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ABSTRACT

This study reports the successful synthesis and integration of metallo-
octacarboxyphthalocyanines—multi-walled carbon nanotubes (MOCPc-MWCNTS)
(M = Zn, Ga(OH) and Si(OH),) hybrid system for the application of dye solar cells.
The metallo-octacarboxyphthalocyanines—multi-walled carbon nanotubes hybrid
was prepared through non- covalent 11 stacking. The metallo-
octacarboxyphthalocyanines—multi-walled carbon nanotubes hybrid was later
employed in dye solar cells as a photosensitiser of choice to enhance the
performance and efficiency of this device. The dye solar cell devices were
fabricated using metallo-octacarboxyphthalocyanines—multi-walled  carbon
nanotubes hybrid adsorbed on the TiO, semiconductor and further characterised

with solar simulator.

The  physical and electrochemical characterisations  of  metallo-
octacarboxyphthalocyanines—multi-walled carbon nanotubes hybrid were
investigated using spectroscopy (UV-Vis, FTIR, EDX, XRD), microscopy (TEM,
SEM and AFM), TGA, and electrochemistry (Cyclic voltammetry, photo-
chronoamperometry and electrochemical impedance spectroscopy). The effect of
multi-walled carbon nanotubes on metallo-octacarboxyphthalocyanine was firstly
verified by UV-Vis spectroscopy. The UV-Vis spectroscopy of metallo-
octacarboxyphthalocyanines in DMF showed the characteristic Q-band at around
680 nm. Upon integration with multi-walled carbon nanotubes the Q-band was red-

shifted.

The results obtained from the dye solar cell devices with metallo-

octacarboxyphthalocyanines—multi-walled carbon nanotubes hybrid (photo-

iv



chonoamperometric and photo-impedimetric data) showed an increase in the
electron transport and poor recombination rate of electrons in the conduction band

of TiO, semiconductor under illumination.

The photoelectrochemical studies of these hybrids gave promising overall
efficiencies even though it was lower than unexpected. Nevertheless, the
TiO/ZNOCPc/MWCNT performed better with the efficiency of about 0.1% than
TiO,/SIOCPc/MWCNT and TiO,/GaOCPc/MWCNT. These findings open up
avenues for improving the efficiency of dye solar cells with metallo-

octacarboxyphthalocyanines—multi-walled carbon nanotubes hybrid.
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CHAPTER ONE

1 INTRODUCTION

1.1 GENERAL OVERVIEW

A solar electricity-producing device known as a photovoltaic cell is one of the most
promising inventions of its type in the last 50 years. This device is used to convert
solar irradiation into electricity (Zhang & Cao, 2011) and this is an ideal way of
utilising nature’s renewable energy. Photovoltaic cells are known to be

environmentally friendly and do not pollute the atmosphere.

Photovoltaic cells have the potential to benefit our world by spreading our energy
supply and reducing our dependence on coal and imported fuels. The only
challenge that remains is their high production cost and energy consumption
during fabrication. Therefore, the new approaches towards stability, low cost and
efficiency are of extreme importance. Dye solar cells are an attractive new type of

photovoltaic cells that may provide a solution to these challenges.

Dye solar cells (DSCs) have become one of the most promising devices in solar
cell technology (Zhang & Cao, 2011). This is because of the low cost, simple
fabrication and potentially higher power output capabilities (Cheng et al., 2010) as
compared to the currently available solid state cells, such as crystalline silicon
cells (Wu et al., 2010; Tan & Wu, 2006). However, the efficiency of these devices
is much lower than that of solid state solar cells and more research is required to

enhance efficiency and performance so that the true potential is realized.



Consequently, much research effort has been conducted to improve the
performance of these devices by harvesting solar energy using metal
phthalocyanines (MPcs) (Barea et al., 2010). The use of MPc complexes in DSCs
is regarded as promising as a result of their photo-electrochemical stability,
absorption of light at a longer wavelength (Q-band at around 700nm) and high
thermal stability (Idowu et al., 2010). The phthalocyanine dyes that have been
investigated are mainly those containing diamagnetic metal centres (M = Ga(OH),
Si(OH), and zZn(ll) ) as they are known to exhibit excellent photosensitising

properties in DSCs (Masilela et al., 2009).

This project describes the synthesis as well as the spectroscopic (UV/Vis and
FTIR), microscopic (SEM) and thermal (TGA), properties of metal
octacarboxyphthalocyanines (MOCPc, where M = Zn, Si(OH), and Ga(OH))
integrated with MWCNT and investigates their suitability for potential application in
DSCs. In addition, detailed electrochemical behaviour of MOCPc supported on

amine MWCNT in DSCs is investigated.

1.2 PROBLEM STATEMENT

The relatively low efficiency of dye solar cells is the drive behind many research
projects worldwide. Several methods and photosensitisers have been used but
until now, no more than 11% efficiency has been achieved (Wu et al., 2009). In
this project, we investigate the use of alternative photosensitisers that will enhance
the long-term stability and efficiency of DSCs. Therefore, MOCPc, especially those
containing the diamagnetic metals, were chosen as the best candidates in this

project to replace the sensitisers that were utilised previously.



A significant effort has been made to enhance the photosensitisation in DSCs by
modifying MPcs with carbon nanotubes (CNTs) (Umeyama & Imahori, 2008). It is
well established that carbon nanotubes improve the electrochemical properties of
MPc by increasing the rate of electron transfer in DSCs (Agboola et al, 2010;
Umeyama & Imahori, 2008). MPc can be integrated with carbon nanotubes
through covalent bonding or non-covalent bonding teTt stacking. It is expected that
smart integration of the two 7n—electron species can tune the physico—chemical
behaviour of CNTs or MPc complexes to specific potential applications in DSCs

(Agboola et al., 2010).

1.3 OBJECTIVES

e To synthesise various metal octacarboxyphthalocyanine (MOCPCc)
complexes where M = Ga(OH), Zn and Si(OH)..

* To functionalise multiwalled carbon nanotubes with amine groups.

e To modify metal octacarboxyphthalocyanines with multi-walled carbon
nanotubes through a chemical functionalisation process.

e To investigate the spectroscopic and microscopic properties as well as the
electrochemical behaviour of metal octacarboxyphthalocyanines supported
on carbon nanotubes.

» Fabrication, testing and electrochemical characterisation of dye solar cells
incorporated with metal octacarboxyphthalocyanines supported on carbon

nanotubes.



1.4 DISSERTATION LAYOUT

Chapter one gives a general overview of the project and describes the problems
and how are they will be investigated. This chapter also gives the objectives of the
study. Chapter two provides the background and theoretical content of the project:
photovoltaics, DSCs, photosensitisers, support materials and characterisation
techniques. Chapter three gives the methods and materials used in this project. In
chapter four, the results are presented and discussed. This includes the
microscopic, spectroscopic and electrochemical studies. Chapter five presents the

conclusions and recommendations.



CHAPTER TWO

2 LITERATURE SURVEY

2.1 PHOTOVOLTAICS

2.1.1 Introduction

Photovoltaic cells is directly convert solar energy into electricity . In 1839, French
physicist, Alexandre-Edmond Becquerel first observed the photovoltaic effect while
experimenting the solid—liquid interface with a photoelectrode containing a liquid
electrolyte in a photo electrochemical cell (Gratzel & McEvoy, 1994). Therefore, in
1954, a 4.5% efficiency was measured for the first photovoltaic module (practical
cells) produced by Bell Laboratories (Gratzel & McEvoy, 1994). The demand for
photovoltaic cells has continued to grow after the energy crisis in the 1970s when
they gained recognition as a source of power for non-space applications (Knier,
2002). The photovoltaic power generator utilises solar panels which consist of a
number of solar cells containing photovoltaic materials. In recent years,
photovoltaic cells have become among the most promising devices for use as
sustainable and renewable sources of clean energy (Chang et al., 2008). Two
kinds of photovoltaic cells are recognised: Solid-state solar cells and dye solar

cells (Zhang & Cao, 2011).

2.1.2 Solid-state solar cell

The most common kind of solid-state solar cell that is used worldwide is the silicon
solar cell. Silicon solar cells are made out of semiconducting materials such as

silicon and are composed of three active layers:



e atop junction layer made of N-type semiconductor.
* An absorber made of a P-N junction.

* A back junction layer made of a P-type semiconductor.

The P-type semiconductor is a semiconductor that is doped either with boron or
aluminium and has an abundance of holes in the valence band. An N-type
semiconductor is a semiconductor that is doped with phosphorus in silicon and is
capable of creating excess negative charge carriers. The two semiconductors are
separated into two bands, the valence band (Ey) and the conduction band (Ec).
These two semiconductors are electrically neutral and sandwiching them together
can cause a P-N junction at their interface to create an electric field. After being
sandwiched, excess electrons move from the N—type to the P—type semicondoctor
to fill up the valence band by a process called electron hole recombination

(Backus, 1976).

2.1.3 Basic operation of a traditional solar cell

When incoming light strikes the cells, energy is absorbed as shown in figure 2.1.
The absorbed energy releases electrons and causes them to move from a lower
energy level to a higher energy level by a process called photo—excitation.
Therefore, the excited electrons move freely into the conduction band of the

semiconductor and flow through the material to produce electricity (Scout, 2005).



Photons A —

Figure 2.1 : Schematic diagram of a photovoltaic cell (Scout, 2005)

Although silicon-based solar cells have been commercialised for the past 30
years, their disadvantages make them less attractive in this field and dye solar

cells have showed more promise (Chang et al., 2008).

2.2 DYE SOLAR CELLS

2.2.1 Introduction

Dye solar cells were first established in 1991 by Michael Gratzel and Brian
O’Regan (O’'Regan & Gratzel, 1991) . What makes them attractive is their low cost
fabrication and high energy conversion performance (Sawatsuk et al., 2009).
Since their discovery, an energy conversion efficiency of 11% (Chung et al, 2012)
has been attained when utilising Ruthenium complexes as photosensitisers
(Dhungel & Park, 2010). However, the efficiency of these devices is much lower
(Zhang & Cao, 2011) when compared to solid-state solar cells. The advantages
and disadvantages of silicon-based solar cells and dye solar cells are compared in

Table 2.1.



Table 2.1: Advantages and disadvantages

Silicon -based solar cells Dye Solar Cells

Fabrication process and raw | Low cost and easy fabrication

matarials are costly

Toxic gases Friendly to the environment and
non-toxic

Heavy, big and rigid Lightweight, semi-transparent and
robust

Photovoltage is very sensitive to | Photovoltage is significantly less

light intensity variation sensitive to light intensity variation

2.2.2 A brief description of DSCs

The structure and the operationg principles of DSCs are different from those of
solid-state solar cells. The difference is that most solid state solar cells depend on
a semiconductor (Silicon) for both light absorption and charge transfer (Brooks,
2006) whilst in DSCs the two processes require different materials. DSCs are
photoelectrochemical solar cells composed of three main components (Kim et al.,
2005): A dye monolayer is coated on the TiO, wide band gap semiconductor,

platinum catalyst and a liquid electrolyte with the redox couple (I' / 13).

Typical dye solar cells are composed of two electrodes - working and counter
electrodes as shown in figure 2.2 below. On the working electrode, a TiO, layer is
coated on the surface of an Indium Tin Oxide (ITO) glass substrate. A monolayer
of dye molecules is adsorbed on the surface of the TiO, layer. The counter
electrode was prepared by coating a platinum catalyst paste on the other ITO
glass substrate, to catalyse the triiodide reduction. The two electrodes are
sandwiched together, filled with an electrolyte that contains an iodine/triiodide

redox couple and properly sealed with a Surlyn gasket.



Light

Glass substrate

e I TiO, layer + dye
H < > Electrolyte
S platinum |ayer

Glass substrate

Figure 2.2 : Schematic diagram of a typical dye solar cell
2.2.3 Operating principle of DSCs

By absorption of a photon, the dye molecule (S) (grafted on the surface of the TiO,
layer) is excited. An excited electron (S) moves from the highest occupied
molecular orbital (HOMO level) to the lowest unoccupied molecular orbital (LUMO
level). During the photoexcitation of the latter, the photoexcited electrons are
rapidly injected into the conduction band of the semiconductor. After a successful
injection, a charge transport occurs in the conduction band of the semiconductor
by diffusion of electrons to the ITO glass substrate. Upon reaching the ITO glass
substrate, the electrons are conducted to the counter electrode via the external
circuit. On the counter electrode, the electrons are received by the electrolyte and
the electrons are transferred to triiodide (I3) to produce lodide (I'). The reduced
iodide will then regenerate the oxidised dye while the triiodide is formed and the
electrical circuit is completed as shown in figure 2.3 (Zhang & Cao, 2011, Gréatzel,

2003). The photocurrent flows as a results of this cycle. The operating system of



DSCs can be summarised in chemical reaction terminology as shown below

(Nazeeruddin et al., 2003; Halme, 2002).

TiO,/S+hv. — > TiO,/S*  Absorption
Working electrode

TiO,/S * —— > TiO,/S* + e- Electron injection
S*+3I _— S+ly Regeneration
Counter electrode
I3+ 2e - 3I-
Working electrode Counter electrode
A e
4 I |
Light _
£ o |
[ = Injection
u =
e o)
% 2| e f —— LUMO El =
- 2 | 8] e—— i Dye el 2
> = : Electrolyte 3 >
A i —— HOMO 'ﬁ n
- © < ] =| =
G g | Semiconductor  _...»| . o
a : ;
- P l o | q--"".
E Ev ( Regeneration of dye
mofeculesiand electrolyte)

Load e
| O |

Figure 2.3: A typical diagram showing the operating principle of a dye solar cell
(Zhang & Cao, 2011)
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2.3 COMPOSITION OF DSCs

2.3.1 Titanium dioxide

Titanium dioxide (TiO,) is a photostable and nontoxic oxide with a high refractive
index of n= 2.4-2 (Hagfeldt et al, 2010). It is commonly used semiconductor as a
white pigment in paint, toothpaste, sunscreen, self cleaning material and food
(Hagfeldt et al, 2010). In renewable energy, nanoporous TiO, has great potential
especially in DSCs as a result of its higher efficiency of over 10% compared to
other metal semiconductors when adhered to the monolayer of dye molecule.
Unique properties such as chemical stability, large surface area, opacity, and low
cost make it more interesting in the application of DSCs (Kalyanasundaram &
Gratzel, 1998). In addition to this, various metal oxide semiconductors such as
Zn0O, WOs3;, Fe;03, SnO,, Nb,Os and Ta,Os have been used in DSCs. However,
TiO, has become the semiconductor of choice in DSCs (Kalyanasundaram &
Gratzel, 1998). One of the concerns is to utlise a large surface area
semiconductor (such as TiO,) with a large band gap of (> 3 eV) to supply sufficient
light absorption even when utilised as a dye monolayer (Nguyen et al., 2006).
Moreover, nanoporous TiO, can also be used to combine high refractive index with
a high degree of transparency in the visible region of the spectrum. It also serves

as a mediator for the transport of electrons (Kalyanasundaram & Gratzel, 1998).

Two main crystalline phases that occur naturally on TiO,: Rutile appears as needle
like crystals formed at high temperatures with a density of 4.26 g/cm® (Halme,
2002). It is thermodynamically stable compared to Anatase (ca. 1.2—2.8 kcalmol™).
The rutile-to-anatase transformation occurs in the temperature range 700-1000C

depending on the crystallite size and impurity content. The band gap energies
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have been estimated to be 3.2 and 3.0 eV for rutile and anatase respectively.
Anatase, formed as pyramid like crystals, is stable at low temperatures with a

density of 3.89 g/cm® (Halme, 2002).
2.3.2 General overview: Photo-sensitisers

Titanium dioxide is a white semiconductor that does not absorb visible light in the
electromagnetic spectrum of DSCs. Therefore, it is necessary to enhance the
absoptivity of visible light by sensitising TiO, with a photosensitiser that can absorb
as much light as possible in the visible spectrum (Martineau, 2011). The dye
molecule serves as a solar energy absorber in the DSC whose properties will have
much effect on the light harvesting efficiency and the overall photoelectric
conversion efficiency. Several dye molecules such as N3 dyes, N719 dyes, black
dyes and organic dyes have been commonly employed in DSCs (Zhang & Cao,

2011).
2.3.3Requirements for sensitisers

* A sensitiser should be panchromatic i.e. absorb all light below the threshold
wavelength of about 920 nm.

* It must have functional groups such as carboxylate or phosphate to firmly
attach to the TiO, semiconductor oxide.

e It should have suitable ground and excited states for redox properties.

* The energy level of the excited dye molecule should be about 0.2-0.3 eV
above the conduction band of the TiO, to allow efficient electron transfer.

« It should be stable to sustain about 10° turnover cycles for about 20 years

when exposed to light.

12



* It should show thermal and photochemical stability.

2.3.4 Types of Photosensitisers

2.3.5 Ruthenium complexes

Gratzel and his co-workers reported low cost ruthenium dyes such as N3 dye (cis
— bis-(4,4 - dicarboxy- 2,2-bipyridine) dithiocyanato ruthenium (ll);
Ru(dcby)2(NCS), in 1993 and N719 Bis(tetrabutylammonium)cis —
bis(thiocyanato)bis(2,2’-bipyridine-4-carboxylic acid, 4’ — carboxylate)ruthenium(ll)
in 1993 (Horiuchi et al., 2004) after exceeding the high conversion efficiency of
7%. The structures of the two dyes are shown in figure 2.4. Their performance and
excellent properties (long term stability, absorb light in the wide range of the solar
spectrum, reduce recombination between the photoinjected electrons at TiO, and
the oxidise electrolyte) render them to be more attractive in the application of
DSCs (Reynal & Palomares, 2011). In addition, ruthenium dyes in DSCs were
found attractive because they possess the chemical structure ML,(X),, where L is
2,2’-bipyridyl-4,4’-dicarboxylic acid M is Ru or Os and X stands for a halide,
cyanide, thiocyanate, acetyl acetonate, thiocarbamate or water substituent
(Gratzel, 2004). The main drawback of these dyes is that they lack the absorption
of light in the red region of the electromagnetic spectrum whereas the ideal dye

should harvest the near IR region of the solar spectrum (Gratzel, 2000).

More research needs to be conducted on how to improve the performance of
these devices and organic dyes are considered possibly to be among the best

candidates (Gratzel, 2003).
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COO *TBA

NCS

Figure 2.4: Chemical structure of: (a) N3 ruthenium complex and (b) N719
ruthenium complex (Le Roux, 2009)

2.3.5.1 Mechanism: Light absorption via Ligand-to-M  etal
ChargeTransfer (LMCT) excitation

At the heart of the DSC system, the excited dye molecules transfer electrons from
the metal to the Tt orbital of the ligand species (carboxylated bipyridyl) where
electrons are transferred into the conduction band of the semiconductor (Gréatzel
2003). The linkage of carboxylate groups to the TiO, surface occurs in various
ways i.e. unidentate, bidentate, chelating and bridging (Nazeeruddin et al., 2003;
Hagfeldt & Gratzel, 2000). The dye is attached to four carboxylate groups via their
two bipyridyl groups. Only two carboxylate groups are be attached to the Ti-ions
through their bidentate coordination. The Ti-ions interact with the hydroxyl groups
through their hydrogen bonds on the carboxylic acid (Hagfeldt & Gratzel, 2000). Of
the two remaining carboxylate groups, one carboxylic acid will ionise while the
other will remain in the protonated state. The bipyridyl rings share their LUMO with
the COOH’" groups, so that the electrons can migrate into the conduction band of
the TiO,. The anchoring carboxylic groups do not have to be conjugated to the
m—electron system of the chromophore for electron transfer to take place. Ancillary

ligands are not attached to the semiconductor but are used to tune the overall
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properties of the complexes. The main idea behind these complexes is to have a
good anchoring ligand to allow an efficient adsorption onto the semiconductor
surface while its properties can be tuned by using different ancillary ligands

(Hagfeldt & Gratzel, 2000).

2.3.5.2 Organic dyes

Several dyes have been examined but the efficiency has generally been low. It
was reported that the efficiency of DSCs can be improved by using dyes that
absorb light at the red end and near infrared region of the visible spectrum
(O'Regan et al., 2008), such as indolines, coumarins, squaraines, porphyrins and

phthalocyanines.

Phthalocyanine dyes were chosen for investigation in this project, especially those
containing diamagnetic metal centres (M = Ga(OH), Si(OH),, Zn(ll)) as they are
known to exhibit excellent photosensitising properties in DSCs (Masilela et al.,
2009). These molecules generally have larger absorption co-efficiencies
(E>10°M *cm™), high thermal and chemical stability and also absorb light at the red
end and the near infrared region of the spectrum. A strong Q-band at the longest
wavelength of 650-800 nm and a weaker B-band at 330 nm are usually observed
(Wiederkehr, 1996). These properties make phthalocyanines more interesting in
this field. However, phthalocyanines also have their own disadvantages in the
application of DSCs such as their propensity to aggregate and the unsuitable
energetic position of the LUMO level (Gratzel, 2003). Therefore, in this context,
effort has been made to enhance the cell performance by modifying

phthalocyanine dye molecules with carbon nanotubes.
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2.3.6 Platinum electrode

As a result of its strong catalytic activity, platinum has been used as one of the
essential components in DSCs (Khelashvili et al., 2006). The main role of the Pt is
to transfer the electrons arriving from the external circuit back to the redox reaction
and ensuring that the overvoltage is low (Li et al., 2008). While showing excellent
properties, its high cost and degradation in the electrolyte make it less attractive in
application of DSCs. Various methods have been employed to deposit platinum on
the ITO glass surface. These include sputtering, spin coating and the pyrolytic
method (Halme, 2002). However, these methods require high platinum loading
whereas DSCs use low cost materials. Several procedures can be followed to

minimise this problem and these include:

The use of carbon-based counter electrodes with enough conductivity as
inexpensive substitutes for the platinum electrode. This, however, resulted
in reduced efficiency.

e Saito et al, |utilised chemically polymerised poly (3,4-

ethylenedioxythiophene) as a counter electrode.

» Platinum electrode was electrodeposited on the ITO glass sheet.

* The use of the doctor blading method. This method has been shown to be
simple and feasible. The electrode is generally transparent and has low

platinum loading and high catalytical performance (Li et al., 2008).

2.3.7 Electrolytes

The electrolyte plays a key role in DSCs and its properties have much effect on
the conversion efficiency and stability of DSCs. Most of the electrolytes generally

used in DSCs have the redox couple (I/13) with counter ions (Li*, K*, Na*, Mg** or

16



tetrabutylammonium (TBA")) (Reynal & Palomares, 2011) and additives (4- tert —
butylpyridine 4TBP, 1- methylbenzimidazole) in an organic solvent (Acetonitrile,
propylene carbonate, methoxyacetonitrile). The redox couple is used to reduce the
photo-oxidised dye molecule (Reynal & Palomares, 2011). Up to now, the most
efficient DSCs are based on organic solvent electrolytes owing to their low
viscosity, fast ion diffusion and high percolation into the pores of the

semiconductor (Martineau, 2011).

2.3.8 Sealing

The two electrodes (working and counter) need to be properly sealed to avoid
moisture absorption. Different kinds of sealing materials can be used such as a
polymer hot melt seal foil known as Surlyn 1702, epoxy glues, and silicon and UV
adhesives. Up to now, the results obtained from using these various kinds of
sealing are not promising and do not guarantee long term stability. When sealing
the glass, certain precautions need to be taken:

* Materials used must be chemically inert towards the electrolytes and other
components in the cell, well attached to the glass substrate and avoid
contact with the coated area (Halme, 2002).

e The material must be UV stable and thermally stable at 85 (Sastrawan,

2006).

2.3.9 Solar cell performance

A solar simulator (shown in figure 2.5) is an instrument which acts as the light
source for the characterisation of DSCs when determining efficiency and

performance. The technique involves the measurement of the relationship of
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between current and voltage. There are four factors that should be considered
when performing I-V curves in DSCs:

e Open circuit potential (Voc,V) - is the maximum potential measured at an
open voltage.

e Short circuit current (Is¢/A) — is the current measured at the short circuit.

» Efficiency (n) — is used to compare different solar cells and is defined as the
percentage of the solar irradiation that is converted into power. It is
calculated as the ratio between the maximum power output (MPP) and the
power of incoming irradiation (Gréatzel, 2003). Piyu iS the input radiation
power of the solar simulator (100 mWm™) (Chang et al., 2008).

_Vec! FF
Roou (Eq. 2.1)
e Fill Factor (FF) — measures the squareness of the curve and is calculated
from the maximum power, the product of the short circuit current and the

open circuit potential as shown in equation 2.3. The fill factor is a number

between 0 and 1.

RY,
FF - max~ max

IV o (Eq. 2.1)
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Figure 2.5: A photograph of a solar simulator system used to test cell efficiency

2.4 BACKGROUND: PHTHALOCYANINES

Phthalocyanines (Pcs) are aromatic planar analogues of tetraazoporphyrins with
four additional isoindole subunits. Phthalocyanine is a Greek word derived from
naphtha (rock oil) and cyanine (dark blue). The structure is shown in figure 2.6.
They were first discovered in 1907 by Braun and Teherniac by chance during a
study of the properties of 1,2-cyano benzamide (Braun et al 1907; Nyokong,
2007). In the 1930s, Professor Linstead and his students continued with the study
of the structure of Pcs. The X-ray crystallography of Pcs and its derivatives, such
as those of nickel, copper and platinum, were studied by Professor Robertson and
his co-workers in the 1940s (Nyokong, 2007). Since then, Pc-complexes have
been used as pigments and dyes for over 70 years as a result of their intense

green-blue colour (de la Torre et al., 2010).

These molecules have large absorption coefficients (E>10° M™* cm™), high thermal
and chemical stability and absorb light at the red end and the near infrared region

of the electromagnetic spectrum (Wiederkehr, 1996). Their absorption spectra
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exhibit an intense Q-band in the visible region usually ranging from 620-700 nm
and a B-band in the ultraviolet region usually centred at 350 nm (de la Torre et al.,
2010). They are macrocyclic complexes with an 18 Ttrconjugated system,
consisting of 16 carbon atoms associated together by 8 Nitrogen atoms (Torres,
2006). The diagonal N-N distance between the rings is smaller (396 pm) than that
of porphyrins (402 pm) as shown in figure 2.8 (Stillman & Nyokong, 1989).
Phthalocyanines are versatile complexes as they can accommodate more than 70
metals and non-metals in the centre (dianion (Pc?) and can integrate different
substituents at the peripheral and non-peripheral end of the ring, thus allowing fine

turning of the physical properties (de la Torre et al., 2010; Agboola, 2007).

% \(9 .(b)
Figure 2.6: Geometric structure of (a) unmetallated phthalocyanines and (b)
porphrins

2.4.1 Metallophthalocyanines

Since metal phthalocyanines (MPcs) and their derivatives were discovered, more
attractive properties have been studied and applied in different fields and
applications such as inorganic conductors, photoconductors in xerography,

catalysis, gas sensing, photosensitisers, non-linear optics, (Bayir, 2005),
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electrochromic devices, dyes and pigments. These MPcs and their derivatives
have become more attractive and promising as photosensitisers especially in the
photodynamic therapy of cancer (PDT) (Durmus & Nyokong, 2007), photovoltaic
cells, fuel cells, Liquid Crystal Display (LCD) devices, dyes in the recording layers
for CD-R and DVD-R storage discs, diverse catalytic systems, Light Emitting
Diodes (LEDs), electrochemical sensors, molecular electronics, semiconductor
devices and photocopying and laser printing although more research is still going
on this field and commercialisation is expected in the near future (Cong et al.,

2008).

2.4.2 General methods of synthesis

Phthalocyanines are synthesised in various ways and different starting materials
have been developed and used. The starting materials are generally phthalonitrile,
phthalic acid, O-Cyanobenzaimide, diiminoisoindoline and phthalic acid anhydride
as shown in figure 2.7 (Torres, 2006; Stillman & Nyokong, 1989). In this regard,
different kinds of phthalocyanines can be obtained using the listed precursors
depending on the intended phthalocyanine. The most commonly synthesised
phthalocyanines are metal free phthalocyanines and symmetrical or asymmetrical

metallophthalocyanines.
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Figure 2.7: The structure of the common starting materials for MPc synthesis

2.4.3 Synthesis of Metal-free phthalocyanines

Synthesis of metal-free phthalocyanines can be achieved in various methods but
the common method involves the use of phthalonitrile as a precursor. The first
synthesis of unsubstituted metal-free phthalocyanines was achieved from the
reaction of phthalonitrile by firstly bubbling gaseous ammonia as a base and
refluxing into a solution of sodium methoxide in methanol solution at room
temperature to yield 1,3 diiminoisoindoline. The treatment of 1,3 diiminoisoindoline
in a high boiling alcohol produced the H,Pc (metal-free) which condenses under

mild conditions (Wohrle et al.,1992).

Similarly, phthalonitrile can be readily converted to the H,Pc ring by refluxing
lithium metal, dissolved in a solution of pentanol (lithium pentyloxide), to give
Li,Pc, followed by heating with the non-nucleophillic hindered base 1,8-
diazabicyclo[4.3.0]non-5-ene (DBN) in a solution of pentanol to finally produce

H.Pc (metal free). The synthesis of H,Pc can also be achieved by using co-
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reactants such as hydroquinone, 1,2,3,6-tetrahydropyridine or 4,4 -
dihydroxybiphenyl to provide two electrons and two protons for the

cyclotetramerisation of phthalonitrile (Vollman, 1971).

2.4.4 Synthesis of Metallophthalocyanines

The unsubstituted metallated phthalocyanines were synthesised by heating the
various starting materials (Phthalic anhydride, O-Cyanobenzimide and
Phthalimide) at high temperature in the presence of metals salts, urea and DBU or
ammonium molybdate acting as catalyst as shown in scheme 2.1 (Vollman, 1997).
Phthalonitrile can also be used to synthesise unsubstituted
metallophthalocyanines in the presence of metal salts as shown in scheme 2.2

(Agboola, 2007).

Peripheral
CO,H \
Metal salt, Urea )
~«———— Non peripheral
CO,H
N—=—_ =
-
CN |
Metal salt N—M——-N
N
CN N N

o Metal salt, Urea
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(0]
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Scheme 2.1: Synthesis of unsubstituted metal phthalocyanines
— N
CN N N |
©i _Cu(ineN _ |
N—M——N
gr Pyridine CN |
N |
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Scheme 2.2: Synthesis of unsubstituted metal phthalocyanines
2.4.5 Axially substituted phthalocyanine

The central cavity of the macrocycle phthalocyanine ring can accommodate
central metal ions that are attached with axial ligands. These axial ligands are
coordinated with central metal ions having oxidation states of +3 or +4, such as in
SnPc, SiPc, GePc and O-TiPc. The existence of the axial ligand contributes to
enhancing the solubility and also reducing the face-to-face intermolecular

interaction within the MPc ring (Leznoff & Lever, 1989).

In the industrial production process, the synthesis of oxo-titanium phthalocyanines
iIs achieved from the reaction of phthalonitrile, diimiisoindoline and titanium
trichloride (TiCly). The mixture is hydrolysed to yield the product i.e CI-TiPc. The
CI-TiPc product has been used in the field of photoconductors and photoreceptors
in electrophotographic printing. Another method of synthesising 87% oxo-titanium
phthalocyanines is by heating a mixture of phthalonitrile and titanium (1V) butoxide,

urea and 1-octanol at 150C (Winter et al., 1998).
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The Cl,-SiPc was synthesised from the cyclomerisation of phthalonitrile or
diimiisoindoline by heating in the presence of a high boiling solvent such as
quinoline with silicon tetrachloride. The product - Cl,-SiPc - is readily hydrolysed to
yield (OH),-SiPc in acidic or basic conditions. The O-TiPc is obtained from the
synthesis of phthalonitrile in the presence of titanium (IV) butoxide and urea. In
this case, the use of titanium (IV) butoxide makes the synthesis much easier due
to its stability against moisture compared to the use of titanium tetrachloride (Kim,
2006). A similar method may be utilised when synthesising GePC and SnPc.
(OH),-SiPc and ClI,-SiPc are commercially available and soluble in common
solvents when coordinated with alcohols, alkyl halides, thio-ethers, sulfonyl,

carboxyl, amino and chlorosilanes (Leznoff and Lever,1989).

2.4.6 Tetrasubstituted metallophthalocyanines

Tetra- and octa-substituted phthalocyanine derivatives are of interest as a result of
their excellent solubility in common organic solvents. The solubility is mainly
caused by the bulky ligand around the peripheral end of the macrocycle ring. In
addition, the presence of the bulky ligands has a good influence on the properties
of the Pc ring especially on improving the visible absorption spectrum of the ring

and also improving its thermal and chemical stability (Sanchez et al., 2001).

Generally, tetra-substituted phthalocyanines produce a mixture of four structural
regioisomers such as Dy, Can, Cyy and Cg (Torres, 2006). These isomers are
synthesised from the asymmetrical starting material 4-tert butyl phthalonitrile with
the product ratio of Cyn: Don: Coy: Cs = 1:1:2:4 (Schmid et al., 1996). Therefore,
during the cyclotetramerisation of the symmetrical starting material, 3,6 and 4,5 di-

substituted phthalonitrile, octa-substituted phthalocyanines were produced instead
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of tetra-substituted phthalocyanines (McKeown, 1998). Sanchez and co-workers
reported that tetra-substituted phthalocyanines exhibit higher solubility compared
to the octa-substituted derivatives due to their mixture of isomers and also the

asymmetric arrangement of the substituents (Sanchez et al., 2001).

2.4.7 Water soluble metal phthalocyanines

Metal phthalocyanines containing carboxy- and sulpho- groups at the peripheral
end of the ring were investigated and are known to be soluble in water. Methods of
synthesising metallo—tetrasulphophthalocyanine (MPcS,;) were established by
Weber and Bush (Weber & Bush, 1965). The methods include refluxing (at a
temperature about 180C) a mixture of the monosodiu m salt of the 4-sulphonic
acid, urea and metal salt in nitrobenzene in the presence of ammonium molybdate
as catalyst as shown in scheme 2.3. The synthesis of metallo—
tetrasulphophthalocyanine can also be achieved by direct sulphonation of

unsubstituted MPcs with oleum (Agboola, 2007).

SO;H
o N— N/ N
OH Metal salt, Urea, Solvent‘ N—M——N
(0] Catalyst, reflux
N |
N=—" ™ N
OH

HO5S

Scheme 2.3: General route for synthesis of metallo—tetrasulphophthalocyanines
(MPcS,)
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The method of synthesising carboxy-substituted MPcs was first reported by Keiichi
Sakamoto and his co-worker (Sakamoto & Ohno, 1997). The products can be
obtained from benzene-1,2,4,5—tetracarboxylic dianhydride (pyromellitic
dianhydride) in the presence of urea, metal salt and DBU as a catalyst as shown in
scheme 2.4. Firstly, tetraimido metallophthalocyanines are formed as
intermediates and are easily converted to octacarboxylic acids via acid or base

hydrolysis (Sakamoto & Ohno, 1997).

\ J
S Urea, metal salt, DBU
Reflux for 30mins
// \
(0]

N
H

20% H,SO,
Reflux for 3days

HOOC COOH

HOOC COOCH

HOOC COOH

Scheme 2.4 : Synthetic route for water soluble metal octacarboxyphthalocyanines
(MOCPc).
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2.5 SPECTRAL PROPERTIES OF MPc COMPLEXES

2.5.1 UV-visible spectra

The metallated phthalocyanines exhibit the two intense isolated absorption peaks
in the UV/Vis absorption spectrum, which are the Q—-band and B-band as shown in
figure 2.8. The Q-band is in the visible region (600 nm) of the spectrum with the
molar absorptivity of more than 10° dm® mol® cm™ whereas the B-band or the
Soret band is in the ultraviolet region of the electromagnetic spectrum (Stillman &

Nyokong, 1989; Wiederkehr, 1996).

Q- Band
B- Band

Absorbance

300 400 500 600 700 800

Wavelength (nm)

Figure 2.8: Typical electronic absorption spectra of metal phthalocyanines

Generally, the UV-Vis spectrum of an MPc ring is described by Gouterman’s four
models. The optical spectrum of an MPc complex is defined by the transition
energies from the highest occupied molecular orbital (HOMO - a,y and ayy) to the
lowest unoccupied molecular orbital (LUMO - ey). Compared to the porphyrins, the
transition levels of the HOMOs (apy and aiy) in phthalocyanines, are widely
separated from each other as a result of the presence of aza—bridges and the
benzene groups around the ring. Furthermore, the Q-and the B-band (B; and B;)
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lie from the aiy, axy and byy to the ey of the energy transition respectively as

explained in figure 2.9 (Stillman & Nyokong, 1989).
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Figure 2.9: Energy transition level diagram for Metal phthalocyanines

In fact, the Q-band of the phthalocyanines in the absorption spectrum can be red
shifted or blue shifted and this depends on several factors such as the increase or
the decrease of the atomic number of the central metal used, axial ligands,
peripheral and non-peripheral substituents, effect of aggregation and the effect of
solvent used to dissolve the materials. Possibly, the most significant use of
phthalocyanines complexes results from their exclusive spectral properties (Q-
band) in the region of 600-750 nm in the visible spectrum. These properties make

MPc more attractive photosensitiser complexes (Leznoff & Lever, 1989).

Gouterman’s four models had elucidated other transition bands for MPc with
higher energy states (below 300 nm) such as N, L and C showing band energies
of 4.4, 5.0 and 5.9 eV respectively (Leznoff & Lever, 1989). These bands occur in
the ground state of the electronic absorption spectra of some diamagnetic MPcs
(ZnPc, MgPc etc). In this regard, some of the MPc complexes do not exhibit any

absorption intensity in these bands (Agboola, 2007). In addition, MPcs have a
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tendency of undergoing charge transfer transitions which may be either metal-to-
ligand (MLCT) or ligand-to-metal (LMCT). This transition can be expected in the

spectral region from 200 nm to 1000 nm.

2.5.2 Aggregation of metal phthalocyanines

MPcs have the propensity to aggregate in solution and this is not desired for PDT
and photovoltaic cell applications. During aggregation, phthalocyanines dimerise
or polymerise readily in solution and, according to Leznoff and Lever (1989), this

can result from:

The direct linkages or bridges between two or more phthalocyanines (due

to the intramolecular bonding).

* Covalent bonding between the metals as p OXO links (especially MPc

complexes of Fe and Si).

e Sandwich type complexes — two MPc rings sharing one central metal

(Sn(pc)2 , Lu(pc): ).

* A weak association whereby the peripheral substituents hold two rings in

space.

Therefore, the aggregation of the symmetrical MPcs in solution (dimerisation) can
also be identified by the blue shift in the Q-band as well as splitting and
broadening of the Q-band. In addition to these features, the spectral effects can
also depend on the closeness of rings, the overlap position, the tilt angle, the

bulkiness of the peripheral groups and the extinction coefficients of the electronic
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bands involved. Solvent effects can also result in an increase in aggregation,

depending on solvent polarities (Leznoff & Lever, 1989).

This might also change the chemical properties of the MPc complexes which will
result in the co-planar association of the aromatic rings. For polar solvents,
monomeric species are expected because of the strong interaction between the
water molecules and the Pc substituents (electron withdrawing groups) as
compared to non-polar solvents. However, aggregation can be reduced by utilising
central metal enclosing axial ligands which will act as spacers between the rings

(Leznoff & Lever, 1989).

2.5.3 Infrared spectroscopy

The infrared spectra of MPc complexes, especially the water soluble ones, are
complex but similar (Agboola et al., 2010). The main bands in the aromatic MPc
ring that are crucial and visible are the C-H stretching vibration at 3030 cm™, the
C-C benzene ring stretching vibrations at 1600 and 1475 cm™ and the C-H out-of-
plane vibrations at 750-790 cm™ (Agboola et al., 2010). Metal sensitive bands
appear at about 1490 and 1410 cm™. The spectra for this result is included in the

Appendix.

2.6 INTRODUCTION TO CARBON NANOTUBES

The synthesis of nanofilaments was first patented by Hughes and Chambers in
1889. This catalytic synthesis of carbon filaments made use of iron catalyst and
carbon source gas (Colbert & Smalley, 2002). Conclusive evidence that the
nanofilaments are carbon nanotubes with an inner cavity (approximately 50 nm in

diameter) was established by two Russian scientists in 1952 (Radushkevich &
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Lukyanovich, 1952). In 1991, Sumio lijima discovered microtubules of graphitic
carbon with outer diameters of 4-30 nm and a length of up to 1 ym (lijima, 2002).
Since then, the number of publications on carbon nanotubes has grown

exponentially (Wildgoose et al., 2006).

The images confirming the tubular nature of the nanometric-sized carbon
filaments/carbon nanotubes were determined by transmission electron microscopy
(TEM). In 1978, Wiles and Abrahamson also reported the successful synthesis of
carbon fibres on a graphite anode and these carbon fibres came to be known as

carbon nanotubes (Wildgoose et al., 2006).

Carbon nanotubes have been the subject of worldwide research as a result of their
unique properties such as mechanical strength, good electrical conductivity, high
thermal stability and large surface areas (Sahoo et al., 2010). Even, in the
application of DSCs, CNTs have shown promise for use as support materials even
though more research is still required. For efficient performance of this support
material, functionalisation needs to be conducted in order to enhance the
hydrophilicity of the CNTs. The functionalisation involves harsh treatment with

acids and amines at their edge plane sites (Fei et al., 2006 ; Agboola et al., 2010).

Carbon nanotubes (CNTs) are tubular nanocrystalline carbon clusters structurally
built from rolled graphene sheets closed at the ends by fullerene caps
(Khabashesku et al., 2006). CNTs consist of two main types with high structural
perfection: Single walled carbon nanotubes (SWCNTs) and Multi-walled carbon
nanotubes (MWCNTSs) (Sun et al. 2002). Single-walled carbon nanotubes are
characterised as one dimensional nanowires that are either metallic or

semiconducting depending on their diameters and helicity (Campidelli et al., 2008).
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The MWCNTSs are made of two or more concentric graphitic layers surrounding the

central tubule as shown in figure 2.10 (Sun et al., 2002).

The diameter of SWCNTSs can range from 0.2—2 nm and for MWCNTSs can be from
2-100 nm (Valcarcel et al., 2005). MWCNTs have also been shown to have
relatively higher conductivities and larger outer shells when compared to SWCNTs
(Kasumov et al., 1998). In this work, MWCNTs were used because their large
diameter to length ratio properties are more significantly different from that of
SWCNTs. Therefore, it is generally believe that the interactions between the MPc
with  MWCNT can enhance the electrochemical properties such as electon
transport in DSCs. The MPcs are 2-D 18 trelectron aromatic porphyrin synthetic
analogues, which can be integrated with CNTs through covalent bonding (i.e.,

upon appropriate functionalisation) or through non-covalent et stacking

2-25 nm

Figure 2.10: Schematic diagram of Single-walled carbon nanotube (SWCNTSs) (a)
and Multi-walled carbon nanotubes (MWCNTSs) (b), illustrating a
typical dimension of length, width and separation distance between
graphene layers (Hirsch, 2002)
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2.7 CHARACTERISATION TECHNIQUES

The synthesised materials (MPc-MWCNT hybrid) were analysed using various
techniques: Physical and Electrochemical characterisations. Therefore, this
chapter describe the background of microscopic, spectroscopic and

electrochemical techniques used to analyse MOCPc-MWCNT.

2.7.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique that utilises a beam of
energetic electrons instead of light to examine the materials (carbon nanotubes
and MPcs) on a very small scale ranging from nanometers to micrometers. This
technique is essential in the field of nanotechnology and phthalocyanine studies. A
larger depth of field focuses on a large amount of the sample at one time resulting
in a three dimensional image. The images produced are utilised to investigate the
samples characteristics such as topography, morphology, composition and

crystallographic information (Dunlap & Adaskaveg, 1997).

The beam of electrons is produced at the top of the microscope by an electron
gun. The beam travels through electromagnetic fields and lenses, and is then
focused on the sample. Once the beam enters the sample, the backscattered and
secondary electrons as well as x-rays emitted from the sample are collected by the
detectors as shown in figure 2.11 (Hafner, 2007). This results in the formation of
an image. In this work, SEM technique was used to determine the morphology of

the MPc-MWCNT hybrid.
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Figure 2.11: Types of Interaction between electrons and materials

2.7.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique that reveals the
crystallographic information of the material in the form of an image. During TEM
analysis, the electron beam strikes an ultra thin specimen and the electrons
interact to produce an image. The image is recorded on an imaging device such
as fluorescent screen (Palisaitis, 2008). The operation of TEM is similar to that of a
light microscope except that it uses an electron beam, generated from an electron
gun, instead of light. In addition, TEM produces quality images possessing higher
resolution compared to light microscopy due to the small Broglie wavelength of
electrons (Fuitz & Howe, 2007). In this work, TEM technique was used to study the

structure of the MPc-MWCNT hybrid.

2.7.3 Atomic Force Microscopy

Atomic force microscopy (AFM) is the analogue of scanning probe microscopy
used to “view” details at the atomic and molecular level (Vilalta-Clemente &

Gloystein, 2008). AFM provides extremely high resolution images by employing an
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ultra-small probe tip at the end of a cantilever. It measures the forces acting
between the sharp cantilever tip and sample. AFM does not utilise electron beams,
but produces information on surface morphologies by running a very small and

sharp cantilever tip over the sample (Raposo, 2007).

2.7.4 X-Ray Diffraction

X-Ray Diffraction (XRD) is a rapid technique used for phase identification of the
crystalline materials. It is used to identify the crystalline phases powders, crystals
and thin film samples with high resolution and good signal to noise ratio. The
interaction of the crystalline material causes the x-ray to diffract uniformy in all
directions. Therefore, the diffracted beams obeys the Bragg's law as shown in
equation 2.3.

nA =2dsiné (Eq 2.3)

Where n is the diffraction order , Ais the wavelength of the X-rays, d is the
distance between two lattice and 0 is the Bragg angle between the surface and the
X-ray beam where a maximum in the diffracted intensity occurs. In this work,
XRDs technique was used to determine the crystalline structure of the MPc-

MWCNT hybrid.

2.7.5 Themorgravimetric analysis

Thermogravimetric analysis (TGA) is an analytical technique primarily used to
determine the composition and the thermal stability of the material as a function of

temperature (Widmann, 2001). It is commonly used in research and testing to

determine the weight loss or gain of materials such as carbon nanotubes. The
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TGA is composed of several components such as the balance, furnace,

temperature programmer and the recorder.

During the analysis, the sample is placed in a sample pan that is supported by a
balance in a furnace. Then, the sample temperature is varied at a constant rate
during the experiment while purging with a gas (inert or reactive). The gas flows
over the sample and is released through an exhaust. Then the results are
recorded in the form of a plot of mass change against temperature (Mansfield,
2010). The TGA curves reveal the change in the mass of the sample as the
temperature increases. In this work, TGA analysis was used to study the thermal

stability of the MPc-MWCNT.

2.7.6 UV/Visible Spectroscopy

UV/Vis spectroscopy is a commonly used analytical technique with applications in
both quantitative and qualitative analysis. The absorption of the material in
different wavelength ranging from 190 (Ultraviolet region) — 900nm (Visible region)
(Lam, 2012) is measured and plotted against. The wavelength of light that a
compound will absorb is a characteristic of its chemical structure. The specific
region of the electromagnetic spectrum is absorbed by exciting molecules. All
molecules will undergo electronic excitation following absorption of light, but for
most molecules very high energy radiation (200 nm) is required (Skoog & West,

1980).

The amount of light, I, transmitted through a solution of an absorbing substance in
a transparent solvent can be related to its concentration by the Beer-Lambert law

as shown in equation 2.4:
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A=log1dl,/1)=Ebc (Eq. 2.4)

where A is the measured absorbance, lp the intensity of incident light, | the
transmitted intensity, E the molar absorptivity, ¢ the concentration and b the path
length of the sample. The Beer-Lamber law is fully described by Strong theory
(Greenlief, 2004). In this work, UV/Vis was used frequently in order to observe the
purity of MPc after filtration and also to identify the two absoption bands presence

in the phthalocyanine structure.
2.7.7 Fourier-Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a commonly used technique for
the identification of the chemical functional groups in a compound. The IR
radiation passed through a sample and some of the radiation is absorbed by the
sample while the rest is transmitted (Settle, 1997; Kalsis, 1993) Then a signal is
sent to the detector creating a molecular fingerprint of the sample i.e. IR spectrum.
Each functional group within a molecule will have various bond energies resulting
in infrared absorption at different wavelengths (Coates, 2000). The total bond

energy is defined in equation 2.5.

Etotal = Edectronic + E\/ibrationa + Erotational + Etranslatimal (Eq 2.5)

When a molecule vibrates, the atoms move towards and away from each other at
a certain frequency. Therefore, the number of vibrational modes in a molecule is
given by 3N — 6 (non linear) and 3N - 5 (linear) where N is the number of
component atoms in the molecule (Settle, 1997; Kalsis, 1993). In this work, FTIR

was used to confirm the functional groups presence in MPc-MWCNT hybrid.
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2.8 ELECTROCHEMISTRY: CHARACTERISATION OF MOCPcs

In this work, electrochemistry is used routinely to describe electron transport
properties of the MPc—CNT hybrids in DSCs when the device is exposed in the
dark and under illumination (Sakamoto & Ohno, 1997). The Autolab potentiostat
PGSTAT is generally used with a solar simulator and a two electrode compartment
i.e. Reference electrode (RE) connected to a counter electrode (CE) and working
electrode (WE). Therefore, the charge transfer within the cell is determined by
using different electrochemical techniques such as cyclic voltammetry,
chronoamperometry, square waves and electrochemical impedance spectroscopy

(EIS).

2.8.1 Cyclic Voltammetry

Cyclic voltammetry is the most popular technique that is used to provide qualitative
and quantitative information about the electrochemical reaction. During cyclic
voltammetry analysis, the potential of the electrochemical cell is applied and the
response of the cell is measured at the end of each step (as shown in figure 2.12)
and the resulting current is recorded, producing a cyclic voltammogram. A cyclic
voltammogram was obtained by measuring the current at the surface of the
working electrode where the reaction is occurring and the plot measures the

current against potential (Shippy & Lu, 2007).

During the scan, one or more peak currents of the redox active species at the
electrode surface is observed. Moreover, when the applied potential of the redox
species becomes positive, oxidation occurs i.e. anodic current (Ipa) whereas when

the applied potential becomes negative reduction occurs i.e cathodic current (Ipc).
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In this case, there are significant parameters in cyclic voltammetry that are used
and these include the magnitude of the peak currents, (both anodic and cathodic)
and the potential at which the peak current occurs, anodic peak potential (Ep,) and
cathodic peak potential (Epc) as presented in figure 2.13. In addition, a cyclic
voltammogram process can either be reversible or irreversible depending on the

material used (Shippy & Lu, 2007).

«—— Cycles —»‘

L

2 Reversed

(2]

© scan

S

© Forward

5 scan

5 Switchi tential E

E._ witching potentia .

Time (s)

Figure 2.12: Typical excitation signal for cyclic voltammetry
(Shippy & Lu, 2007)
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Current (arbitrary units)

Figure 2.13: Typical cyclic voltammogram for reversible reaction
(Shippy & Lu, 2007)

2.8.2 Chronoamperometry

Chronoamperometry is the electrochemical technique in which the step potential of
the working electrode is applied while the current is recorded as a function of time
(Ventures, 2008). This technique is mostly performed while the solution is not
stirred to enable mass transport by diffusion. During the analysis, the starting
potential is applied to the electrochemical cell for a brief period of time where there
is no current and the cell is allowed to equilibrate at this stage. Therefore, after the
induction period, the potential of the working electrode is accelerated and the
resulting current measured for a period of time. Then the potential of the working
electrode is held constant (at initial potential) for a brief period of time and rapidly
decreased as the analyte near the electrode is completely oxidised or reduced as
shown in figure 2.14 (Ventures, 2008).
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Figure 2.14: A potential wave form for chronoamperometry
The relationship between the current plotted against time is describe as the Cottrel
(see quation 2. 6):

i - nFACDllzﬂ_llzt_llz (Eq 26)

where F is Faraday’s constant (96500 C/mole), A is the electrode area (cm?), C is
the lonic concentration (mol/cm®), n the number of electrons per molecule, D the
diffusion coefficient (cm?%s) and t the measurement time in seconds (Ventures,

2008).
2.8.3 Electrochemical Impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (sometimes known as ac impedance) is
a very well known and powerful technique that is used for analysing the charge
transport process occurring on the electrode surface of the electrochemical cell
(Wang et al., 2005). EIS has been shown to be a very useful technique in the
study of the kinetics of electrochemical and photoelectrochemical processes as
well as the elucidation of salient electronic and ionic processes in dye solar cells

(Wang et al., 2005). This technique reveals that when a tiny AC voltage amplitude
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(Sinusoidal) excitation signal is applied on a potential, a current or a voltage is

measured (Amirudin & Thierry, 1995).
The sinusoidal excitation signals are described by equation 2.7:

E, = E, sin(«t) (Eq. 2.7)
where, E, is the potential at time, E, is the amplitude of the signal, ais the radial

frequency. The relationship between the radial frequency («) and frequency (f) is

expressed by given equation 2.8:

=27 (Eq. 2.8)
In a linear system, the response signal, |, is shifted in phase |¢1 and has a different

amplitude and Iy is expressed by equation 2.9 (Gramry instruments, 2012)

I, =1,sin(at + @) (Eq. 2.9)

This steady state technique measures the impedance over a range of frequencies
and the frequency response to the system as a result of two plots i.e. the Bode
plot and the Nyquist plot as shown in figure 2.15. The Bode plot is a plot of log of
magnitude of impedance and phase angle against frequency whereas Nyquist plot
is a plot of the imaginary impedance against real impedance. The Nyquist plot is
obtained when the real impedance is plotted on the x - axis and the imaginary plot
is on the y - axis. Therefore, the impedance can also be calculated using Ohm’s

law as shown in equation 2.10 (Lasia, 1999):

/ = =7'+ _]Z "= Zreal + JZ imaginary

(Eqg. 2.10)
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Figure 2.15: Typical (a) Bode plot and (b) Typical Nyquist plot (Lasia,1999)

The use of this technique in DSCs results in the formation of three semicircles in
the Nyquist plot and three characteristic frequency peaks in the bode plot as
shown in figure 2.16 (Wang et al, 2005). The equivalent circuit as shown in figure
2.17 was employed for fitting the EIS plots which resulted in three semicircles. The
fitting parameters observed in the Nyquist plot after fitting include the series
resistance (Rs) which occurs as a result of the sheet resistance of ITO, the
electron transfer resistance Rrio2 at the ITO/TIO, film interface, the electron
transfer resistance (Rrec) arising due to the recombination reaction (Back reaction)
at the TiOJ/electrolyte interface and the charge transfer resistance (Ry) at the

Pt/electrolyte interface (Lee et al., 2008); Sawatsuk et al., 2009).
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Figure 2.16: Diagram presenting the bode and Nyquist plots for DSCs
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Figure 2.17: Equivalent circuits for impedance spectra
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CHAPTER THREE

3 METHODS AND MATERIALS

The initial part of this chapter described the materials and reagents and the
characterisation parameters used during the course of the study. Functionalisation
of amine-MWCNTSs, synthesis of ZnOCPc, (OH),SiOCPc and (OH)GaOCPc
complexes and incorporation of MWCNT with MOCPc are described later. The
final part of this chapter explains each component used for the preparation of the
dye solar cells i.e. TiO, semiconductor pastes, deposition of dye molecule,
injection of electrolyte and platinum catalyst paste as well as their assembly to

form the whole device.
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3.1 MATERIALS AND REAGENTS

The materials and reagents utlised for the synthesise of metal

octacarboxyphalocyanines/multiwalled carbon hybrid are listed in table 3.1.

Table 3.1: List of used materials and reagents

Chemicals and materials Specification Supplier
Carbon nanotubes, Bundles >95% (length 7- | Sigma Aldrich
multiwalled 15 nm x 3-6 nm in
diameter 0.5-20 pm)
Diazabicyclo[5,4,0] — 7- Min 99% Nacalai Tesque
undecene (DBU)
Dimethyl sulfoxide (DMSO) Min 99% Merck
Ethylenediamine Min 99% Merck
Density = 0.896-0.898
Electrolyte Solaronix
(lodolyte PN-50)
Gallium (Il)Chloride (GaCl3z) | Min 99% Sigma Aldrich

anhydrous beads Density = 2.47 g/ml at

25T
Hydrochloric acid (HCI) 37 % Sigma Aldrich
Hydrogen peroxide (H,O-) 30% by weight Sigma Aldrich
Nitric acid (HNO3) 65% Sigma Aldrich
N,N-dimethylformamide Min 99% Merck
(DMF)
Platinium catalyst paste Solaronix SA,
Switzerland
Pyromellitic dianhydride Min 97% Sigma Aldrich
(Benzene —1,2,4,5 —
tetracarboxylic anhydride)
Potassium hydroxide (KOH) | Min 85% Sigma Aldrich
Sodium hydroxide (NaOH) Min 97% Sigma Aldrich
Sulphuric acid (H,SOy) 98% Merck
Surlyn 1702 (DuPont) Solaronix SA,
Switzerland
Silver paste (SPS 1248) Solaronix SA,
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Switzerland

TiO, paste (DSL 18NR-T) 15-20 nm Solaronix SA,

18% wt Switzerland
Trichlorosilane (HCI3Si) 99% TCI (Japan)
Thionyl chloride 99% Merck
Zinc acetate dehydrate 99-102% Sigma Aldrich
(Zn(CH3C00),.2H,0)
Urea crystals (NH,),CO Min 99% Merck

3.2 CHARACTERISATION CONDITIONS

3.2.1 UV/Vis spectroscopy

Ultra-violet—Visible absorption spectra were obtained by using a Perkin Elmer,
Lambda 750 s. The wavelength ranges from 190 nm to 800 nm. A scan rate of 267
nm/min was used. Resolution: 1 nm. The UV/Vis method was used to investigate
absorption spectra of MPc with and without MWCNTSs in the wavelength region of
650 —700 nm (visible region) and at 350 nm (ultraviolet region). The sample for
analysis were prepared by dissolving a 0.1 mg of MOCPc and MOCPc-MWCNT
respectively in 5 mL DMF solution until it desperse. The solution and a blank

solvent of DMF were transferred in a two separate curvettes for analysis.

3.2.2 Fourier-Transform Infrared Spectroscopy

FTIR spectra were recorded on a Perkin Elmer, Spectrum 100, in the range 4000-
400 cm™ with the resolution of 4.00 cm™. The analysis was carried out using a
diamond crystal probe and air was used as the background. The FTIR method
was used to identify the chemical structure of the raw MWCNTSs, acid-treated

MWCNTSs, aminated MWCNT, MOCPc and MOCPc-MWCNTSs.
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3.2.3 Scanning Electron Microscopy/ Energy Dispersive X-R  ay

The morphology and chemical composition of the functionalised CNTs and
MOCPc were studied using a LEO 1525 FE-SEM with the acceleration voltage of
2.00 kV. The SEM was also utilised to reveal the morphology and composition of
MPcs and MPc-MWCNTSs. The sample was prepared by putting approximately 0.1
mg of the sample on a carbon tape and coated to prevent charging for few

minutes.

3.2.4 Transmission Electron Microscopy

The TEM analysis was performed by using a Philips CM 200 electon microscope
with beam energies of 120 kV. TEM was used to determine the particle size of the
functionalised MWCNTs and MOCPc-MWCNTs. The samples for analysis were
prepared by sonicating about 0.5 mg of the materials in 5 ml DMF for 5 min. One

drop of the resulting suspension was dropped on a copper grid.

3.2.5X-Ray Diffraction

The crystallinity of the MOCPc-MWCNT hybrids were determine using and X-ray
diffraction spectrometer using a PANanalytical X'Pert pro diffractometer with
CuKa radiation, with a wavelength of A = 1.5046 A‘%s a radiation source operating
at 45 kV and 40 mA. The XRDs diffractograms were obtained in a scan range

between 0 and 90°

3.2.6 Atomic Force Microscopy

AFM images were obtained under ambient conditions with an Agilent 5500

microscope (Agilent Technologies, USA) in acoustic mode (tapping mode) at a
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scanning frequency of 1 Hz. Silicon cantilevers with a nominal resonant frequency
and force constant of ~ 330 kHz and 40 N/m, respectively, were used for imaging.
Approxiamately 0.1 mg of the samples were dissolved in a 5 mL DMF and
sonicated for 15 minutes until dispersed. One drop of the resulting suspension was

dropped on a freshly cleaved Mica.

3.2.7 Thermogravimetric Analysis

Thermal analyses were performed using a TGA Q500 instrument (TA Instrument).
Approximately 0.1-20 mg CNT samples were analysed in platinum pans at a
heating rate of 10C/min up to 1000 in nitrogen a t a flow rate of 30 ml/min. TGA

was used to determine the thermal stability of MPc and MPc-MWCNT.

3.2.8 Ultrasonic Bath Treatment

Dispersion of the materials in a solvent were carried out using a Mechanical
Ultrasonic Cleaner AC-200H. The sample in DMF solution was dispersed by

immersing the sample holder in a bath containing water for 15 min.

3.2.9 Electrochemical characterisation conditions

All the electrochemical analyses were conducted using an Autolab potentiostat
PGSTAT 302 (Eco Chemie, Utrecht, Netherlands driven by the General purpose
electrochemical systems data processing software (GPES and FRA software
version 4.9) shown in figure 3.1. The photoelectrochemical characterisation data
for DSCs were collected using two electrodes set up with ITO/Pt catalyst as a
counter electrode and the ITO/TiO./dye molecule as a working electrode. EIS
measurements (Nyquist and Bode plot) were recorded using an Autolab

Frequency Response Analyser (FRA). The cyclic voltammograms were carried out
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with an Autolab GPES using the three-electrodes system with a glassy carbon as
a working electrode, silver wire as a reference electrode and Pt wire as a counter

electrode.

Solar tester
Autolab system

-y
>

Figure 3.1: A photograph of the Auto lab system connected to the solar tester

3.3 FUNCTIONALISATION OF MULTI-WALLED CARBON
NANOTUBES

3.4 Purification and oxidation of MWCNT

The multi-walled carbon nanotubes (MWCNTs) were purified and acid-
functionalised as discussed by Siswana et al., (2006). Approximately 1.0 g of
MWCNTs was added to 140 mL of 2.6 M HNO3; and the mixture was refluxed open
to air for 24 hours. The carbon nanotube sediment was separated from the
solution through filtration, continuously washed with water and dried overnight. It
was then sonicated in a 3:1 (v/v %) mixture of H,SO, and HNO;3 for 28 hours.
Thereafter, the sediment was washed with distilled water through filtration and

stirred for 30 min in a 4:1 (viv %) H,SO4/H,0, mixture at 70C. The mixture was
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then washed again with distilled water and the acid-treated MWCNTs (abbreviated

as a-MWCNTSs) were air dried for 48 hours.

3.4.1 Amine-functionalised MWCNT

The amine-functionalisation of MWCNTSs was carried out by the method described
by Jang et al., (2004). Approximately 0.05 g of a-MWCNTs was sonicated in 1.25
mL DMF for 10 s and then 25 mL of thionyl chloride was added. The mixture was
refluxed for 24 hours, filtered and washed with THF to remove any unreacted
SOCl,. The filtrate was stirred in 25 mL of ethylenediamine for 5 days and filtered.

The amine MWCNTSs were air-dried for 2 days.

3.5 SYTHESIS OF METAL 2,3,9,10,16,17,23,24
OCTACARBOXYPHTHALOCYANINES

3.5.1Synthesis of Zinc 2,3,9,10,16,17,23,24 octaca rboxyphthalocyanines
(ZnOCPc)

ZnOCPC was prepared, purified and characterised according to the method
described by Sakamoto & Ohno (2008), (scheme 3.1). benzene-1,2,4,5-
tetracarboxylic dianhydride (Pyromellitic dianhydride) (0.25 g, 1.15 mmol), urea
(2.30 g, 0.022 mol), zinc acetate (0.5158 g, 0.0024 mol) and DBU (10 ul) were
transferred into a 30 mL three necked round bottom flask, then heated to 250C
until the mixture was fused. The reaction product was washed with water, acetone
and 6 M hydrochloric acid (HCI) and dried for 3 hours in a vacuum oven. After
being dried, 5 g of the crude product was base-hydrolysed with a solution of 5 g
KOH in 15 mL deionised water, then heated for 8 hours at 120C. The reaction

mixture was diluted with water and filtered. The filtrate was acidified with
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concentrated HCI to pH 2. The precipitated green product was collected by

filtration and repeatedly washed with water and dried.

o)
N NH
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HOOC

HOOC

Scheme 3.1 Schematic of the synthesis route  for  Zinc

octacarboxyphthalocyanines (ZnOCPc)

3.5.2 Synthesis of Silicon 2,3,9,10,16,17,23,24-oct acarboxyphthalocyanines
((OH),SIOCPc)
(OH),SIOCPc was prepared, purified and characterised according to the method
discussed by Masilela et al. (2009) and Sakamoto & Ohno (2008): scheme 3.2.
Benzene-1,2,4,5-tetracarboxylic dianhydride (Pyromellitic dianhydride) (0.25 g,

1.15 mmol), urea (1.3 g, 0.022 mol), trichlorosilane (0.237 mL, 0.00235 mol) and
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DBU (10 ul) were transferred into a 30 ml three-necked round-bottom flask and
heated to 250C until the mixture was fused. The re action product was washed
with water, acetone and 6 M hydrochloric acid and dried for 3 hrs in a vacuum
oven. After being dried, the product was acid hydrolysed with 20% H,SO, for 3
days at 120C. The blue product was collected by filtration and washed with 2%
H.SO, and water. The blue product was further purified with water several times

and dried.

NH

Urea, metal salts, DBU
(0] o) =

Reflux for 30 mins

HOOC

HOOC

Scheme  3.2: Schematic of the synthesis route of  Silicon
octacarboxyphthalocyanines (OH),SiOCPc
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3.5.3 Synthesis of Gallium (lIl) 2,3,9,10,16,17,23,24
octacarboxyphthalocynines ((OH)GaOCPc)

(OH)GaOCPc was prepared, purified and characterised according to the method
described by Masilela et al., (2009); Sakamoto & Ohno, (1998), scheme 3.3.
Benzene-1,2,4,5-tetracarboxylic dianhydride (pyromellitic dianhydride) (0.25 g,
1.15 mmol), urea (1.30 g, 0.022 mol), (0.237 mL, 0.00235 mol) of
gallium(lll)chloride (moisture sensitive) and DBU (10 pl) were transferred into a 30
ml three necked round bottom flask, then heated to 250C until the mixture is
fused. The reaction product was washed with water, acetone and 6 M hydrochloric
acid and dried for 3 hours in a vacuum oven. After being dried, the product was
acid hydrolysed with 20% H,SO, for 3 days at 120C. The blue product was
collected by filtration and washed with 2% H,SO, and water. The blue product was

further purified with water several times and was dried.
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Scheme 3.3: Schematic of the synthesis route of Gallium (lll)
octacarboxyphthalocyanines ((OH)GaOCPc)

3.6 SYNTHESIS OF MOCPc-MWCNT

MOCPc-MWCNT was obtained using the method described by Chidawanyika &
Nyokong, (2010). Approximately 0.30 g of amine-MWCNTSs were sonicated for 15
min in 10 ml DMF. MOCPc was added to the mixture (resulting in a green-
coloured suspension) and the mixture was stirred for 3 days. The solid product
was separated through filtration and washed several times with DMF (to remove

excess unreacted MOCPc) to give MOCPc- MWCNT.
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(i) Acid functionalization
(ii) Thionyl chloride
(iii) Ethylenediamine / DCC

>

(MWCNT)

DMF / ultrasonication

HOOC COOH

(MOCPc-MWCNT)

Scheme 3.4: Schematic of the synthesis route for the MOCPc-MWCNT hybrid

3.7 FABRICATION PROCEDURE OF DYE SOLAR CELLS

3.7.1 Doctor blading on the working electrode

The simplest and most widely used method for depositing TiO, paste on the ITO
glass substrate is the so-called doctor blading method (Martineau, 2011). With the

conductive side of the ITO glass facing up, the two parallel strips of tape were
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applied on the edges of the glass plate. A portion of TiO, paste was applied near
the top edge of the ITO glass between the two strips. The paste was spread using
a glass rod on the glass surface supported by the tapes on both sides. The gap
between the two tapes was filled with TiO, paste and this was repeated until the
desired homogenous layer was obtained as shown in figure 3.2. The tapes were
removed and the TiO, electrode was sintered for 35 min at 450C. MOCPc-
MWCNTSs were then attached to the TiO, surface by immersing TiO; films in 3.5 ml
of DMF solutions containing both 0.3 mM MOCPc and 0.1 mg of MOCPc-

MWCNTSs for 24 hours at room temperature.

Figure 3.2: Coating of TiO, nanocrystalline on a glass substrate

3.7.2Doctor blading on the counter electrode

With the conductive side of the ITO glass facing up, two parallel strips of tape were
applied on the edges of the glass. A portion of platinum catalyst paste was applied
near the top edge of the ITO glass between the two tape as shown in figure 3.3.
The paste was flattened using a glass rod on the glass surface supported by both
tapes on both sides. The gap between the two tapes was filled with platinum
catalyst paste until a homogenous layer was obtined. The tape was removed and

the glass slide treated for 15 min at 450C.

58



\J

Figure 3.3: Coating of platinium catalyst paste on a glass substrate.
3.7.3 Device Fabrication

The Surlyn 1702 template was placed on the side of the working electrode. The
counter electrode was placed on top of the working electrode and sandwiched
together with an alligator clip and heated for 15 min. After the heat treatment, the
two electrodes were peeled off to remove the plastic and the glue remained on the
working electrode. Thereafter, the two electrodes were sandwiched together and
heated for 15 min at 100C. The complete cell was filled with electrolyte through
the drilled hole on the counter electrode side using a 100 ul syringe as shown in
figure 3.4. Measurements of the performance and the efficiency of the DSCs were

performed using a solar tester.

Complete DSCs

Pt catalyst
ITO glass TiO, substrate
substrate
MPc adsorbed on
TiO,

Figure 3.4: The fabrication of DSCs using MOCPc-MWCNT composites as a
photosensitiser.
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3.8 SOLUTION ELECTROCHEMISTRY

3.8.1 Preparation of Ag/AgCl wire Reference electrode

Silver wires were immersed in 0.1 M HNO; for few seconds to remove any oxide
from the metal surface and were thoroughly rinsed with distilled water before

coating.

Coating of Ag wire with AgCI

The AgCI layer was formed by immersing the silver wire (working electrode),
Ag/AgCI (reference electrode) and a Pt wire (counter electrode) in a 0.05 M KCI
solution and the chronopotentiometric technique was used to determine the

coating performance (Potential: 1 V and Time: 1800 s).

The MOCPc complexes were dissolved in dry DMF and a small amount of
tetrabutylammonium perchlorite (TBAP) was added to the solution. Nitrogen was
bubbled vigorously through the solution. The Ag/AgCl wire (reference electrode),
glassy carbon (working electrode) and a Pt wire (counter electrode) were
immersed in the solution and the cyclic voltammograms and square waves were

measured using an Autolab PGSTAT 302.
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CHAPTER FOURO

4 RESULTS AND DISCUSSIONS

This chapter describes the detailed spectroscopic and microscopic
characterisation of the MOCPc complexes and the effect of incorporation of
MWCNTs by UV/Vis spectroscopy, FTIR spectroscopy, SEM, TGA and XRD. The
electrochemical and current-voltage curve characterisations of DSCs fabricated
with MOCPc and their corresponding MWCNT-integrated hybrids are presented

and described in this chapter.

" A part of this chapter has been submitted for publication as:

Nonhlanhla E. Mphahlele, Kenneth |I. Ozoemena, Lukas J. Le Roux, Charl J. Jafta,

Leskey Cele, Mkhulu K. Mathe, Tebello Nyokong, and Nagao Kobayashi, “Carbon
Nanotube-Enhanced Photoelectrochemical Properties of Metallo-
octacarboxyphthalocyanines for the Development of Dye-Sensitised Solar Cells”,
(submitted 2012)
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4.1 CHARACTERISATION

4.1.1 UV-Visible spectroscopy

Figure 4.1 shows the UV/Vis spectra of ZnOCPc, (OH),SIiOCPc and
(OH)GaOCPc. The spectra of all three complexes exhibit two absoption bands (B-
band and Q-band) assigned to phthalocyanines structure. All complexes exhibited
the B-band absoption spectra ranges from 300-350 nm is attributed to charge
transfer band between metal and ligands. The spectra of the three MOCPc
complexes in DMF show the presence of two main bands one at 680—700 nm
assigned to the monomeric species and the absorption peak appearing at 620 nm
is attributed to the dimeric species of phthalocyanine complexes (Masilela et al.,
2009). The dimeric species around 620 nm of the three complexes may be due to
the co-planar association of phthalocyanine ring in a solid state (Masilela et al.,
2010). The monomeric species in the Q-band region represents the 77— electron
transition of the phthalocyanine macroring (Shaposhnikov et al., 2005). These
MOCPc complexes showed excellent solubility in DMF and no aggregation

occurred (Chidawanyika & Nyokong 2010).

62



/ 693
689
5
© ——ZnOCPc
8 687
S SiOCPc
S ——GaOCPc
g
300 400 500 600 700 800
Wavelength, nm

Figure 4.1: UV/Vis spectra of ZnOCPc, (OH),SiOCPc and (OH)GaOCPc in DMF.

Figure 4.2, presents the UV/Vis spectra of (OH)GaOCPc-MWCNT, ZnOCPc-
MWCNT, (OH),SiOCPc-MWCNT hybrid and MWCNT-NH, in DMF. The three
MOCPc-MWCNT hybrids show a slight red shift at the Q-band region as compared
to the one without MWCNT. A slight shift may be ascribed to the successful
introduction of the electron-withdrawing species (amine MWCNTs) on the
phthalocyanine backbone (Chidawanyika & Nyokong, 2010). The SiOCPc-
MWCNT showed a Q-band split at around 709 nm which may be ascribed to
aggregation of the SIOCPc-MWCNT hybrid in solution. Upon intergration with
MWCNT-NH, the intensity of the B-band decreased and slightly blue shifted as
compared to the one without MWCNT-NH. This is specify an electron withdrawing

species on the phthalocyanines complexes.
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Figure 4.2: The UV/Vis spectra of ZnOCPc-MWCNT, (OH),SiOCPc-MWCNT,
(OH)GaOCPc-MWCNT and MWCNT-NH, in DMF

4.1.2 Fourier Transform Infrared spectroscopy analysis

The FTIR spectra of the synthesised ZnOCPc, (OH),SIOCPc and (OH)GaOCPc
confirm the existence of the characteristic pattern of carboxylic acid group on the
MPc ring complexes (Shaposhinikov et al, 2005). The C=0 stretching peak of the
carboxylic acid group appears at 1700-1730 cm™ while the peak at 1620-
1650 cm™ indicates the appearance of C=0 stretching of the conjugated aromatic
ring (Shaposhinikov et al, 2005). The FTIR spectra of ZnOCPc, (OH),SIOCPc and

(OH)GaOCPc are attached in appendix A.

Figure 4.3 shows the FTIR spectra of raw MWCNTs, acid-MWCNTs (acid
functionalised MWCNTs), MWCNT-NH, and ZnOCPc-MWCNT. FTIR
spectroscopy was used to verify the chemical functionalisation of the MWCNTSs.
Prior to the purification of the MWCNTSs, no peaks were observed on the higher

frequency region as described by Ramanathan et al. (2005). After oxidation
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treatment, the FT-IR spectrum of acid-MWCNT shows the C=0 peak of carboxylic

acid group at 1719 cm™, which is formed by hydrogen peroxide treatment.

The carboxylic acid groups were converted to acid chlorides by reacting with
thionyl chloride. Then, the chloride terminated MWCNTs were reacted with
ethylenediamine to yield amine-MWCNT as described by Lee and Yoo (2005). The
disappearance of the 1719 cm™ peak was observed and additional bands
appeared at 1674 and 1498 cm™ indicating the presence of C=0 and C-N bonds
of the amine functional group (Ramanathan et al., 2005; Shen et al., 2007). In
addition, the peak at 3276 cm™ is assigned to the NH, symmetric stretch of the
amine group (Ramanathan et al., 2005). The multiple peaks appearing around
2200 cm™ on all the spectra attribute the presence of the carbon-carbon double
bond of the MWCNTs (Yasuda et al., 1999). The FTIR spectra for all the

complexes were the same, hence only one has been shown in this report.

The ZnOCPc-MWCNT spectra show the chemical shift after the integration with
amine-MWCNTs (Lee & Yoo, 2005). The peak due to the C=0 stretching at
1722 cm™ in the ZnOCPc-MWCNT spectrum has shifted to the lower frequency
compared to the one without electron withdrawing species, (Chidawanyika &
Nyokong, 2010). This indicates that successful integration occurred between the
amine-MWCNTs and MOCPc. In addition, the peaks appearing at 1800 —
2200 cm™ on all spectra attribute the presence of the carbon-carbon double bond
of the MWCNTSs (Yasuda et al., 1999). The Spectra for (OH),SIOCPc-MWCNT and
(OH)GaOCPc-MWCNT are attached on the Appendix A.4. The discussion is

similar to that of ZnOCPc-MWCNT.
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Figure 4.3: FTIR spectra of raw MWCNTs, a-MWCNT, MWCNT-NH, and
ZnOCPc-MWCNT

4.1.3 Themogravimetric analysis

TGA was used to determine the structural difference between the MWCNT-NH,
and the ZnOCPc-MWCNT as shown in figure 4.4. The analysis was performed
under a steady flow of N,, at a heating rate of 10C min *. The thermogravimetric
results presented an initial weight loss of about 17.82% for MWCNT-NH;, 15.13%
for ZnOCPc and 10.65% for ZnOCPc-MWCNT were observed in 100 — 250C
temperature. The weight loss is an indication of the removal of moisture or solvent
in the sample and also is due to the removal of the carboxyl group from the
macrocycle ring of the phthalocyanines (Chidawanyika & Nyokong, 2010 ;

Giribabu et al., 2013).

The weight loss occurred about 28.99% for MWCNT-NH;, between 200T and
600 is attributed to the destruction of the resid ual amorphous carbon present in
the MWCNT and their decarboxylation of the oxidised species (Campidelli et al.,

2008). The weight loss observed about 44% for ZnOCPc and 38% for ZnOCPc-
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MWCNT between 400C and 600C may be ascribed to ph thalocyanine ring and
functional groups decomposition (Giribabu et al., 2013). Therefore, TGA revealed
the chemical functionalisation of MWCNT enhances the stability of the ZnOCPc as
shown from the weight loss observed in 600C (Campidelli et al.,, 2008;

Chidawanyika & Nyokong, 2010).
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Figure 4.4: TGA analysis of MWCNT-NH;, ZnOCPc, ZnOCPc -MWCNT
(10C min ™ under N,)

4.1.4 Transmission Electron Microscopy

Figure 4.5, presents the comparative TEM images of raw-MWCNT, MWCNT-NH,
and ZnOCPc-MWCNT. The MWCNT-NH, appears to be spaghetti-like and the
features shows that they were chemically “cut” and functionalised during amine
functionalisation treatment. The ZnOCPc-MWCNT aggregated on the surface of

the MWCNT-NH, confirming the integration of the ZnOCPc on MWCNT-NH;

(Campidelli et al, 2008).
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Figure 4.5: TEM images for (a) raw-MWCNT (b) MWCNT-NH; (c) ZnOCPc and
(d) ZnOCPc-MWCNT

4.1.5 X-ray diffraction analysis

Figure 4.6 compares the XRD patterns of raw MWCNT, a—MWCNT, MWCNT-NH,
and SIOCPc-MWCNT. The XRD patterns of all the spectra show the diffraction
peaks around 26.3° and 43.3° indicating the graphit e structure (C 002) and (C
100) of the MWCNT (Zhang et al., 2005). The diffraction peaks obtained are
similar to the standard one (26.5 °and 42.5 ) acq uired from JCPDS card No. 88 —

8487. The XRDs patterns observed are not giving more information on the hybrid
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but the position changes for different spectra might indicate the change in the
interplanar spacing of the C lattices. The peak appearing at for raw MWCNT 20 =

40°is due to the impurities hence it disappear aft er treatment.

C (02) —— Raw MUFCHNT
—a MWCNT
——MWCHT-NHZ
—— Si0CPc-MWCNT

Intenstyia.uj
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Figure 4.6: XRD patterns of raw MWCNT, a—MWCNT, MWCNT-NH2 and
(OH)2SiIOCPc-MWCNT composites

4.1.6 Atomic Force Microscopy

Figure 4.7 presents typical AFM images of the ZnOCPc-MWCNTSs hybrid, clearly
showing the attachment of ZnOCPc aggregates on the MWCNTs. The ZnOCPc is
larger (20 — 500 nm) than expexted for a single molecule of the phthalocyanine
(ca. 2 nm). This high concentration of the ZnOCPc aggregates on the MWCNTSs is
a clear indication of the cofacial interaction or aggregation between the ZnOCPc

molecules.
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Figure 4.7: Typical AFM image of ZnOCPc-MWCNTs with the scale of 0.5 um

4.1.7 Scanning Electron Microscopy

Figure 4.8 shows the comparative SEM micrographs of the MWOCNT—NH,,
(OH),SIOCPc and (OH),SIOCPc-MWCNT. The SEM micrographs show the
distinct surface morphology between (OH),SIOCPc without MWCNT and
(OH),SIOCPc-MWCNT. The (OH),SIOCPc is homogenously enclosed by the
MWCNTs, forming spaghetti like aggregates compared to the one without
MWCNTs as discussed by Agboola et al.(2010). The activated carbon nanotube
with large surface areas can offer more active sites for SIOCPc to enhance its

conductivity in the application of DSCs.
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Figure 4.8: SEM micrographs of (a) MWCNT-NH,, (b) (OH)2SiOCPc and (c)
(OH),SiOCPc-MWCNT

4.1.8 Energy dispersive X-ray analysis

Figure 4.9 shows the EDX profile of ZnOCPc-MWCNT, GaOCPc-MWCNT and
SIOCPc-MWCNT. The presence of carbon and oxygen peaks on all the EDX
profiles are an indication of the successful modification of MWCNT in MOCPc. The

Zn, Si and Ga peaks also confirm the presence of the MOCPc in MWCNT.
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Figure 4.9: EDX profiles of ZnOCPc-MWCNT, GaOCPc-MWCNT and SiOCPc-
MWCNT composites

4.2 ELECTROCHEMICAL CHARACTERISATION

4.2.1 Cyclic Voltammetry

The cyclic voltammograms and the square waves of all the phthalocyanine
complexes showed the anodic and the cathodic peaks. The phthalocyanines
usually undergo up to six reduction and two oxidation processes. SIOCPc shows
one anodic peak and four cathodic peaks in figure 4.10. Thus, GaOCPc shows
one anodic peak and five cathodic peaks in figure 4.11 whereas ZnOCPc shows
five cathodic peaks in figure 4.12 in agreement with Sakamoto & Ohno (1998) and
Masilela et al. (2009). Both the anodic and the cathodic peaks that are shown in
the complexes are associated with the phthalocyanine ring-based processes since
diamagnetic metals especially Zn, Al, Ga, Si metals are electro-inactive
(Ozoemena & Nyokong, 2003). The redox couples and the potential values of all
the complexes are described in table 4.1 below. The cyclic voltammograms

correlate with the square waves of all the complexes shown in figure 4.13.
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Figure 4.10: Cyclic voltammograms of SiOCPc (a) - 1.6 - -0.1V vs Ag/AgClI
(b) -1.6 - +1.4V vs Ag/AgCl in DMF with 0.1M TBAP, scan rate =
50 mVs™
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Figure 4.11: Cyclic voltammograms of GaOCPc (a) -1.5 — 0V vs Ag/AgCl (b) -1.6 -
+ 1.4V vs Ag/AgCl in DMF with 0.1M TBAP, scan rate = 50 mV s™
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Figure 4.12: Cyclic voltammograms of ZnOCPc -1.6 — 0V Ag/AgCl in DMF with
0.1M TBAP, scan rate = 50 mV s™
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Figure 4.13: Square waves voltammograms of (OH),SiOCPc, ZnOCPc and
(OH)GaOCPc in DMF with 0.1M TBAP, scan rate = 50 mV s™.

Figure 4.14 shows the cyclic voltammograms of SIOCPc, GaOCPc and ZnOCPc
with  MWCNTs. All the complexes show two reduction processes and one
oxidation process. Their redox couples are described in table 4.1. Similarly from

the one without MWCNT, their reduction and oxidation peaks are associated with
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the phthalocyanine ring as discussed previously. However, the MWCNTs have
played a role in this instant causing the first cathodic peak of SIOCPc to shift to the
oxidation side by 0.06 V. Thus, the other redox couples such as Pc*/Pc® and Pc’
°/Pc® disappeared after the addition of MWCNT in the SiOCPc complexes. The
anodic peak of SIOCPc is more intense as compared to the one without MWCNT,
indicating that MWCNT reduces the intensity of the peaks. All the complexes with
MWCNT showed the more enhanced cathodic peaks compared to the ones

without MWCNT.

The ZnOCPc-MWCNT shows two reduction couples as compared to the ZnOCPc.
The first cathodic peak of ZnOCPc-MWCNT has shifted towards the reduction side
by 0.12 V whereas for GaOCPc-MWCNT the first cathodic peak has shifted
towards the reduction side by 0.26 V. Both complexes also showed the
disappearance of Pc*/Pc® and Pc®/Pc® redox couples after the addition of

MWCNT.
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Figure 4.14: Cyclic voltammograms of SiOCPc-MWCNT, ZnOCPc-MWCNT,
GaOCPc-MWCNT composites in DMF with 0.1M TBAP, scan rate =
50 mV s™.

Table 4.1: Redox potentials of (OH),SiOCPc, ZnOCPc, (OH)GaOCPc,
(OH),SIOCPc - MWCNT, ZnOCPc -MWCNT and (OH)GaOCPc —

MWCNT

Compounds

Oxidation /
V (vs Ag/AgCI
wire)

Reduction /
V (vs Ag/AgCl wire)

| Il 1] AV V
Pcl/pc? Pc?/Pc® | Pc®/Pc? | Pc?/Pc® | Pc®/Pc®
(OH), SIOCPc | 0.60 -0.43 -0.45 -0.80 -1.34
(OH)GaOCPc | 0.18 017 036 |-087 11.03
-1.20
ZnOCPc -0.34 -0.50 -0.90 -1.16
-0.68
(OH),SIOCPC - | 0.40 2037 11.05
MWCNT
(OH)GaOCPc | 0.32 -0.43 -1.12
- MWCNT
ZnOCPc - -0.46 -1.25
MWCNT
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4.2.2 Cyclic voltammetry for DSC in light

Figure 4.15 shows the linear sweep voltammograms of ZnOCPc, ZnOCPc-
MWCNT, SIOCPc, SIOCPc-MWCNT and GaOCPc, GaOCPc-MWCNT at 10 mV
under illumination. The measurements without MWCNTs show the same
maximum current peaks and onset potential even though there was a slight shift
on the current of GaOCPc. Therefore, the incorporation of the MWCNTSs resulted
in an increase in the maximum current peaks, with about 40% improvement in the
ZnOCPc response as discussed by Colucci et al. (1999). The onset potential for all
the measurements are similar, however, the current of SIOCPc has increased. A
significant increase of the maximum current peak of ZnOCPc-MWCNT indicates
that the electron injection of ZnOCPc-MWCNT to the conduction band of the TiO,

semiconductor was fast.
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Figure 4.15: The linear sweep voltammograms of DSCs with ZnOCPc, ZnOCPc-
MWCNT, (OH),SiOCPc, (OH),SiOCPc-MWCNT and (OH)GaOCPc,
(OH)GaOCPc-MWCNT at 10mV under illumination.
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4.2.3 Cyclic voltammetry for DSC in dark

Figure 4.16 shows the linear sweep voltammograms of DSCs with ZnOCPc,
ZnOCPc-MWCNT, (OH),SiOCPc, (OH),SiOCPc-MWCNT and (OH)GaOCPc,
(OH)GaOCPc-MWCNT at 10mV in the dark. The onset potential for both DSCs of
MOCPc and MOCPc with MWCNT in the dark are almost the same, however,
there is a slight difference in the peak currents. The maximum peak current of
ZnOCPc and ZnOCPc-MWCNT increased by about 40% compared to other
materials. This probably related to the fast electron injection of ZnOCPc-MWCNT

to the conduction band of TiO, semiconductor.
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Figure 4.16: Linear sweep voltammograms of DSCs with TiO2/ZnOCPc,
TiO2/ZNOCPc-MWCNT, TiO,/SIOCPc, TiO,/SIOCPc-MWCNT and
TiO,/GaOCPc, TiO,/GaOCPc-MWCNT electrodes at 10mV in the
dark.

4.2.4 Chronoamperometry

Figure 4.15 presents the chronoamperometric evolution of the fabricated DSC
cells wusing the TiO,/ZnOCPc, TiO2/ZNnOCPc-MWCNT, TiO2/(OH),SIOCPc,

TiO»/(OH),SIOCPc-MWCNT and TiO»/(OH)GaOCPc, TiO,/(OH)GaOCPc-MWCNT
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electrodes recorded at 50 second intervals for 600 s. The time resolved
photocurrent measurements were carried out for the DSCs to give a comparison
between MOCPc-MWCNT and MOCPc without MWCNT. Both the MOCPc and
MOCPc-MWCNT hybrids on the ITO glass substrate show photocurrent response
under visible light illumination as well as a reversible rise/decay of the

photocurrent in response to the on/off illumination.

The photocurrent measurement of all the complexes in DSCs depicts an almost
rectangular photocurrent response when switching on and off the illumination.
These indicate that the dye molecules (MOCPc) are in contact with the electrolyte
in the DSCs device (Masilelaa et al., 2010; Nonomura et al., 2007). The
measurement showed no overshoots for all the complexes at a steady state level
and almost a rectangular photocurrent response was observed when switching the

illumination on and off (Nonomura et al., 2007).

A significant increase of the photocurrent density occurred when MWCNTs were
incorporated into the MOCPc, with about 36% improvement in the ZnOCPc
response. This indicates that the injection of electrons to the conduction band of
the TiO, in the MOCPc-MWCNT complex is faster than in the one without MWCNT

(Idowu et al., 2010).
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Figure 4.17: Chronoamperometry of DSCs with TiO,/ZnOCPc, TiO,/ZnOCPc-
MWCNT, TiO2/(OH),SIOCPc, TiO2/(OH),SIOCPc-MWCNT and
TiO2/(OH)GaOCPc, TiO,/(OH)GaOCPc-MWCNT electrodes at an
applied potential of 10mV, recorded at 50 second intervals for 600
S.

4.2.5 Electrochemical Impedance Measurement

Electrochemical impedance spectroscopy (EIS) is an important technique for
investigating the electron transport and recombination mechanisms of DSCs
(Wang et al., 2005). In this work, the EIS experiments were performed to provide
some insight into the origins and differences of the photocurrent responses at the

MOCPc complexes and MOCPc-MWCNTSs dyes.

4.2.6 Nyquist plot measurement

Figure 4.18 presents the comparative Nyquist plots obtained from the DSCs
fabricated from the MOCPc complexes before (a) and after incorporation of the
MWCNTSs (b). The EIS spectra were easily fitted with Voigt circuit comprising three
RC elements in series (Figure 4.19). The fitting parameters involve the series
resistance (Rs) arising from the sheet resistance of the ITO and the contact

resistance of the cell, electron transfer resistance at the ITO/TIO, film interface
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(Rtio2), electron transfer resistance due to back reaction (recombination reaction)
at the TiOy/electrolyte interface (Rrec), and charge transfer at Pt-ITO/electrolyte
interface (Rpt). The Crio2, Crec and Cp¢ are the double layer capacitances due to
the ITO/TIO, interface, TiO,/electrolyte interface, and Pt-ITO/electrolyte interface,

respectively.

The EIS parameters are summarised in table 4.2. Thus, from the EIS data, the
high performance of the ZnOCPc-based cells is related to the excellent electron
transport and poor recombination rate of electrons in the TiO,. The reverse is true
for the poorly-behaved (OH),SIOCPc-based DSCs and (OH)GaOCPc-based cell
that showed slow electron transport coupled with easy recombination rate of

electrons. The nyquist plot in the dark are presented in the appendix (A.5).
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Figure 4.18: Nyquist plots of DSCs fabricated with (a) TiO2/ZnOCPc,
TiO,/GaOCPc and TiO,/(OH),SIOCPc (b) their corresponding
MWCNT-integrated hybrid.
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Figure 4.19: Equivalent circuit used to fit the Nyquist plots
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Table 4.2: Electrochemical impedance measurement data of the DSCs

MOCPc EIS Parameters (light )
RS/Q RTiOZ/ Q CTiOZ//flf RRec/ Q CRec/,u f Rpt/k Q CPt/,u f S|0pe 'phase
angle

ZnOCPc 20.8+0.4 12.6 £2.2 12.4+2.1 4144151 35.745.22 19.2 +0.5 11.7 +0.5 -0.8754 79.7
R? = 0.9988

SiOCPc 17.5+0.2 17 +1.4 7.8+0.5 215459 21.3+1.4 21.3+0.3 7.8+0.14 -0.8193 80.56
R? = 0.9996

GaOCPc 20.7+0.3 14.59+2 .4 10.10+1.3 | 135.7+23.2 | 27.1+3.2 7.8+0.2 10.8+0.4 -0.8529 76.2
R? = 0.9991

Light (MWCNT)

ZnOCPc 15.21+0.3 21.8+2.9 6.07+0.5 648+68.7 12.5+0.9 8+0.2 8+0.2 -0.7694 68.94
R? = 0.9999

SiOCPc 19.3+ 0.3 22.3¥2.5 54+0.5 413+63.6 19.86+2 .12 | 6.10+0.13 11.06+0.31 -02.8193 76.9
R“=0.9929

GaOCPc 38.3 +0.47 801+140 17.443.0 34.9+4.17 8.14+ 0.8 18.23 +0.36 | 10.20+0.36 | -0.8123 80.2
R? = 0.9968

MOCPc ‘ X* ‘ X°Real ‘ lemaqinarv

Light

ZnOCPc 3.9065x10" 4.0327x10° [ 3.9065x10?

SiOCPc 1.2839x10* 2.0376x10”’ 1.2839x10*

GaOCPc 2.6081x10" 7.9681x10® 2.6081x10"

Light (MWCNT)

ZnOCPc 5.3694x10™ 4.5701x10%° 1.2605x10?

SiOCPc 1.2605x10?! 1.6391x10”’ 1.4063x10°

GaOCPc 1.4063x10° 3.446x10° 1.4063x10°




4.2.7 Bode Plot measurement

Figures 4.20 — 4.22 show the Bode plots of TiO,/ZnOCPc, TiO,/SIOCPc,

TiO,/GaoCPc and TiO2/ZNnOCPc-MWCNT, TiO,/SIOCPc-MWCNT,

TiO,/GaOCPc-MWCNT in DSCs. From the Bode plots, the slopes of the log Z

vs log f plots at the mid frequency region are less than the ideal -1.0 for a pure

capacitor, which is an indication of pseudocapacitive behaviour. Also, the

phase angles lie between 69° and 85°, which are less than the 90° expected

of an ideal capacitor, further confirming the pseudocapacitive behaviour of the

DSCs studied here. Fast electron propagation (Rtio2) and the slow rate of

electron recombination (Rgrec) are of critical importance for achieving high

performance in DSCs.
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Figure 4.20: Bode plot of DSC with (a) TiO,/GaOCPc (b) TiO,/GaOCPc-

MWCNT composites under illumination.

86




-phase angle degree
-phase angle degree

1 0 1 2 3 4 5 6
1 0 1 2 3 4 5 6
log (f/Hz)
log (fiHz)
= ZnOCPc : MWCNT log Z ——Fitted ZnOCPc : MWCNT log Z = ZnOCPc log Z ——Fitted ZnOCPc log Z
¢ ZnOCPc : MWCNT phase ——Fitted ZnOCPc : MWCNT phase ¢ ZnOCPc phase ——Fitted ZnOCPc phase

Figure 4.21: Bode plot of DSC with (a) TiO2/ZnOCPc-MWCNT composite (b)
TiO2/ZnOCPc under illumination.
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Figure 4.22: Bode plot of DSC with (a) TiO,/SIOCPc (b) TiO,/SiOCPc-
MWCNT composites under illumination.
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4.3 CURRENT-VOLTAGE CURVES

Figure 4.23 presents the current-voltage characteristics of the DSCs with
TiO, /ZnOCPc, TiO2/(OH),SIOCPc ,TiO,/(OH)GaOCPc without MWCNT and
TiO2/ZNOCPc-MWCNT, TiO2/(OH),SIOCPc-MWCNT and TiO,/(OH)GaOCPc-
MWCNT. The corresponding cell performance is shown in table 4.3. The cell
without MWCNT showed an inferior performance with a low short circuit
current density (js) of 0.008 (mA/cm™) and a conversion efficiency of 0.01%.
However, the cell with MWCNT resulted in a great improvement of jsc, which
was increased to 0.016 mA/cm? and a slight increase in the conversion
efficiency to 0.1%. Even though the efficiency is small, the effect of MWCNT

on DSCs is demonstrated.

Table 4.3: Photovoltaic performance parameters of DSCs using TiO,/MOCPc
and TiOo/MOCPC-MWCNT under AM 1.5 illumination (Power 100
mWcm?) and active area of 1.125 cm?

Jsc/mAcm “ | Voc (V) | FF(%) | Efficiency (%)

ZnOCPc 0.0075 0.1 30 0.011
SiOCPc 0.0066 0.1 20 0.007
(OH)GaOCPc 0.0048 0.084 12 0.002
ZnOCPc-MWCNT 0.015 0.24 44 0.1
(OH),SIiOCPc- 0.016 0.16 30 0.038
MWCNT

(OH)GaOCPc- 0.016 0.1 28 0.022
MWCNT
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Figure 4.23: Current-Voltage curve of (a) ZnOCPc, SIOCPc and GaOCPc
and (b) ZnOCPc-MWCNT, (OH),SiOCPc-MWCNT and
(OH)GaOCPc-MWCNT under 1 sun illumination.
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CHAPTER FIVE

5 CONCLUSIONS AND RECOMMENDATIONS

In this study, it has been shown that successful synthesis and satisfactory
characterisation of metal octacarboxyphthalocyanines (MOCPc, M = Zn, Si,
Ga) using microscopic, spectroscopic and electrochemistry were achieved.
The UV/Vis spectroscopic study of all the MOCPc complexes showed the
intense absorption band at 690 nm, indicating the Q-band of the metal
phthalocyanines. The band originates from the - 11 electron transition in the
main conjugated system of the metal phthalocyanines macrocycle ring
(Shaposhnikov et al.,, 2005). It is known that the unsubstituted metal
phthalocyanines has intense absorption at 660 nm. Therefore, the red shift of
the Q-band was an indication of the presence of the octacarboxy groups in the
complexes. FTIR spectroscopy also supported the UV/Vis spectra of MOCPc
as it confirms the existence of characteristics patterns of carboxylic acid group

on the MOCPc complexes.

The MOCPc complexes were modified with amine-functionalised MWCNT and
a successful integration was performed. The MOCPc-MWCNT hybrid were
characterised using UV/Vis, FTIR, XRDs, EDX, SEM, TEM, solution
electrochemistry and EIS spectroscopy. The UV-Vis spectra showed the red
shift at the Q-band upon integration with MWCNT. This is an indication of the
presence of the electron withdrawing amine-functionalised MWCNT. FTIR
spectroscopy confirmed the presence of the amine group in the MWCNT—-NH,

and was used to confirm the existence characteristics patterns of the
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integrated material (MOCPc-MWCNT). Therefore, the presence of C=0
indicates the -COOH group of the MOCPc and multiple peaks appearing
around 2200 cm™ attribute the presence of carbon-carbon double bond of the
MWCNTSs. It is also a way of showing that these two materials are fully
integrated. The existence of the metals (Zn, Ga and Si), carbon and oxygen
was corroborated by the EDX profiles. The SEM, TEM and AFM images
revealed the change in morphology after MWCNTs were introduced in

MOCPc.

The MOCPc and MOCPc-MWCNT and were further characterised by
employing solution electrochemistry which showed up to four reduction redox
couples and two oxidation redox couples. These redox couples were assigned
to the phthalocyanine ring. Electrochemical characterisation of these materials
in DSCs (TiIO2/MOCPc-MWCNT and TiO,/MOCPc ) using cyclic voltammetry,
linear sweep voltammetry and chronoamperometry were performed. The
linear sweep voltammetry showed the same onset potential for both MOCPc
and MOCPc-MWCNT and different maximum peak current. The maximum
peak current for ZnOCPc and ZnOCPc-MWCNT were higher compared to
other materials, indicating the faster movements of electrons to the conduction

band of the semiconductor.

The results showed that such a hybrid can act as potential photoelectric
conversion material for optoelectronic applications, even under low light
illumination. The incorporation of the MWCNTs on the surface of the TiO;
showed an enhanced electron transfer kinetics but with little or no significant

evidence of curbing charge recombination process. Electron transfer
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mechanisms are a subject of further experimentation to understand how the
DSSC performance (obtained from the photo-chonoamperometric and photo-
impedimetric data) decreased as ZnOCPc > (OH),SiOCPc > (OH)GaOCPc.
The chronoamperometric performance of MOCPc-MWCNTSs gives promise for
easy capturing of solar energy especially in times or areas of poor sunshine
conditions, and storing them for future use, for example a DSSC-
Supercapacitor device. This type of renewable energy device employing MPc-

MWCNTSs is currently being explored at our laboratory at the CSIR.

The solar simulator was used to determine the performance and the efficiency
of DSCs. It was observed that the ZnOCPc—-MWCNT gave better performance
and efficiency than SIOCPc-MWCNT and GaOCPc-MWCNT in DSCs even
though the overall cell efficiencies were lower than expected with ZnOCPc—
MWCNT, SIOCPc-MWCNT and GaOCPc-MWCNT in DSCs. The results can
therefore be seen as a very promising first step in the study of these

sensitisers in DSCs.

Future work will be needed in order to enhance the performance of this
device. Therefore, it is suggested that the cell performance may be improved
by integrating MWCNT with MOCPc via covalent bonding instead of non-
covalently - rtstacking. A coupling agent, dicyclohexylcabodiimide (DCC),
could be employed to attach the octacaboxylic group from the MOCPc to the
amine functionalised group from MWCNTSs. It is expected that the interaction
that occurs due to the existence of a formal bond between the MOCPc with
MWCNTSs will be more effective in enhancing the cell performance. A detailed

study of the effect of covalently bonded MWCNTSs is recommended.
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A.3: FTIR spectrum of (OH)GaOCPc

108

(om) GaoLFe
0 7
I
[
|
di
/ |
01+ /i l /L
g A /
iz | 1449.24 cm-1
/ | LA
K .
/ ! ) /
% | / | /
f Ly
027 / fign i
Abs Ve 162.81 cm£184 c",l'
A ! //Y 1258.33/cm-1
/ | \lr
: / |
\ [ 77 cm-
2341./1‘,1fﬁcm-1 17047Jcm1
Wy, Zo
o SRS ! ;361.1}4 cm-1
2016.81 omy
0.4 t t
3500.0 3000.0 2000.0 1000.0
Wavenumber [cm-1]
L;I)‘Dl‘f%iﬁ] Memory—1
HHE
=D
BEE
&
=1t Bibk#
DRl RER] [T—51%#R]
HiER FT/IR-4100typeA lidd=1:= 2010/11/04 16:59
INTLES B158961016
F—854F ZikRT—4
HE B 2010/11/04 16:53 byt Wavenumber [cm—1]
’ Hiteh Abs
FiR BELR AZ—F 399.193 om-1
AR TGS VE 4000.6 cm—1
AR 8 TR 0.964233 cm-1
SR 4 cm—1 T—E8 3736
a4y On
TREAE—3> Cosine
4L Auto (4)
FIN—F— Auto (7.1 mm)
RFHUZAE—F  Auto (2 mm/sec) ~ ~paeP €
TAILE Auto (30000 Hz) {( A (S}, P



01 — (OH)28i0CPc-MWCNT (a)
59 f
3
5 8
g 5 1
E %
: 5%
:
Fo¥
53 {
52 |
3500 3000 2500 2000 1500
Wavenumber, cm?

. — (OH)GaOCPc-MWCNT (b)

715

o ~
o © g4 2 9
8 v & » B~

Transmittance, a.u
D
©
(4,

68
67.5

67 T T T 1
3500 3000 2500 2000 1500

Wavenumber, cm -1

A.4 FTIR spectra of (a) (OH),SIOCPc-MWCNT and (b) (OH)GaOCPc-

MWCNT
(@) 90000 - (b)
200000 1 80000
70000 -
150000 2 60000 -
g . '8 50000 -
< 100000 1 <~ 40000 - .
X 30000 - ’,
50000 1 20000 -
10000
0 \ 4 T T T T 0
0 100000 200000 300000 400000

Z'(ohm)

| +ZnOCPc ¢ (OH)2SiOCPc |

0 50000 100000 150000
Z'(ohm)

¢ ZnOCPCc-MWCNT ¢ (OH)2SiOCPc-MWCNT ¢ (OH)GaOCPc-MWCNT

A.5 Nyquist plots of DSCs fabricated with (a) TiO,/ZnOCPc, TiO,/GaOCPc
and TiO,/(OH),SIOCPc (b) their corresponding MWCNT-integrated hybrid

in the dark

109




Full scale counts: 149440 Base(2)

kev

A.6 EDX profile of MWCNT-NH,

110



APPENDIX B

RESEARCH OUTPUTS RESULTING FROM THIS THESIS

(A) Manuscript Submitted for Publication

Nonhlanhla E. Mphahlele, Kenneth |. Ozoemena, Lukas J. Le Roux, Charl J.

Jafta, Leskey Cele, Mkhulu K. Mathe, Tebello Nyokong, and Nagao
Kobayashi, “Carbon Nanotube-Enhanced Photoelectrochemical Properties of
Metallo-octacarboxyphthalocyanines for the Development of Dye-Sensitised

Solar Cells”, (submitted 2012) (see attached).

(B) Conference / Workshop Presentations (4 oral, 2  posters)

1. “The effect of Multi-walled carbon nanotubes on
Metal octacarboxyphthalocyanines for Dye Solar Cells application”.
Nonhlanhla Mphahlele, Kenneth I. Ozoemena, Lukas le Roux, Leskey

Cele, IBSA workshop, Thaba ya Batswana, 15 October 2012 (ORAL)

2. Metallo- octacarboxyphthalocyanines with multiwalled carbon nanotubes
hybrid for dye solar cells applications: Synthesis and characterisation”..

Nonhlanhla Mphahlele, Kenneth I. Ozoemena, Lukas le Roux, Leskey

Cele, 2" international symposium on electrochemistry , UWC — Cape

Town, South Africa, 18 — 20 July, 2012 (ORAL)

3. “Metal octacarboxyphthalocyanines with multiwalled carbon nanotubes for
dye solar cells applications: Synthesis and characterisation”.. Nonhlanhla

Mphahlele, Kenneth I. Ozoemena, Lukas le Roux, Leskey Cele, 11"

111



SETMI conference and SA —Japan transport technology forum, Pretoria,
South Africa, 23 November, 2011 (ORAL)
. “Zinc octacarboxyphthalocyanines/Multiwalled carbon nanotubes for the

development of dye solar cells”. Nonhlanhla Mphahlele, Kenneth I.

Ozoemena, Lukas Le roux, Leskey Cele, SA/ Germany Science, research
and Technology Cooperation Agreement, Research project period : 2008 —
2010, End of program workshop, 7 — 8 September, Rhodes University,
2010 (ORAL)

. “Metal octacarboxyphthalocyanines/Multiwalled carbon nanotubes hybrid

for the development of dye solar cells”. K.N.E Mphabhlele, K.l Ozoemena,

L.J le Roux and L.M Cele, 11" international conference on frontiers of
polymers and advanced materials, Pretoria, South Africa, 22 — 27 May
2011 (Poster).

. “Phototelectrochemistry of metallo — octacarboxyphthalocyanines for the

development of dye solar cells”. Nonhlanhla Mphahlele, Kenneth 1.

Ozoemena, Lukas Le Roux, Mkhulu K. Mathe, Tebello Nyokong, Leskey
M. Cele, Shimizu Soji, and Nagao Kobayashi, South Africa — Japan

workshop, Stellenbosch, South Africa, 12 — 13 September 2011 (Poster).

112



