?)
8

Figure 6-11: J-V curves of DSSCs with MW-VACNTSs and Pt CEs under 1 sun.
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Specific series resistance was estimated from the slope of the J-V curve around Voc. Its
value is less (15.6+1.6 Ohms-cm?) for a 36 pm length MW-VACNTSs as compared to
other samples. Voc values of all MW-VACNTs DSSCs are similar but higher as
compared to Pt-based DSSC.

CNTs Voc (V) Jsc FF n (%) Rs under
Length  £0.005 (mA/cm?) (%) Illumination
(nm) (Q.cm?)
9 0.664 10=£1 50«1 3.4+0.3 26.5+2.7
18 0.655 13.9+1.4 57+1 5.2+0.5 17.0+1.7
36 0.646 14.4+1.4 60=+1 5.7+0.6 15.6+1.6
54 0.673 12.1+1.2 54«1 4.4+0.4 19.5£1.9
Pt 0.592 16.8+1.7 66=£1 6.6+0.7 6.3+£0.6

Table 6-3: Metrics extracted from J-V curves of DSSCs with MW-VACNTSs and Pt CEs

under 1 sun illumination.

6.4.3.2. Electrochemical impedance spectroscopy (EIS)

In order to understand this cause of decrease in efficiency, EIS measurements were taken
in the dark. In this case, the MW-VACNT electrode was taken as the working electrode
(WE) and Pt was used as both the CE and reference electrode (RE), resulting in two
terminal electrochemical cells. EIS plots and equivalent circuits to fit these plots using z-
view are shown in Figure 6-12 and Figure 6-13, respectively. A parallel combination of a
charge transfer resistance (Rcr) and a non-ideal capacitance (constant phase element:
CPE) was used to model each electrode/electrolyte interface. The Pt-MW-VACNT cell
exhibits the superposition of two semicircles in the complex-z plane: the smaller circle
for smaller Re (z) corresponds to the Pt/electrolyte interface, and the larger circle for
larger Re (z) corresponds to the MW-VACNT/electrolyte interface. The diameter of
semicircles, related to the Rcr of these MW-VACNT electrodes, became smaller as the
length (/) increased up to 36 um and then increased for longer CNTs. This indicates that
the charge transfer resistance was minimized at / = 36 um. Any variation in the reduction

of triiodide to iodide at the MW-VACNT electrode affects the oxidation of iodide at the
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Pt electrode. In other words, variation in the Rcr at MW-VACNT/electrolyte interface
affects Rcr of Pt/electrolyte interface which also affects the capacitance. This variation
for Pt electrode can be seen in Figure 6-14 in which higher frequency region is made
enlarged. It is noted that this variation is not systematic but rather random. It is most

likely due to unintended variability in the fabrication of these electrochemical cells.

Capacitance versus length measurements are also plotted, see Figure 6-15. The maximum
capacitance was obtained for 36 um MW-VACNTSs; this capacitance is related to the
surface area of the electrode. Therefore, electrodes with 36 um MW-VACNTSs have a

higher effective surface area as compared to the rest of the samples.
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Figure 6-12: Electrochemical impedance spectroscopy of Pt—Pt and MW-VACNT-Pt.

cells in dark (measured data).

Rctl Rct2
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CPE1 CPE2

Figure 6-13: Equivalent circuit used to fit EIS plots for MW-VACNT-Pt cells.
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Figure 6-14: An enlargement of the high frequency side of the above EIS spectra.
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Figure 6-15: Rt and capacitance of MW-VACNT/electrolyte interface —Pt as a function

of CNT length from EIS of two terminal electrochemical cells characterized in the dark.

6.4.3.3. Cyclic voltammetry (CV)

Cyclic voltammetry was also done for these electrochemical cells in the dark, see Figure
6-16. The cyclic voltammograms clearly indicate that the magnitudes of over-potentials

needed to reach the peak reduction and oxidation currents are minimum for the 36 pm
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long MW-VACNTSs as compared to the rest of the samples. Therefore, 36 um long MW-

VACNTs electrochemical cells have shown higher electrocatalytic activity.
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Figure 6-16: Cyclic voltammograms of MW-VACNT-Pt cells with varying CNT lengths
in the dark.

6.4.3.4. Small angle X-ray scattering (SAXS)

From EIS measurements, we found that 36 um long CNTs have the highest effective
surface area. To further investigate the cause of this high effective surface area of 36 um
long CNTs, SAXS was performed. MW-VACNTSs with various lengths were grown on
Cu foil (5 um in thickness). For SAXS measurements, Cu foil (5 um) was used as
substrate because X-rays attenuate relatively less with Cu as compared to Fe, Ni and Cr,
which are the main constituents of stainless steel. SAXS plots are shown in Figure 6-17.
It was found that with increasing length, the mean radius of CNTs decreased (see Figure
6-18). In other words, the CNTs taper with increasing length. This may be related to the

increase in surface area of the CNTs.

Effectively, the electrolyte is only penetrating the top portion of the nanotube forest. It

could also be the case that ion transport cannot reach the entire length of the nanotubes.
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Therefore, there is some effective layer of electrolyte on top which is contributing to
charge transfer. When CNTs are shorter than this effective distance, then the entire CNTs
are in that effective region. As the CNT length increases, the surface area increases, the
Rer goes down and the capacitance goes up. When the CNTs are longer than that
effective region and if the CNTs were to stay exactly same, Rcr and capacitance would
stay constant. However, our SAXS measurements show that as the CNTs get longer, their
radii become smaller. As the bottom of CNT is already grown, the number of tubes per
unit area stays constant, so the radius of the entire tube does not change. We proposed
that tapering is happening and therefore only their top surface area gets smaller. As CNTs
get longer, the penetration depth stays the same but their radii at the top get smaller. For
this reason, the overall area goes down, Rcr goes up and the capacitance goes down. In
other words, as the CNTs initially get longer, Rcr decreases and the capacitance
increases. Upon reaching the point where the CNTs are longer than the effective region,
the surface area again decreases as the tube diameters decrease, making Ret higher and
the capacitance smaller. Thus, an optimum CNT length exists that minimizes Rct and the

best results are from CNTs having the largest surface area within this effective distance.
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Figure 6-17: SAXS of MW-VACNTs with different lengths grown on Cu foil (5 pm).
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Figure 6-18: Effect of MW-VACNTs length on radius extracted from SAXS data.

6.4.3.5. Electrical transport measurements using Hg drop

method

Electrical transport measurements were made on MW-VACNT/AL,Os/stainless steel
electrodes and bare Al,Os/stainless steel substrates using a Hg drop electrode in contact
with the top surface of each sample. Conduction through the MW-VACNT/AIL O3 to the
stainless steel substrate was found to be Ohmic, with a specific resistance much less than
the series resistance present in the DSSCs. Conduction through the bare Al,O3; was found
to be exponential in voltage, consistent with electron tunneling through the oxide, with a
differential resistance (at zero volts) larger in magnitude than that of the MW-
VACNT/AIL,O3 samples. This indicates that the current does not actually pass through the
AL Os, but most likely though pinholes that allow direct contact between the MW-
VACNT forest and the substrate.

6.4.3.6. Thermal gravimetric analysis (TGA)

Thermal stability of MW-VACNTSs was studied using TGA. TGA and DTG plots of
MW-VACNTSs are shown in Figure 6-19. MW-VACNTs lost all their mass at 674°C but
still 1% residue is left behind, which is most probably iron catalyst.
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Figure 6-19: TGA and DTG plots of MW-VACNTSs grown with WA-CVD.
6.5. CONCLUSIONS

XPS and electrical studies showed that FTO-coated glass is not a suitable substrate for
direct growth of MW-VACNTs. In the presence of the process gases at elevated
temperatures, the fluorine is leached from the FTO, and the tin oxide is reduced to tin
metal, which de-wets from the surface, leaving isolated islands of tin coated with native
oxide. Inexpensive substrates including aluminum and stainless steel can be used as
substrates for CNT growth. DSSCs have been demonstrated with comparable metrics to
those constructed using a traditional Pt counter electrode. Length versus exposure time
studies showed that growth rate of MW-VACNTs was ~0.9 pm/sec for WA-CVD
method. J-V, EIS, CV and SAXS measurements showed that MW-VACNTSs with a 36
pm length gave good overall performance i.e., ~86% as efficient as Pt-based DSSCs.
SAXS measurements showed that with increasing growth time, the radius of MW-
VACNTs decreased. Although the series resistance and short-circuit current density of
the CNT cell was slightly inferior as compared to Pt-based DSSCs, improving the growth
conditions and functionalization of the nanotubes to optimize cell efficiency are

promising routes to producing Pt-free DSSCs that do not sacrifice efficiency.
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CHAPTER 7 APPLICATION OF CARBON
DERIVED FROM NCC IN DSSCs

In this chapter, application of carbon derived from pyrolysis of nanocrystalline cellulose
(NCC) as the counter electrode of DSSCs is discussed. The effect of pyrolysis on the
conductivities of the substrates is also discussed. Finally, characterization of these carbon

films and performance of DSSCs fabricated is also discussed.

7.1. INTRODUCTION

Nanocrystalline cellulose (NCC) is an emerging nanomaterial that has been studied
extensively since its discovery'’® due to its easy availability, low-cost, renewability, non-
toxicity and unique optical properties.'”’ It has been used in many diverse applications
such as nanocomposite films'”®, drug delivery'””, and lithium battery products.'® It has

recently been demonstrated as a substrate for “recyclable” organic solar cells.'™'

7.2. CHARACTERIZATION OF NCC FILMS AND DSSCs

Many substrates were investigated, including fluorine-doped tin oxide coated glass
(FTO), stainless steels, indium tin oxide (ITO), and various metal coatings (Cr, Au) on
either FTO or ITO. Preparations of NCC films are discussed in chapter 4.3. Metal nitrides
were formed during the pyrolysis under N, of NCC films deposited on different metal
films. These metal nitrides had insulating characteristics exhibiting high sheet resistance.
For this reason, NCC films deposited on different metals and their coatings are not
suitable for DSSC fabrication. The results reported in this chapter were obtained using

FTO-coated glass.
7.2.1. Appearance of drop-cast NCC films

Images of NCC drop-cast films before and after pyrolysis are shown in Figure 7-1 (a, b).

The as-cast NCC films were transparent, as can be seen in Figure 7-1 (a). After pyrolysis,
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the optically transparent NCC films were transformed into opaque black films; see Figure
7-1 (b). The mechanisms of cellulose pyrolysis are described elsewhere.'®* Low
temperature (~600°C) carbonization of NCC introduces micropore formation in the final
black film."™ This can be advantageous as it enhances the surface area of this
mesoporous carbon film relative to unpyrolyzed NCC, which presents a large electrode

area for the reduction of triiodide.

(b)
Figure 7-1: a) Drop-cast NCC film on FTO before pyrolysis, b) Drop-cast NCC film on

FTO after pyrolysis.
7.2.2. Atomic force microscopy (AFM)

AFM images of these drop-cast films of NCC were also collected in order to study the
morphology (Figure 7-2 (a, b)). AFM indicates significant changes in morphology. At
first glance, the vertical scales of the two AFM micrographs appear similar. Before
pyrolysis, the samples exhibited rod-like nanostructures in agreement with previous

. 184
studies.

Following pyrolysis, the image appears to consist of identical triangular
features of differing heights. These are AFM tip artifacts, indicating the presence of a
large density of sharp, high aspect ratio asperities on the surface. In effect, each of these

asperities is imaging the AFM tip.
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Figure 7-2: a) NCC film as-cast on FTO, b) Pyrolized NCC film on FTO.
7.2.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed to evaluate the thermal stability of pyrolyzed
NCC. TGA data along with its first derivative with respect to temperature (DTG) of 1 hr
pyrolyzed NCC are plotted in Figure 7-3. From the TGA and DTG curves, two stages are
observed. The first is at T<125°C and the second in the range 314°C-422°C. The initial
mass loss in the first stage is attributed to the evaporation of adsorbed water in pyrolyzed
NCC. The mass loss in the second stage corresponds to the combustion of pyrolyzed
NCC (char) along with the production of CO which undergoes gas-phase oxidation to
CO,."*>1¥8 Most of the mass loss occurs below 500°C but still ~10% residue is left. The
temperature window of the second stage observed here has been assigned to the
combustion of amorphous carbon in previous studies.'*”'*® This finding is in agreement
with previous reports, using XRD to determine the presence of amorphous carbon
following pyrolysis of NCC under nitrogen.'® TGA of NCC pyrolyzed at 4 hrs and 8 hrs
at 600°C was also conducted and it was found to be indistinguishable from that of the 1
hr sample (see Figure 7-4), indicating that even 1 hr pyrolysis is sufficient to completely

convert NCC to amorphous carbon.
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Figure 7-3: TGA and DTG of 1 hr pyrolyzed NCC.
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Figure 7-4: TGA of NCC pyrolyzed for 1, 4 and 8 hrs.

7.2.4. DSSC fabrication using drop-cast NCC films

DSSCs were fabricated using 1 hr pyrolyzed NCC films on FTO as counter electrode.
Fabrication of photoanodes was performed as discussed in chapter 4.1 including the spin-
coated TiO, blocking layer, but without TiCly treatment. 60 um Surlyn was used as a

spacer between the photoanode and counter electrode.
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7.2.5. Current density-voltage (J-V) analysis

Dark and illuminated J-V curves for DSSC constructed using the NCC counter electrodes
are illustrated in Figure 7-5 and Figure 7-6, respectively. Performance metrics of this
DSSC extracted from J-V curves are given in Table 7-1. At 1 sun illumination, the cell
achieves a power conversion efficiency of 3.8%, a fill factor of 58%, and an open- circuit
voltage of 0.7 V. By analyzing the slope of the J-V curves around the open-circuit point,
we note that these cells contain a significant series resistance. At one sun, the specific
series resistance is approximately 20 Ohm*cm® (R=500 Ohms), and at four suns, it is
approximately 12 Ohm*cm® (R~300 Ohms). Given the near-square geometry of the
substrate, the series resistance contributed by the FTO would be comparable to its sheet
resistance following pyrolysis (=300-500 Ohms/square). We therefore conclude that the
majority of the series resistance observed in the J-V curves is, in fact, due to the substrate
itself, and not due to transport in the NCC film, electrolyte, or due to charge transfer at
the electrolyte/counter electrode interface. This is obviously not ideal, as losses in the
substrate, and not the cell, are therefore responsible for limiting the fill factor and power
conversion efficiency at higher illumination. This highlights the importance of

developing substrates that can better withstand the pyrolysis processing conditions.
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Figure 7-5: Dark J-V curve of DSSC with drop-cast NCC derived carbon CE.
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Figure 7-6: J-V curves of DSSC with drop-cast NCC derived carbon CE under various

sun intensities.

Sun  Voc (V) £0.005 Jsc (mA/em®)  FF (%) 1 (%)

%2 Sun 0.674 3.9+0.4 65+1 3.4+0.3
1 Sun 0.703 9+1.0 58+1 3.8+0.4
2 Sun 0.722 1842 49+1 3.1+0.3
3 Sun 0.731 3043 41+1 2.8+0.3
4 Sun 0.741 37+4 36+1 2.4+0.2

Table 7-1: Metrics extracted from J-V curves of DSSC with drop-cast NCC derived

carbon CE under various sun intensities.

The performance metrics of these cells as function of illumination are presented in Figure
7-7 and Figure 7-8. We found that Voc scales as the logarithm of the illumination
intensity as expected (see Equation 8-1, Figure 7-8). The inset plot shows a linear
increase of short-circuit current density (Jsc) with increasing illumination. The power
conversion efficiency peaks at 1 sun (3.8%) and declines to 2.4% at four suns. We
attribute much of this decline to I°R losses in the substrate contribution to the series
resistance, as discussed above. The decreasing FF with increasing illumination is also

indicative of these I°R losses.
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Figure 7-8: Open-circuit voltage of DSSC with drop-cast NCC derived carbon CE under
various sun intensities. Inset: short-circuit current density as a function of illumination

intensity.
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7.2.6. Electrochemical impedance spectroscopy (EIS)

EIS was also conducted for FTO/NCC two terminal symmetric cells. This symmetric
electrochemical cell was filled with same electrolyte used in DSSC fabrication. A
silicone O-ring (LD 7 mm, area 0.385 cm?”) was used as spacer. A Nyquist plot is shown
in Figure 7-9; the data were fit using z-view. An equivalent circuit consisting of a parallel
combination of a resistor and a CPE was used to model NCCl/electrolyte interface. The
diameter of the semicircle (99 Ohms) corresponds to the series combination of the charge
transfer resistance at the two electrodes. The specific charge transfer resistance is
therefore 19 + 1 Ohm*cm?® for the NCCl/electrolyte interface, comparable to the series

resistance (Rg) derived from illuminated J-V curves of the DSSCs.
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Figure 7-9: Nyquist plot of FTO\NCC two terminal symmetric cell of drop-cast
pyrolyzed NCC film electrodes.

7.3. PREPARATION OF NCC FILMS BY SPIN COATING

NCC films were also prepared by spin-coating 5.5 wt% NCC on FTO. The layer was
deposited by spin coating in two steps. In first the step, a spinning rate of 600 rpm for 5
minutes was used. In the second step, a spinning rate of 2000 rpm for 5 minutes was

used. After spin coating, the sample was annealed for 2 minutes at 125°C on a hot plate
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in order to dry the NCC. Following drying, this was pyrolyzed with the same procedure
discussed in chapter 4.3.2. DSSCs were fabricated and tested as discussed in chapter 4.1.

7.3.1. Current density-voltage (J-V) analysis

Dark and illuminated J-V curves are shown in Figure 7-10 and Figure 7-11, respectively.
Metrics from these curves are shown in Table 7-2. By analyzing the slope of the J-V
curves around the open-circuit point, we note that this cell has a lower series resistance as
compared to the cell fabricated with drop-casting i.e., at 1 sun, the series resistance of the
cell is 334 ohms (13.4 Ohm*cm?) while drop-casted cell has series resistance ~500 ohms
(20 Ohm*cm®). Due to this lower series resistance, the FF is higher for spin-coated
devices. This low series resistance can be related to the thickness of the NCC films: drop-
casted films are thicker as compared to spin-coated films. During pyrolysis of NCC,

thicker NCC will result in a higher series resistance.
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Figure 7-10: Dark J-V curve of spin-coated NCC counter electrode DSSC.
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Figure 7-11: J-V curves of spin-coated NCC counter electrode DSSC under various sun

intensities.

Sun Voc (V) £0.005  Jsc (mA/cm®)  FF (%) n (%)
% Sun 0.610 4.1+0.4 67+1 3.4+0.3
1 Sun 0.646 8.7+0.9 65+1 3.6£0.4
2 Sun 0.650 20+2 60=1 3.9+0.4

Table 7-2: Metrics extracted from J-V curves of spin-coated NCC counter electrode

DSSC.

7.4. CONCLUSIONS

We have demonstrated a carbon-based counter electrode material for DSSCs derived
from nanocrystalline cellulose. The material is abundant, renewable, non-toxic, and
sustainable. Power conversion efficiencies of nearly four percent have been measured in
standard N3 dye/iodide-triiodide electrolyte DSSCs. High series resistance due to the
increased sheet resistance of the FTO substrate during pyrolization of the NCC has been
identified as a major loss mechanism in the cells. More work is required to identify
appropriate counter electrode substrates and optimized NCC deposition techniques that

will enable higher power conversion efficiencies.
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CHAPTER 8 PRECIOUS METAL-FREE ORGANIC

DYES

This chapter deals with the application of precious metal-free organic dye sensitizers in
DSSCs based on self-assembled monolayers of phosphonates of simple oligothiophenes.
The effect of increasing their conjugation units and incorporation of various anchor

groups on device performance is also discussed.

8.1. BACKGROUND

A variety of functional groups can be used to bind the organic and organometallic dyes to
the oxide but carboxylate and phosphonate groups are commonly used. The carboxylate
group is comprised of delocalized electronic states due to its conjugated nature.
Therefore, electron transfer to the oxide is thought to be easier as compared to
phosphonate groups which are not conjugated. On the other hand, phosphonate groups
are known to be more stable in terms of desorption from oxide surface under aqueous and
alkaline conditions. Brennan et al. found higher solar conversion efficiency (0.57%) for
carboxylate-linked porphyrin sensitizers as compared to their phosphonate counterparts
(0.25%). They found that the carboxylate linkage is more quickly hydrolyzed and
desorbed from the oxide surface under alkaline conditions than the phosphonate
linkage'”. Bae et al. found that the phosphonate linkage was more stable than the
carboxylate-linked ruthenium sensitizer on TiO, in aqueous conditions'”'. In a combined
theoretical and experimental study, Bauer et al. found phosphonates are more strongly
bound to aluminum oxide than carboxylates by studying adsorption and desorption of n-
alkyl phosphonic and carboxylic acids on AlO, surfaces'’>. Some other metal-free dyes

have been studied from theoretical perspective'*>'**!** but not yet experimentally.'*®""?

The goal of this work was to use metal-free self-assembled monolayers of phosphonates
of simple oligothiophenes as dye sensitizers in DSSCs in lieu of conventional ruthenium

based dyes. The effect of systematic structural modification of these systems in terms of
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increasing number of thiophene units on the power-conversion efficiency of DSSCs was
studied. The behavior and role of carboxylate and phosphonate anchoring groups (4TCC
and 4TCP) was also studied towards the chemical stability of the monolayer to water,
photoelectronic coupling with the chromophore, chemical absorptivity on the TiO;

surface, and overall performance of DSSCs.

In previous studies, organic dyes adsorbed on TiO, have been characterized by various
techniques including UV-vis absorption spectroscopy, water wetting contact angle
measurements, atomic force microscopy (AFM), ellipsometry and x-ray photoelectron
spectroscopy (XPS)'*, but the loading of these dyes has not been measured directly. A
few studies have been done in which indirect measurements of dye loadings were
studied'”. In order to understand the role of dye loading on DSSCs performance, direct
measurements of surface molecular loading were made by quartz crystal microgravimetry
(QCM). In our work, the molecular loadings of 3TP-6TP were comparable; the
performance of DSSCs with these dyes can be associated with the change in the number

of thiophene units.

8.2. SYNTHESIS OF ORGANIC DYE SENSITIZERS AND

THEIR CHARACTERIZATION

All organic dyes used in this work were synthesized and characterized, and density
functional theory (DFT) calculations performed, by Prof. Jeffrey Schwartz and Dr. Kung-
Ching Liao (Princeton University). Fabrication and analysis of DSSCs using these dyes

were done by the author at Dalhousie University.

8.2.1. Oligothiophene dyes

0-Oligothiophen-2-yl phosphonic acids 3TP, 4TP, 5TP and 6TP were synthesized";
their structures are shown in Figure 8-1. UV-vis absorption spectra of nTP for n =[3,6] in
THF solution are shown in Figure 8-2, and important parameters extracted from these

spectra are given in Table 8-1. These parameters, including structure and energy
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potentials of 3TP-6TP, were calculated using density functional theory (DFT) (B3LYP/6-
31G*). Absorption wavelength maxima (Amax) of 3TP-6TP indicated red-shifting and an
increase in absorption coefficient with increasing number of thiophene units. This can be
attributed to the effective conjugation length of the chromophores.201 The Amax and molar
extinction coefficients (¢) of 3TP-6TP were comparable to the unsubstituted
a-oligothiophenes (3T-6T)*"', which indicates that the phosphonate groups of 3TP to 6TP

do not strongly take part in conjugation with the a-oligothiophene motifs'*®

3TP,n=1
4TP,n=2
5TP,n=3
6TP,n=4

Figure 8-1: The structure of oligothiophene phosphonates dye sensitizers.
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Figure 8-2: Absorption spectra of 3TP-6TP in THF.
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Dye Amax(mm)  £(10°xM'em™) HOMO/LUMO (eV) Band gap (eV)

3TP 357 2.38 -5.51/-2.20 3.31
4TP 395 3.55 -5.18/-2.22 2.96
S5TP 421 4.16 -5.01/-2.27 2.74
6TP 430 4.89 -4.94/-2.38 2.56

Table 8-1: Photophysical properties and comparative parameters for the oligothiophene

dyes.

Molecular loadings of 3TP-6TP on TiO,/Si0,/Si were prepared using the “tethering by
aggregation and growth” (T-BAG) method*” and were measured using QCM. In a
typical T-BAG procedure, sample substrates are held vertically in the dye solution. As
the solution evaporates slowly, the meniscus travels across the substrate’s surface leaving
behind the monolayer of dye molecules that are segregated at the solution/gas interface in
analogy with Langmuir-Blodgett methods. In this case, dyes are weakly physisorbed
from solution onto the substrate. Following evaporation, this sample substrate is heated in
order to get chemisorbed SAMs of dyes on the substrates. The sample is then rinsed
copiously to remove any remaining physisorbed layers. This process is repeated several

times to get a saturated SAM on the sample.

Molecular loadings of oligothiophene samples that were prepared simply by dipping
Ti0,/S10,/Si in their solutions were also measured. In this case, reduction of molecular
loading was observed as compared to the T-BAG method prepared samples. Surface
morphology of TiO; deposited on SiO,/Si substrate were studied using AFM, see Figure
8-3. SAMs of 4TP formed on TiO; layer by the T-BAG method were also studied using
AFM, see Figure 8-4. Surface-conforming coverage was found to be comparable to that
of the underlying oxide with rms roughness values of 0.24 nm and 0.28 nm, respectively.
Ellipsometry was used to measure the thicknesses of SAMs of 3TP-6TP grown on TiO,

surfaces, see Table 8-2.
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Figure 8-3: AFM images of TiO, (2 nm)/SiO,/Si: (a) 5 um x 5 um (rms roughness: 0.28
nm); (b) 1lpum x 1pm (rms roughness: 0.37 nm).

(a) (b)
Figure 8-4: AFM images of 4TP (1.5 nm)/Ti0,/Si0,/Si: (a) 5 pum x 5 pm (rms roughness:
0.24 nm); (b)Ium x 1pum (rms roughness: 0.38 nm).

Dye  Contact angle (°)  Film thickness (nm) Molecular loading (nmol/cm?)

3TP 80 1.1 0.64*(0.58)°
ATP 82 1.5 0.65* (0.55)"°
5TP 76 1.8 0.61% (0.49)°
6TP 79 2.1 0.62° (0.51)°

Table 8-2: Monolayer characterization parameters of 3TP-6TP dyes; a (SAMs prepared
by T-BAG method); b (SAMs prepared by dipping in 0.1 mM in THF).
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8.2.2. Cyanovinyl carboxylate and cyanovinyl

phosphonate dyes

Cyanovinyl carboxylate was used as an electron-withdrawing group in the design of
organic dyes.”” Their role was to shift the absorption maxima towards the visible portion
of the solar spectrum. While comparing carboxylate and phosphonate anchoring groups,
studies have shown that dyes with phosphonate anchors adsorbed on semiconductors can
result in faster injection times and higher total power conversion efficiencies than
carboxylate anchors'”®. Therefore, phosphonate and carboxylate anchors attached to
cyanovinyl-conjugated oligothiophene dyes are studied here. Structures of the cyanovinyl
carboxylates and cyanovinyl phosphonates are shown in Figure 8-5. UV-vis absorption
spectra of these compounds in THF solution are also measured and the important
parameters extracted from these spectra are given in Table 8-3. These parameters,

including structure and energy potentials, were calculated via DFT (B3LYP/6-31G*).

3TCP, n = 1; R = POgH,
4TCP, n=2; R = PO3H,
3TCC,n=1; R =CO,H
4TCC,n=2;R=CO,H

Figure 8-5: The structure of cyanovinyl carboxylate and cyanovinyl phosphonate dyes.

A comparison of absorption spectra of the cyanovinyl carboxylate- and cyanovinyl
phosphonate-terminated oligothiophene dyes and the effect of the cyanovinyl group are
shown in Figure 8-6 and Figure 8-7, respectively. A red-shift of their absorption maxima
with higher extinction coefficients was observed as compared to their oligothiophene dye
counterparts (Table 8-1). Phosphonate-terminated dyes absorbed at shorter wavelengths,
but with larger band widths and higher extinction coefficients compared to their
carboxylate analogs. This is associated with the electron-withdrawing character of

cyanovinyl carboxylate and cyanovinyl phosphonate groups.
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Figure 8-6: Absorption spectra in THF of cyanovinyl phosphonate species (3TCP, 4TCP)
with cyanovinyl carboxylate species (3TCC, 4TCC).
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Figure 8-7: Absorption spectra in THF of cyanovinyl-substituted oligothiophene
phosphonate (3TCP, 4TCP) with their unsubstituted phosphonate congeners (3TP, 4TP).
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Dye Amax(mm)  £(10°xM'em™) HOMO/LUMO (eV) Band gap (eV)

3TCP  392° (413)° 5.96 -5.42/-2.51 2.91
3TCC  413°(416)° 423 -5.39/-2.56 2.83
ATCP  413°(438)° 6.90 -5.10/-2.57 2.53
ATCC 436 (440)° 5.77 -5.07/-2.62 2.45

Table 8-3: Photophysical properties and comparative parameters for the cyanovinyl
carboxylate and cyanovinyl phosphonate dye sensitizers. * Absorptions of charge-transfer

transition were measured in THF. ° Absorption spectra were measured in DMF.

SAMs of 3TCP, 4TCP, 3TCC and 4TCP were prepared using T-BAG and simple dipping
methods. Figure 8-8 showed the AFM images of 4TCP/TiO2/Si02/Si and
4TCC/Ti02/Si02/Si prepared using the T-BAG method from 1 uM solution in THF. Both
of the images showed a conforming monolayer with the same homogeneity and surface
roughness as that of the underlying oxide. Molecular loadings of these samples are also
given in Table 8-4. In the case of the dipping process, low concentration solutions of
4TCP and 4TCC were prepared in THF/methanol (1:1) and TiOz2 substrates were soaked
for 24 hours in 0.1 mM solutions of 4TCP and 4TCC in THF/methanol (1:1). QCM
measurements revealed that 4TCC derivatives did not promote dense packing (0.04
nmol/cm?) as compared to 4TCP derivatives (0.44 nmol/cm?). This can be associated
with the acidity of the phosphonic and carboxylic acids.*****> The chemical bonding
stabilities of 4TCP and 4TCC were also studied. Substrates were dipped for 5 min in DI
water and rinsed with copious amount of dimethyl sulfoxide (6 cycles of dip and rinse).
After rinsing, molecular loadings of these samples were measured by QCM. It was found
that the molecular loading of 4TCC on TiO, decreased by 28% (from 0.47 to 0.34
nmol/cm?), whereas the molecular loading of 4TCP was reduced by only 6%. This shows
that phosphonates were more strongly chemisorbed onto TiO, as compared to

carboxylates.
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Dye Contact angle (°) Film thickness (nm) Molecular loading (nmol/cm?)

3TCP 76 1.7 0.47* (0.41)°
3TCC 72 1.8 0.51% (0.43)°
4TCP 80 2.0 0.52% (0.44)°
4TCC 70 2.0 0.55% (0.47)°

Table 8-4: Monolayer characterization parameters of phosphonate and carboxylate dyes;
*(SAMs prepared by T-BAG method); ®SAMs prepared by dipping in 0.1 mM in THF;
“SAMs prepared by dipping in 0.1 mM saturated dye solution (~2 mM in THF).

(a) (b)
Figure 8-8: AFM images of (a) 4TCP (2 nm)/Ti0,/S10,/Si (rms roughness: 0.37 nm) and
(b) 4TCC (2.0 nm)/Ti0,/S10,/Si (rms roughness: 0.42 nm). Scan area is 5 ym x 5 pm.

8.3. A NOTE ON DSSC FABRICATION

Photoanodes were prepared using the procedure described in chapter 4.1, including the
spin-coated TiO, blocking layer, but without TiCly treatment unless stated. These were
sent to Prof. Jeffrey Schwartz and Dr. Kung-ching Liao (Princeton University) to deposit
SAMs of the above discussed dye sensitizers. In normal DSSCs, before soaking in N3
dye, the TiO, photoanode was heated to 80°C to eliminate any moisture in the
nanoporous TiO, matrix. In the case of depositing monolayers of these dyes, no pre-

heating was performed.
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8.4. DSSCS USING OLIGOTHIOPHENE PHOSOPHONATE

AND CARBOXYLATE

J-V curves of DSSCs fabricated with oligothiophene phosphonates 3TP-6TP are shown
in Figure 8-9 and the metrics extracted from J-V curves are shown in Table 8-5. With
increasing number of thiophene units in the dyes, Voc increased monotonically from 0.43
V to 0.58 V, whereas the Jsc and efficiency increased exponentially. This improvement
of device performance can be due to a number of reasons. Firstly, as the dye molecular
loading for each SAM was comparable, the improvement can be associated to the red-
shift absorption in the spectrum. A decreasing gap is necessary, but not sufficient, to
produce higher efficiencies. For efficient DSSCs, the dye HOMO and LUMO positioning
is of great importance. The LUMO of the dye must be positioned above the CB minimum
of TiO; (~ -4.3 eV relative to the vacuum?"®) for efficient electron injection. Similarly,
HOMO of the dye must be positioned below the redox potential level (~ -4.85 eV, 0.35V
vs SHE* for I/I;) of the redox couple for efficient dye regeneration. The computed

HOMO and LUMO levels for the dyes reported here all meet these necessary criteria.
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Figure 8-9: J-V curves for 3TP-6TP DSSCs at 1 sun.
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DSSCs fabricated from (cyanovinyl) phosphonate (4TCP) gave 2.3% efficiency at 1 sun.
This was more than 50% and 200% greater than those for 4TCC and 4TP DSSCs,
respectively, as shown in Table 8-5. This higher efficiency can be correlated to the
absorbance of 4TCP with a larger band width (full bandwidth at half height, ca. 100 nm)
and higher extinction coefficient (¢ = 6.9 x 10* M'em™) compared to its carboxylate
(4TCC) or simple thiophene phosphonate (4TP) analogs, as shown in Figure 8-10 and
Figure 8-11. 3T dyes also showed the same behavior. Therefore, we proposed that device

efficiency of nT DSSCs was nTCP > nTCC > nTP as shown in Figure 8-12.
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Figure 8-10: J-V curves for 3TP, 3TCC and 3TCP DSSCs at 1 sun.
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Figure 8-11: J-V curves for 4TP, 4TCC and 4TCP DSSCs at 1 sun.

Dye Voc (V) £0.005 Jsc (mA/cm’) FF (%) N (%)
3TP 0.427 1.3£0.1 54+1 0.3+0.1
4TP 0.465 3.1+0.3 48+1 0.7+0.1
S5TP 0.574 7.2+0.7 61+l 2.5+0.3
6TP 0.579 12.2+1.2 59+1 41+04
6TP* 0.592 15.9+1.6 51%1 4.8+0.5
3TCP 0.529 5.4£0.5 48+1 1.4+0.1
3TCC 0.475 2.9+0.3 51«1 0.7+0.1
4TCP 0.574 6.9+0.7 58«1 2.3+0.2
4TCC 0.502 5.5+£0.6 61+1 1.7£0.2

Table 8-5: DSSC performance metrics for oligothiophene and oligothiophene with
phosphonate and carboxylate dyes at 1 sun. " TiO, with TiCly treatment.
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Figure 8-12: Comparative DSSC device performance of (oligothiophene) phosphonate,
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(cyanovinyl) phosphonate, and (cyanovinyl) carboxylate dyes. *TiO, first treated with
TiCls.

8.5. PERFORMANCE ANALYSIS OF DSSCs

Understanding the short-circuit currents and open-circuit voltages of our nTP-based
DSSCs requires analysis of several fundamental photophysical processes. Typically, Voc
increases with increasing illumination.*”® In our case, we observed that with increase in
conjugation length for nTP dyes, Voc and Jgc increased monotonically. We suggest that
this observed increase in Voc is due to the increase in photocurrent (produced at the same
illumination) as the conjugation length of the dye is increased and the absorption
spectrum redshifts, aligning more favourably with the solar spectrum. In particular, in
simple solar cell models, a photocurrent source (Ip) is placed in parallel with an ideal
diode.®’ The magnitude of I, is a linear function of illumination for a given cell. Under
open-circuit conditions, all of the photocurrent, I,, must pass through the ideal diode, and
the diode current must equal the photocurrent. Based on the Shockley diode equation (8-
1), Voc increases as the logarithm of the photocurrent.””®*** Using the short-circuit
current density as a proxy for the photocurrent, we find that Voc does indeed scale as the

logarithm of the photocurrent (Figure 8-13), indicating that the observed change in Voc
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with an increasing number of thiophene rings can be understood as a result of the

increased photocurrent density.

9Voc
kT . (1 Voe
I, = I (e"kBT — 1> orVoc = n: In (i) for :k? > 1 (8-1)

Equation 8-1: Diode reverse saturation current, Is; electronic charge, q; ideality factor, n;

Boltzmann’s constant, kg; temperature, T.

0.68 -

6TP

0.58 A

5TP
4TP

0.48 A
3TP

Open-circuit Voltage (V)

0.38

10
Short-circuit Current Density (mA/cm?)

Figure 8-13: Plot of Vo as a function of In of Jg¢ for nTP DSSCs.

The strong relationship between the short-circuit current density and the number of
thiophene units in the dye reveals an interesting facet of photophysics that pertains to
series of congener dyes that differ not only in band gap but also in molecular size. As
seen in Table 8-5, the current density approximately doubles with each additional
thiophene unit. As expected, the peak molar extinction coefficient increases as the
number of thiophene rings also increases, and absorption spectra red-shift toward the
maximum of the solar spectrum, near 530 nm (Figure 8-2). Thus, all other structural
factors being equal, we would expect that the current produced by these devices will
increase as thiophene rings are added to the dye but within the limits of system energetics
as discussed in section 8.4. If the dye LUMO (HOMO) position were to approach the
TiO, CBM (iodide/triiodide redox potential), charge transfer would slow, and would

negatively impact the device efficiency.
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8.6. CONCLUSIONS

A series of metal-free organic sensitizers based on oligothiophenes and (cyanovinyl)-
terminated oligothiophenes was synthesized and successfully used as dye sensitizers in
DSSCs. It was found that device performance improved with the increase in conjugation
length of the oligothiophene moieties. Structural analysis of dye/TiO; substrates made by
QCM and AFM showed that these sensitizers adsorbed homogeneously as monolayers
without forming any multilayers. QCM studies showed that the molecular loadings of
self-assembled monolayers of phosphonates and carboxylates prepared from 1 uM
solutions on TiO, were denser as compared to a simple solution dipping process of
carboxylate dyes onto TiO,, where concentrations of two to three orders of magnitude
greater were required. (Cyanovinyl) phosphonate-terminated oligothiophenes showed
broader light absorption spectra and a red-shift in this absorption peak with higher
extinction coefficients, as compared to their carboxylate analogs. This observation is in
agreement with the superior performance of DSSCs made with phosphonate-compared to
analogous carboxylate-terminated dyes. In terms of stability, the carboxylates showed
significant dissociation in aqueous media as compared to the phosphonates. Overall,
growth of homogeneous SAMs on TiO,, high molecular loading, and good stability of
phosphonate SAMs in terms of desorption under aqueous conditions exhibit great

potential of these chromophores as metal-free organic dyes in DSSC technology.
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CHAPTER 9 CONCLUSIONS AND FUTURE

WORK

In this chapter, the major contributions of the work are summarized in section 9.1 and some

key directions for future work are given in Section 9.2.

9.1. THESIS SUMMARY

This thesis provides three significant contributions to the field of DSSCs. The main goal of
the work presented in this thesis is to replace precious materials used in the current
technology of DSSCs with readily available, sustainable and cheap materials to further
reduce the cost of this technology.

The first important step of this work was to understand key concepts necessary to
fabricate standard DSSCs with the highest efficiencies possible, as compared to those
available in the literature. In this regard, platinum based standard DSSCs were
successfully optimized to achieve reproducible efficiencies of ~10% with TiCly

treatments.

The first significant contribution presented here was the application of CNTs as an
alternative to Pt in the counter electrode of DSSCs. While working on this aspect, four
well known CVD methods were used to grow non-aligned and vertically aligned CNTs
directly on various commonly used substrates. We found that FTO-coated glass is not a
suitable substrate for direct growth of CNTs using CVD methods due to the harsh growth
conditions in the presence of process gases. Inexpensive substrates including aluminum
and stainless steel were successfully used as substrates for CNT growth. Finally, DSSCs
were successfully demonstrated with MW-VACNT electrodes, with metrics comparable
to those constructed using Pt-based counter electrode. DSSCs with MW-VACNTSs

(length 36 um) gave overall good performance, i.e. ~86% as efficient as Pt-based DSSCs.
g pm) g good p
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The second significant contribution presented here involved the application of carbon
derived from nanocrystalline cellulose (NCC) as an alternative to Pt in the counter
electrodes of DSSCs. For the first time, we successfully demonstrated a carbon-based
counter electrode material for DSSCs derived from NCC. The material is abundant,
renewable, non-toxic, and sustainable. This DSSC gave power conversion efficiencies of

~4%, which is ~58% as efficient as Pt-based DSSCs.

Finally, the third contribution in this thesis involved the application of novel metal-free
organic dye sensitizers as an alternative to Ru-based dyes used in standard DSSCs.
Organic dyes have many advantages over organo-metallic dyes including ease of
synthesis and higher extinction coefficients. A series of organic sensitizers based on
oligothiophenes and (cyanovinyl)-terminated oligothiophenes were successfully
employed as dye sensitizers in DSSCs. Oligothiophenes with cyanovinyl phosphonate
showed broader light absorption spectra, red-shifted absorption peak and higher
extinction coefficients as compared to their carboxylate analogs. These observations are
in agreement with the superior performance of DSSCs made with phosphonate anchors
versus carboxylate anchors oligothiophene dyes. Also, device performance improved
with the increase in conjugation length of the oligothiophene moieties. DSSCs fabricated
with simple oligothiophene sensitizers are ~62% as efficient as the cells based on

conventional Ru-based dyes.

Significant contributions are done in this research work to achieve main goals by
introducing various alternative materials to Pt and Ru in the fabrication of DSSCs. These
materials show comparable performance to standard DSSCs. There is still room for

improvements.

9.2. FUTURE RESEARCH DIRECTIONS

A few interesting future research directions are presented here that are the extension of this

research work.
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During fabrication of standard Pt-based DSSCs with TiCly treatment, higher Jsc
and lower Voc were observed for these devices as compared to the values in
literature. This low Voc may be due to the presence of HCI in the nanoporous
matrix of TiO, layer. If this HCI can be eliminated from TiO, nanoporous matrix,
we believe that the device performance of our standard Pt-based cells could be

increased above ~10% efficiency.

DSSCs fabricated with CNTs were slightly inferior to the Pt-based DSSCs in
terms of their series resistance and short-circuit current density. Further
improvements to get higher efficiency DSSCs can be made by optimizing CNT
growth conditions and modifying/functionalizing the nanotube surfaces. EIS
would be used to investigate the impact on charge transfer resistance. Stability

tests of these devices under illumination should also be conducted.

During the pyrolysis of the NCC, high series resistance due to the increased sheet
resistance of the FTO substrate has been found as a major loss mechanism in
these devices. Therefore, more work is required to identify appropriate counter
electrode substrates, optimize NCC deposition techniques to enable higher power
conversion efficiencies for these devices. Surface modification/functionalization

of NCC should also be done to improve device performance.

It would be interesting to fabricate DSSCs with 6TCP as it should give higher
efficiencies due to further red-shifting of the absorption spectrum and higher
extinction coefficients. In addition to this, systematic studies of the effect of
various new systems of dyes having LUMO levels with different electron

affinities on the efficiency of DSSC can be carried out
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