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Abstract

Abstract

Two sets of dye-sensitized solar cells (DSSCs) were fabricated. In the first set, dye-
sensitized solar cells (DSSC) were fabricated by incorporating graphene materials as
catalysts at the counter electrode. Platinum was also used as a catalyst for
comparative purposes. Different phthalocyanines: hydroxyl indium
tetracarboxyphenoxy phthalocyanine (1), chloro indium octacarboxy phthalocyanine
(2) and dibenzoic acid silicon phthalocyanine (3) were used as dyes. Complex 3 gave
the highest power conversion efficiency (n) of 3.19% when using nitrogen doped
reduced graphene oxide nanosheets (NfGONS) as a catalyst at the counter electrode,
and TiO2 containing rGONS at the anode. The value obtained is close to 3.8%
obtained when using Pt catalyst instead of NrGONS at the cathode, thus confirming
that NrGONS is a promising candidate to replace the more expensive Pt. The study

also shows that placing rGONS on both the anode and cathode improves efficiency.

In the second set, DSSCs were fabricated by using 2(3,5-biscarboxyphenoxy), 9(10),
16(17), 23(24)-tri(tertbutyl) phthalocyaninato Cu (4) and Zn (5) complexes as dyes on
the ITO-TiO2 photoanodes containing reduced graphene oxide nanosheets (rGONS)
or nitrogen-doped rGONS (NrGONS). The evaluation of the assembled DSSCs
revealed that using ITO-TiO2-NrGONS-CuPc (4) photoanode had the highest fill factor
(FF) and power conversion efficiency (n) of 69 % and 4.36 % respectively. These
results show that the asymmetrical phthalocyanine complexes (4) and (5) showed
significant improvement on the performance of the DSSC compared to previous work

on symmetrical carboxylated phthalocyanines with n = 3.19%.
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Introduction

Chapter 1: Introduction

1.1 Dye-sensitized solar cells

Various environmental concerns and the depletion of fossil fuel have boosted research
into alternative sources of clean and sustainable energy including the sun which is the
largest and available source. Dye-sensitized solar cells (DSSCs) are low cost thin film
solar cells. They have attracted considerable attention since the pioneering work by
O’Regan and Gratzel [1]. A typical DSSC is assembled by placing an electrolyte, either
liquid or solid, containing a redox system in between the photoanode and the
photocathode/counter electrode (CE), Fig. 1.1. The photoanode consists of highly
porous nanocrystalline metal oxide nanoparticles (e.g. titanium dioxide (TiOz2), zinc
oxide (ZnO) or hybrid materials) photosensitized by dye molecules. At the
photocathode, the reduction of the electrolyte occurs and at the photoanode the
oxidation of the same electrolyte occurs. Counter electrodes are commonly composed
of ~15-20 nm thick platinum (Pt) layer, deposited onto transparent conductor oxides
(TCOs) such as indium doped tin oxide (ITO) [2, 3]. Efforts to replace Pt with cheaper
materials has gained significant attention. Graphene exhibits remarkable electrical/
electronic, optical and mechanical properties that qualify it for applications in
optoelectronic devices [4]. Hence the motivation to study graphene as part of this

thesis

The dye photosensitizer is one of the key DSSC components. For a dye molecule to
be an excellent sensitizer, it must possess several functional groups such as carbonyl
(C=0) or hydroxyl (-OH) capable of chelating to the Ti (IV) sites on the TiO2 surface
[2, 3]. Metallophthalocyanines (MPcs) which are a subject of this thesis, are very well-

suited as sensitizers because of their good stability, high extinction coefficients and
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the large variety of central metal ions and chemical substituents at different positions

of the ligands [2, 5].

Figure 1.1: Schematic representation of a dye-sensitized solar cell (DSSC) showing
graphene oxide nanosheets (GONS) incorporated in the photoanode and

photocathode and MPc dye photosensitiser.

Low-symmetry in MPcs is also expected to improve performance of DSSCs due to
improved directionality of its electronic orbitals in the excited state, provided by the
electron-donating (e.g. phenylthio) “push” groups and electron-withdrawing (e.g.

carboxylic acid) “pull” group [5-8].
1.2  Graphene materials

Graphene is a one atom thick (~0.34 nm) sheet of sp? bonded carbon atoms arranged
in a hexagonal honeycomb lattice in which one atom forms each vertex (Figure 1.2)
[4]. Graphene oxide nanosheets (GONS) are chemically modified graphene
comprising a single layer of networked carbon atoms and oxygen functional groups,
such as epoxides, carboxylic acids, and alcohols. It can be reduced by chemical,

2
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electrochemical or thermal methods to form reduced GONS (rGONS). The structure
and properties including electrocatalytic activity of rGONS are somewhere between
graphene oxide (an insulator) and pristine graphene (a semi metal), depending on the
degree of reduction and starting structure of the graphene oxide [9-11]. rGONS are
lightweight, lack the intrinsic band gap, are transparent, have unparalleled strength,
good conductivity and unique levels of white light absorption among other properties.
rGONS have great potential for use in transistors, electrocatalysis, photovoltaic cells,
supercapacitors, fuel cells and biological sensors [10-12]. Hence rGONS are a

subject of this thesis.

N e e e e

()

e S N NS e

Figure 1.2: Graphene structure.
1.2.1 Synthesis of graphene materials

The synthesis of graphene can be divided into two categories: the top down and the

bottom up approaches (Figure 1.3).
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Figure 1.3: Different approaches to synthesising graphene illustrating the top down

and bottom up methods.

In the top down approach, precursors of graphene are stripped down to a few layers
of graphite by chemical, mechanical or thermal treatments. Some of the methods are
mechanical exfoliation, ball milling, micromechanical cleavage of graphite,
electrochemical exfoliation, reduction of graphite oxide (GO), graphite intercalation,
microwave synthesis using MPc, nanotube slicing, pyrolysis method and sonication

[13-25].

The bottom up approach (employed in this work) includes methods like epitaxial
growth on silicon carbide (SiC) where graphene is obtained by heating silicon carbide

(SiC) at 1100 °C [26]. The dry ice method in brief involves completely burning Mg
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ribbon inside a dry ice bowl, covered up by another dry ice (solid COz2) slab [27]. In
chemical vapor deposition (CVD) on transition metals, graphene can be grown on a
heated (1000 °C) metal film (e.g. nickel or Cu). This is followed by introducing a
gaseous carbonaceous precursor (e.g. methane) under inert conditions (Ar or N2) at
low pressure. If atmospheric pressure is used, the method is called atmospheric
pressure chemical vapor deposition (APCVD). This enables the carbon from the
methane gas to be absorbed on the nickel or copper film. Cooling down the system
with precursor turned off enables the carbon to diffuse out of the nickel or copper
surface and form graphene sheets. Nickel is usually used as substrate due to its
catalytic activity toward hydrocarbon decomposition and the low solubility of carbon in

nickel. This facilitates production of atomically thin films [9, 10, 13, 14, 28-35].

In this work, reduced graphene oxide was prepared by APCVD on Cu foil with C2H2 in
an Ar and H2 environment, according to literature methods [36] with minor

modifications.

1.2.2 Application of graphene materials in dye-sensitized solar cells (DSSCs)

Graphene materials have great potential for applications in all aspects of DSSCs due

to their good electrical/ electronic, optical and mechanical properties.

In a DSSC, a photoexcited electron is injected from the dye into the metal oxide
semiconductor (TiO2 or ZnO) where it diffuses to the current collector. Various
interfaces in the DSSC can have adverse effects on performance as they play critical
roles in charge separation and transport. Electrons generated from the excited dye
molecules following absorption of light, are separated at the metal oxide (e.g. TiO2)/
dye interface. The electrons are then transported through the disordered 3D network

of TiO2 nanoparticles by trap-limited diffusion processes via a number of colloidal

5
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particles and grain boundaries, to the collecting electrode. This random path increases
the chance of charge recombination where electrons injected into the metal oxide
semiconductor can recombine with the dye or with oxidized species of the redox
couple [10, 37-40], thus reducing DSSC efficiency. lodide (I") ions in the electrolyte
migrate from the counter electrode to the nanopores of the metal oxide semiconductor
(e.g. TiO2) and transfer electrons to the highest occupied molecular orbital (HOMO)
level of the dye thus getting oxidised to I3 ions. Some of the I3 ions can then penetrate
the porous TiO2 and be in direct contact with the TCO surface, thereby collecting the
electrons from the TCO surface through back transport reaction [10, 11, 37]. Losses
can also occur due to the voltage drop between the dye lowest unoccupied molecular
orbital (LUMO) level and the Fermi level of the metal oxide semiconductor, and the
ohmic resistance in the semiconducting layer. Therefore, manipulating the competition
between charge transport and charge recombination is key in fabricating high
performance DSSCs [10, 11, 37, 41]. Dense layers of TiO2 (~20—-100 nm thick) are
often used as a blocking layer to prevent recombination of electrons at the ITO and
the oxidised species of the electrolyte (I3) [42, 43]. Many groups have sought to use
graphene materials to improve the conduction pathways from the point of
photogenerated carriers to the collecting electrode in order to improve efficiency. Kim
et al. [10] used a photocatalytically reduced graphene oxide-TiO2 nanoparticle
composite as blocking layer to prevent recombination between fluorine doped tin oxide
(FTO) and I'3. Some groups have incorporated graphene materials in the metal oxide
semiconductor scaffolding to improve photocurrent density in the photoanode. Yang
et. al. [44] argue that graphene can act as an electron bridge in the photoanode,
shuttling electrons to the current collector thus lowering recombination in the device.

They also argue that inclusion of graphene induce formation of macropores in the TiO2
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films causing scattering of light. Furthermore, when a graphene sheet exists in
between TCO and TiOz, electrons can be transported from TiO2 to graphene but not
in reverse, as the work function of graphene (—4.4 eV with respect to vacuum level) is
more negative than the conduction band of TiO2 (- 4.2 eV with respect to vacuum
level). Incorporation of rGONS in the TiO2 scaffold leads to a much more efficient

device [10, 32, 40, 44-52]. Hence rGONS are employed in this work.

The photocathode/ counter electrode (CE) is an indispensable component in DSSCs
that utilise redox mediators for charge transport. It injects electrons into the electrolyte
to catalyze iodine reduction (I3 to I7) after charge injection from the photooxidized dye
to the metal oxide semiconductor [1, 53-60]. The reduced species (I7), regenerates
the photooxidized dye while the oxidised species (I3) is reduced at the CE. However,
the inert nature of the graphene basal plane often restricts charge transfer at the
graphene/liquid electrolyte interface despite the high in plane charge mobility, thus I3
reduction occurs only at edge planes. As a result, surface modification of graphene is
required to improve in-plane charge-transfer [61]. In addition, for the DSSC system to
work efficiently, (i) the redox species must be able to readily diffuse between the anode
and the cathode, (ii) the rate of dye regeneration by I- must be faster than regeneration
from the metal oxide semiconducting scaffold, and (iii) the rate of reduction of I3 must
be slow at the photoanode and fast at the photocathode. In order to address
requirement (iii) a catalyst material is required on the photocathode to lessen the
overpotential required to reduce I3, hence the use of Pt as a catalyst at the cathode
[10]. Pt has limited reserves on earth, and it is costly. It suffers degradation over time,
especially when in contact with the |7/Is” liquid electrolyte, and tends to induce
formation of polyiodides, strongly reducing the efficiency of DSSCs. The

aforementioned problems have boosted efforts towards the replacement of Pt with
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cheaper and/or more stable materials [10, 62]. In 2010, Roy-Mayhew et al. [63]
discovered that functionalizing graphene contributes to the high catalytic activity of
graphene towards 17/I3~ redox reaction, showing comparable performance to the Pt
catalyst [64-66]. Doping the carbon network with heteroatoms (e.g., N, B, and P) has
been demonstrated to enhance the electrical conductivity and surface hydrophilicity.
Doping improves charge-transfer and electrolyte—electrode interactions, respectively.
Furthermore, heteroatom nitrogen-doped carbon nanomaterials can act as metal-free
electrodes with higher electrocatalytic activities, better long-term operation stability,
and more tolerance to crossover/poisoning effects relative to a platinum electrode.
This has made N-doped carbon nanomaterials ideal as low-cost, but very effective,
counter electrodes in DSSCs [67- 70], hence nitrogen doped reduced graphene oxide

nanosheets (NrGONS) are studied in this thesis.

1.2.3 Characterising graphene materials

Graphene materials can be characterised using two generic methods namely
microscopy and spectroscopy. In this thesis, the characteristics of the synthesised
reduced graphene oxide nanosheets (rGONS) and nitrogen-doped reduced graphene
oxide nanosheets (NrGONS) were investigated using transmission electron
microscopy (TEM), Raman spectroscopy, X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). The morphology of materials can be investigated
using TEM. Raman spectroscopy is the most direct and non-destructive technique to
characterise the structure and quality of carbon materials particularly to determine the

defects, the ordered and disordered structures and the number of layers [71-73].
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Table 1.1 shows graphene materials that have been used in the photoanode and
photocathode for fabricating DSSCs. It can be observed from Table 1.1 that there are
no graphene materials that have been wused in combination with
metallophthalocyanines as dyes in fabricating DSSCs. This research work reports for
the first time on the use of metallophthalocyanines dyes and graphene materials for

fabricating DSSCs.
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Table 1.1:  Carbon nanomaterials that have been used in the photoanode and

photocathode for fabricating DSSCs.

Photoanode Photocathode Dye Ref.
FTO/Reduced Pt cis-diisothiocyanato- [10]
graphene/TiO2 bis(2,2’-bipyridyl-4,4’-
dicarboxylato) ruthenium(ll)
bis(tetrabutylammonium),
coded as N719
FTO/TiO2/rGONS FTO/ colloidal | N719 [12]
graphite
FTO/graphene/TiO2 FTO/Pt N719 [37]
FTO/Graphene/TiO2 | FTO/Pt N719 [48]
FTO/titania—graphene | FTO/Pt N719 [50]
ITO/Reduced ITO/Pt N719 [51]
graphene oxide/TiO2
FTO/TiO2 FTO/graphene Ru(dcbpy)2 (NCS)2 [61]
(dcbpy = 2,2-bipyridyl-4,4-
dicarboxylato) dye; coded
as 535-bisTBA N719

10
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FTO/TiO2 FTO/functionalised | Cis- [63]
graphene sheets bis(isothiocyanato)bis(2,2'-
bipyridyl-4,4'-
dicarboxylato)ruthenium(ll),
coded as N3
FTO/TiO2 FTO/moderately cis-diisothiocyanato- [65]
reduced graphene | bis(2,2’-bipyridyl-4,4’-
oxide dicarboxylic acid)
ruthenium(ll) coded as Ru
535
ITO/TiO2 ITO/graphene N719 [66]
oxide
FTO/TiO2 FTO/ N-doped | N719 [70]
Graphene, FTO/
rGONS
ITO/TiO2/rGONS/TIO2 | ITO/Pt D719 (Alternative name | [74]
N719)
FTO/Graphene/TiO2 | FTO/Graphene N719 [75]
FTO/Graphene/TiO2 | FTO/Pt N719 [76]
FTO/Graphene FTO/Pt N719 [77]
oxide/TiOz2
FTO/TiO2 FTO/rGONS N719 [78]
FTO/ TiO2 FTO/Graphene N719 [79]

11
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FTO/TiO2 FTO/Reduced N719 [80]

graphene oxide

(rGO)
FTO/TiO2 FTO/graphene N719 [81]
FTO/TiO2 FTO/3D graphene | N719 [82]

ITO = Indium doped tin oxide

FTO = Fluorine doped tin oxide

1.3 Metallophthalocyanines

Metallophthalocyanines (MPcs) are planar macrocyclic compounds comprising of an
18-11 conjugated electron system and containing four isoindole units linked together
through nitrogen atoms Figure 1.4. They have good optical properties, good chemical
and thermal stability, absorb intensely in the red and near infra-red regions of the solar
spectrum, have high extinction coefficients, are nontoxic and can easily be oxidised
and reduced. Their chemical properties can easily be manipulated by structurally
varying the central metal and the chemical substituents at non-peripheral (a) positions
(positions 1, 4, 8, 11, 15, 18, 22, 25) and peripheral () positions (positions 2, 3, 9, 10,
16, 17, 23, 24) to form symmetrical or asymmetrical MPcs [83-87]. Owing to these
properties, phthalocyanines have found applications in solar cells, optical devices,
electronic/  photoelectronic components, nonlinear optics, photocatalysis,
electrocatalysis, photodynamic therapy (PDT) and gas sensing among others [83-

107].

12
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Figure 1.4: Chemical structure of phthalocyanine showing the non-peripheral (a),

peripheral () positions and L (axial ligand on the metal ion).

Phthalocyanines (Pcs) have weak Soret band (~ 350 nm) and strong Q-band (~650
nm and beyond) making them good candidates as photosensitisers in DSSCs.
Examples of substituents used for Pcs are: alkyl such as tert-butyl for good solubility
in organic solvents, anionic or cationic for water solubility, alkoxy or alkylthio with
electron donating capabilities [87, 108]. Symmetrical (same functional group),
asymmetrical (two different functional groups) and axially substituted Pcs were

employed in this research work.

1.3.1 Synthesis of Pcs

1.3.1.1 Symmetrical

Symmetrical Pcs due to their uniform planar macrocycle, exhibit aggregation, poor
solubility in common organic solvents and lack electron directionality in the excited
state. This tends to limit their use in applications in DSSCs where specific binding with
semiconductor molecules is required for improved efficiencies. Aggregation promotes
non-radiative deactivation of the dye excited states thus reducing the power

conversion efficiency [2, 87].

13
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Scheme 1.1: Synthesis of phthalocyanines showing different precursors that can be

used. MX = metal salt.

Synthesis of symmetrical metallophthalocyanines (Scheme 1.1) can be performed by
using cyclotetramerization of phthalic acid derivatives (such as phthalic acid
anhydride, phthalimides, o-cyanobenzamide, and 1,3-diiminoisoindolines among
others), urea as nitrogen source, metal salt and a catalyst [109-111]). The
disadvantage of this method is that some impurities remain in the product and they
are difficult to remove. Using cyclo condensation of mono substituted 3-nitro
phthalonitrile precursors yields non peripheral substitution while mono substituted 4-
nitrophthalonitrile yields peripheral substitution [110, 112, 113]. For applications
requiring very high purity such as in solar cells, phthalonitriies (such as 1,2
dicyanobenzene) or their ammonia adducts (like the 1,3-diimino isoindolemines)
bearing between one and four substituents are employed as precursors in the

cyclotetramerization reaction [86, 87, 110].
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1.3.1.2 Asymmetric

The symmetry of MPcs can be broken by placing two different functional groups on
the molecule to form asymmetrical MPcs as shown in Scheme 1.2. Linstead and co-

workers pioneered the research work on asymmetrical Pcs since 1955 [114-116].

Scheme 1.2: Synthesis of asymmetrical Pcs using the statistical mixed condensation

method showing anticipated products.

A variety of methods can be used to synthesise asymmetrical Pcs including statistical
mixed condensation (Scheme 1.2), sterically driven cross condensation and polymer
support-based approach. For application as photosensitisers in DSSCs, the desired
Pc can be synthesised in such a way that it has an acid substituent at one of the
isoindoline units for better binding with semiconductor surface. The other three

isoindoline units can be functionalized with different substituents to make them more
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soluble, facilitate ease of purification and hinder aggregation [87, 116]. The statistical
mixed condensation of two different phthalonitriles is the oldest and most popular for
the synthesis of AAAB compounds using a ratio of the 3:1 of two precursors with
similar reactivity. The method is generally non-selective and if two phthalonitriles with
similar reactivity are taken in equimolar quantities all six possible products (Scheme
1.2) would be formed in statistical proportions (i.e. AAAA (8.33%), AAAB (25%), AABB
(25%), ABAB (8.33%), ABBB (25%), and BBBB (8.33%)) [116]. Taking into
consideration the well-known aggregation properties of phthalocyanines, preparative
scale separation of such reaction mixtures by conventional chromatographic methods
could be very challenging. As a result, the statistical condensation approach has never
been used for targeting all six possible products. On the contrary, this method is
predominantly used for preparation of the AAAB asymmetric phthalocyanine
analogues and, in several cases, for the preparation of opposite ABAB and adjacent

AABB compounds [116].

In this work, the statistical mixed condensation method was used to synthesise the

asymmetrical MPcs.

1.3.2 Phthalocyanine spectra

MPcs have two distinct ground state electronic absorption bands known as B band
and Q band as shown in Figure 1.5. As stated above, the B band is usually seen
around 300-400 nm and Q band around 650-700 nm depending on the nature of the
central metal, point of substitution, ring expansion, protonation nature of substituents

and solvents [117-120].
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Figure 1.5: Typical ground state electronic absorption spectrum of

metallophthalocyanines.

Gouterman and coworkers [121, 122] proposed a four orbital model that gives an ideal
picture of electronic transitions that occur in metallophthalocyanines between the
HOMO and LUMO. The symmetrical Q band is due to their Dsn symmetry which results
from transitions from electronic transitions 11 (a1u) of the HOMO to the degenerate *
(eg) of the LUMO, as shown in Figure 1.6. Metallophthalocyanines are also
characterized by two B bands, B1 and B2 due to two transitions, azu and bau of the
HOMO to eg of the LUMO respectively [123, 124]. Aggregation in MPcs is judged by

broadening or splitting of the Q-band [118, 125].
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Figure 1.6: Representation for ground state electronic transitions of molecular orbitals
of MPcs.

1.3.3 Electrochemical behavior

Metallophthalocyanines that are employed as sensitizers in DSSCs ideally should be
easily oxidised and reduced. The redox properties of MPcs are determined by the type
of central metal, axial ligands, substituents on the ring and solvents used. Substituents
that are electron donating like tert- butyl groups, make the complex easier to oxidise
and harder to reduce. Phthalocyanines with central metals that are not electroactive
have their redox activity occurring at the ring. In DSSCs, in order for electronic transfer
from the excited dye to the metal oxide semiconductor to be energetically favourable,
the excited state energy (LUMO) of the MPc dye should be higher in energy than the

conduction band of the semiconductor (ZnO or TiO2). MPc complexes with LUMO
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energies above the semiconductor conduction band edge would be best suited for

DSSCs provided other factors like aggregation were addressed [2].

1.3.4 Application of metallophthalocyanines in dye-sensitized solar cells.

MPcs are very well-suited as sensitizers because of their good stability, high extinction
coefficients and the large variety of central metal ions and chemical substituents at
different positions of the ligands [2, 5]. The carboxylate substituents on the MPcs
synthesised in this work are used to anchor the dye to the metal oxide semiconductor
surface and provide electronic coupling. The tert-butyl groups enhance solubility,
minimise aggregation and tune the LUMO level of the Pc thus providing directionality
in the excited state. Improved solubility leads to efficient impregnation of the
photoanode from a solution of the sensitizer [2, 5§]. The electron donating capability
(push) of the tert-butyl groups towards the central Pc ring as opposed to the electron-
withdrawing character (pull) of the carboxylic acid functionality, adds push-pull
characteristics to the molecular orbitals. This synergistic effect of the sensitizer is
helpful for electron injection to the metal oxide semiconductor from the excited state
and suppresses electron back transfer to the dye and their shuttling back to the

electrolyte (recombination) [2, 3].

Table 1.2 shows a selection of asymmetric Pcs used for DSSCs [5, 6, 87, 126-131].
Despite one report using an unsubstituted ZnPc -CdS/CdSe quantum dots and Au
nanoparticles/graphene oxide composite in DSSCs [131], no investigations have been
conducted on DSSCs based on MPc dyes and graphene materials on both the

photoanode and photocathode, hence the aim of this work.
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Table 1.2: Asymmetrical phthalocyanines that have been used for DSSCs

Phthalocyanine dye

OC,H,

Photoanode

Photocathode

Ref.

C,Hy0

C,HyO

C4Hy0

TiO2

Pt

[5]

A
Ny \//
¢p
N owd W

n 'OH
i N N= ™3 \/O)k
PPN 0
I NN
S S
™4

TiO2

Pt

[6]

TiO2

Pt

[87]
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TiO2 (solid state | Gold (Au) [126]

DSSC)

TiO2 Pt [127]

COOH TiO2 Pt [128]
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R TiO2 Pt [129]
N\ R
NN
AR

TiO2 Pt [130]
GT4 |\/\/\/
GT6 }—é
ZnPc  combined  with | ZnO inverse | Copper(l) sulfide | [131]
CdS/CdSe quantum dots | opals (IOs) (Cu2S) modified with Au
(QDs) (co-sensitization) nanoparticles/graphene

oxide (Au NPs/GO)

composite

1.3.5 Pcs used in this work

This research work reports for the first time on synthesis and characterisation of a

novel axially substituted silicon phthalocyanine complex 3 and a novel asymmetrically
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substituted copper phthalocyanine complex 4, Table 1.3. Two reported symmetrically
substituted indium phthalocyanine complexes (1, 2) and an asymmetrically substituted
zinc phthalocyanine complex 5, were also employed, Table 1.3 [2, 132, 133,134]. All
complexes (1-5) were for the first time used as dyes to fabricate DSSCs consisting of
graphene materials (reduced graphene oxide (rGONS), nitrogen doped reduced
graphene oxide (NrGONS)) on both the photoanode and photocathode (Fig. 1.1). As
earlier stated, carboxy groups on the MPcs form hydrogen bonds with hydroxide
groups on the surface of the TiO2. Graphene improves suppression of charge
recombination at the photoanode/dye/electrolyte interface and also enhances electron

transport in the photoanode.
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Table 1.3: Phthalocyanines studied in this research work

Phthalocyanine dye Photoanode Photocathode
HoocQ @i‘m” ITO/TiO2 ITO-PVP/rGONS
Q?{N\YN‘Z/;
A In\N*w
&}% ITO-PVP/NrGONS
T
COOH (1)
ITO-Pt
Hydroxyl indium
tetracarboxyphenoxy
phthalocyanine
[134]
e (OoOH ITO/TIO2 ITO-PVP/rGONS
HOOC COOH
X N\
o Y\Q
N \In—CI N
\ X N4 ITO-PVP/NrGONS
Hooc N@COOH
COOH 2 COOH
@ ITO-Pt
Chloro indium
octacarboxy
phthalocyanine
[133]
ITO/rGONS/TIO2 ITO-PVP/rGONS

- Z
o é
—
3
o \/
4
é/t\

Dibenzoic acid silicon
phthalocyanine
[New Pc]

ITO-PVP/NrGONS

ITO-Pt
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COOH

Hooc\q )4
o

2(3,5-
biscarboxyphenoxy),
9(10), 16(17), 23(24)-
tri(tertbutyl)

phthalocyaninato Cu (Il)
[New Pc]

All done with rGONS

and NrGONS

ITO/NrGONS

COOH

HOOC\Q

v
&%

2-[ 5-(phenoxy)-isophthalic
acid] 9(10), 16(17), 23(24)-
tris (tertbutyl)
phthalocyaninato Zinc (ll)
[132]

All done with rGONS

and NrGONS

ITO/NrGONS

ITO=

Indium doped tin oxide, rGONS = Reduced graphene oxide, NrFGONS = Nitrogen

doped reduced graphene oxide, PVP = Polyvinyl pyrrolidone

Complexes (1) and (2) are compared for the effect of the substituent
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i. Complex (3) for axial ligation

iii. Complexes (4) and (5) are compared for the effect of the central metal

1.4 Evaluation of dye-sensitized solar cells

Performance of dye-sensitized solar cells is evaluated using current density vs voltage
curves (J-V) (Fig. 1.7) and electrochemical impedance spectroscopy (EIS). From the
resultant J-V measurements, the fill factor (FF) and power conversion efficiency n, are

evaluated as shown in Eqgs. (1.1) and (1.2) [10, 135, 136].

Pmax
FF (%)—mx 100 (11)
n(%) = £ 5 100 (1.2)

where, Pmax’ Jsc, Voc and lo are the maximum power output, short circuit photocurrent
density, open circuit photovoltage and intensity of incident light respectively. FF is a
measure of the squareness of the J-V curve of a solar cell and determines the
maximum power from a solar cell. Power conversion efficiency (n %) shows how well

the solar cell converts light into electricity.
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Figure 1.7: Current density versus voltage curves (J-V curves) showing parameters

used for calculating fill factor (FF, %) and power conversion efficiency (n, %).

Electrochemical impedance spectroscopy (EIS) is used to investigate the interfacial
characteristics of the components of a dye-sensitized solar cell in order to gain more
insight into the electron transport. EIS experiments are usually carried out in the
frequency range 0.10 Hz to 100 kHz with an AC amplitude of 0.010 V. The bias
potential is mostly set to a value equivalent to the open circuit voltage of the DSSC.
From EIS data, Nyquist and Bode phase plots are generated [137]. The Nyquist plot
represents the impedance as a vector of length |Z|, where the real part is plotted on
the x-axis and the imaginary part is plotted on the y-axis (Fig. 1.8). Their one major
shortcoming is that when you look at any data point on the plot, you cannot tell the
frequency that was used to record it [137]. The interpretation of the Nyquist plots can
be modelled by an equivalent circuit (Randles circuit) comprising of, for example,
solution/electrolyte resistance (Rs), charge transfer resistance (Rct), Warburg

impedance (W), double layer capacitance (Ca) and constant phase element (Q/ CPE).
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Figure 1.8 (insert) is an example of an equivalent circuit showing some of the circuit
elements. The Warburg impedance (W), is a complex quantity having real and
imaginary parts which are equal and is proportional to the reciprocal of the square root
of the frequency (1/Yw). Thus, at high frequencies, W is small and the diffusion process

is only observed at low frequencies [137].

Figure 1.8. Nyquist plot representing Impedance as a vector Z (Argand diagram). o

is angular frequency. Insert is the Randles-Sevcik equivalent circuit.

Ca is sometimes modelled with a constant phase element (CPE) for better accuracy.

The impedance of CPE can be expressed as in equation 1.3

Zepg (o) = Q_(jlw)a (1.3)
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where Q represents the double-layer capacitance/constant phase element, o is the
angular frequency while the parameter a accounts for the non-ideal electrode—

electrolyte interface (the case a = 1 refers to an ideal capacitance).

Three semi circles are usually observed on the Nyquist plots for DSSCs. In order of
decreasing frequency (left to right), these semi circles can be attributed to the
impedance contribution from: solution/electrolyte resistance of transport through the
current collector (Rs), the charge transfer resistance (Rct) at the counter
electrode/electrolyte  interface, charge transfer resistance at the
photoanode/dye/electrolyte interface and diffusion of redox species in the electrolyte
solution, respectively. The semicircle in the middle frequency region is the result of
contributions from the electron transfer resistance and interfacial capacitance at the
photoanode/dye/electrolyte interface. Generally, the low frequency region provides
information concerning diffusion phenomena. The high frequency part defines the
solution resistance [137-139]. The smaller the middle semicircle diameter is, the lower
the Rct and thus the higher the conductance of the photoanode/dye/electrolyte
interface (meaning the interface is an excellent conducting material to accelerate

electron transport).

Another popular presentation method is the Bode Plot, in which the impedance is
plotted with log frequency on the x-axis and both the absolute values of the impedance
(|Z|=Zo) and the phase-shift on the y-axis. Unlike the Nyquist Plot, the Bode Plot does

show frequency information [137].

1.5 Summary of aims of this thesis

The aims of this thesis include:
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VII.

Introduction

Synthesis and characterisation of reduced graphene oxide nanosheets (rGONS).
Synthesis and characterisation of nitrogen-doped reduced graphene oxide
nanosheets (NrGONS).

Synthesis and characterisation of axially substituted silicon phthalocyanine.
Synthesis and characterisation of symmetrical and asymmetrical
metallophthalocyanines.

Fabrication of dye-sensitized solar cells (DSSCs) based on rGONS and NrGONS
in both the photoanode and photocathode, photosensitised by axially substituted
metallophthalocyanines, symmetrical and asymmetrical metallophthalocyanines.
Evaluation of the performance of the different DSSCs, using photocurrent -
photovoltage (J-V) measurements and electrochemical impedance spectroscopy
(EIS).

Comparison of the performance of rtGONS, NrGONS and platinum (Pt) as catalysts

at the DSSC photocathode, with aim of replacing expensive and rare Pt.
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Chapter 2: Experimental

2.1 Materials

Indium doped tin oxide (ITO) glass substrates 1 mm thick, titanium dioxide (TiO2),
titanium (IV) tetraisopropoxide, lithium iodide, ferric nitrate, polyvinyl pyrrolidone
(PVP), dichloro silicon phthalocyanine, benzoic acid, chloroplatinic acid hydrate,
tetrabutylammonium tetrafluoroborate (TBABF4), melamine, 1,8-
diazobicylo[5.4.0Jundec-7-ene (DBU), 1-pentanol and 4-(tert-butyl) phthalonitrile (6)
were purchased from Sigma Aldrich. Acetone, ethanol, acetonitrile, iodine,
tetrahydrofuran (THF), dimethyl formamide (DMF), ethylene glycol, silica gel, 2-
propanol and 1-octanol were from Merck. Parafilm plastic film was from Bemis. Copper
foil was from the British Drug House Limited. Binder clips were from ABM Office
National (2 pieces for 1 cell). Copper acetate monohydrate (Cu (OAc)2.H20) and
dichloromethane (DCM) were purchased from SAARChem. NaOH was obtained from
B&M scientific. Methanol and HCI were purchased from Minema. Complexes (1) [134],
(2) [133], (5) [132] and dimethyl-5-(3,4-dicyanophenoxy)-isophthalate (7) [140] were

synthesized as reported in literature.

2.2 Equipment

1. Mass spectra data were collected using a Bruker AutoFLEX Il Smartbeam
TOF/TOF Mass spectrometer. The mass spectra were obtained using alpha-
cyano-4-hydroxycinnamic acid as the MALDI matrix and a 354 nm nitrogen laser.

2. UV-Vis absorption spectra in solution were performed on a Shimadzu® UV-2550
spectrophotometer.

3. Solid state UV-Vis absorption spectral studies were performed on Perkin Elmer

Lambda 950 UV-Vis-NIR spectrophotometer where reflectance measurements
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were converted into equivalent absorption spectra using the reflectance of holmium
as a reference.

4. FT-IR spectra were acquired on a Bruker ALPHA FT-IR or Perkin Elmer
spectrometer with universal attenuated total reflectance (ATR) sampling
accessory.

5. Elemental composition data (C, H, N) for complexes (3) and (4) were acquired on
a Vario Microcube EL IIl Elemental CHNS Analyser.

6. Proton nuclear magnetic resonance ("H NMR) spectra of complex (3) and (4) were
obtained using a Bruker AVANCE 600 MHz NMR spectrometer in DMSO-ds.

7. X-ray photoelectron spectroscopy data were collected from a Kratos Axis Ultra
DLD X-ray photoelectron spectrometer (XPS), using an Al (monochromatic) anode,
equipped with charge neutralizer and the operating pressure kept below 5 x 10-°
Torr. For wide/survey XPS scans, the following parameters were used: emission
current was kept at 5 mA and the anode voltage at 15 kV. The resolution used to
acquire wide/survey scans was at 160 eV pass energy using a hybrid lens in the
slot mode. For high resolution scans, the resolution was changed to 40 eV pass
energy in the slot mode. Curve fitting was performed using Gaussian-Lorentzian
peak shape after performing a linear background correction.

8. X-ray diffraction spectra for the graphene materials (rGONS and NrGONS) were
recorded on a Bruker D8 Discover X-ray powder diffractometer (XRD) equipped
with a LynxEye detector, under Cu-Ka radiation (A= 1.5405 A, nickel filter). Data
were collected in the range from 26 = 10 ° to 60 ° with a scanning rate of 0.010 °
min-!, 192 s per step and a slit width of 6.0 mm. Samples were placed on a zero
background silicon wafer slide. The data were processed using EVA (evaluation

curve fitting) software after performing baseline corrections.
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9. The morphologies of the graphene materials (rGONS and NrGONS) were obtained
from a Zeiss Libra 120 model transmission electron microscope (TEM) operated at
90kV.

10. Raman spectra for the graphene materials (rGONS and NrGONS) were obtained
using a Bruker Vertex 70 - Ram Il spectrometer (equipped with a 1064 nm Nd:YAG
laser and a liquid nitrogen cooled germanium detector).

11. Photocathode catalyst materials (rGONS or NrGONS) were spin coated onto ITO
using a Specialty coating systems 6800 spin coater.

12. The metal oxide semiconductor materials (TiO2, TiO2/rGONS or TiO2/NrGONS)
were deposited onto ITO to fabricate the photoanodes, using two methods (A and
B). In method A, the metal oxide semiconductor materials were deposited onto
ITO using the doctor blade technique. For method B, the metal oxide
semiconductor materials were screen printed onto ITO to fabricate the
photoanodes using a Dyenamo DN-HMO02 Laboratory screen-printer (Scheme

2.1).
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Scheme 2.1: Fabrication of dye-sensitised solar cells (DSSCs)

13. Photoanode thickness measurements were obtained using a JOEL JSM 840
scanning electron microscope (SEM) or Olympus DP72 stereo microscope
equipped with stream motion software.

14. Atomic force microscopy (AFM) measurements in tapping mode were carried out
using the MFP-3D Origin supplied by Asylum research (Oxford instruments
company, USA).

15. Time-of-Flight Secondary lon Mass Spectrometer (TOF-SIMS) data for the
photoanodes was recorded with ION TOF GmbH TOF SIMS 5 instrument, run in
imaging mode. The analysis area was 250 ym x 250 ym, and the samples were
run in both positive and negative ion modes. The analyzer was set to a standard

operating mode with a cycle time of 100 us, whilst the primary beam was a Bi1 ion
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cluster gun with a current of 0.13 pA and an energy of 30000 eV. The raw data
was processed using the Surface Lab 6.5 software provided by ION TOF.

16. Evaluation of the dye-sensitized solar cells was done by current—voltage (J-V)
and Electrochemical Impedance Spectroscopy (EIS) measurements using a
Metrohm Autolab Potentiostat/Galvanostat 302 N with FRA Module and LED kit
for Photovoltaic measurements (equipped with Nova 2.1.4 software) (Fig. 2.1).
The experiments were carried out in the frequency range 0.10 Hz to 100 kHz with
an AC amplitude of 0.010 V. The bias potential was set to a value equivalent to

the open circuit voltage of the DSSC.

Figure 2.1: Evaluation of the dye-sensitized solar cells using a Metrohm Autolab
Potentiostat/Galvanostat 302 N with FRA Module and LED kit.
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Evaluation of the dye-sensitized solar cells was also done by current density — voltage
(J-V) measurements using home assembled equipment based on a thermo oriel
model 66902 Xenon lamp (Fig. 2.2) at illumination intensity of 100 mW.cm2. The light
intensity was measured using the Field max Il power meter. The light intensity was
then used to calculate the power conversion efficiency. The solar cell output voltage
and current were measured using Fluke 179 digital multimeter and a TTi 1906 high-
resolution computing multimeter. The solar cell output was then recorded with different
resistors connected as load from 1 MQ resistor to 56 Q until the voltage was zero. The
light intensity and the recorded voltages and currents were then used to calculate the

power conversion efficiency.

The home assembled equipment in Fig. 2.2 was used to evaluate DSSCs fabricated
using method A, based on complexes (1-3) before the more automated equipment in
Fig. 2.1 arrived. The equipment in Fig. 2.1 was used to evaluate DSSCs fabricated

using method B, based on complexes (4) and (5).
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Figure 2.2: Evaluation of the dye-sensitized solar cells by current density — voltage
(J-V) measurements using the thermo oriel model 66902 Xenon lamp (home
assembled equipment setup) (i) Equipment layout (ii) Circuit diagram for current and

voltage measurements.

17. Differential pulse voltammetry (DPV) experiments were performed using Autolab
PGSTAT30 electrochemical workstation (equipped with GPES software version
4.9). The electrochemical characterization of phthalocyanines were performed in
0.050 M DMF solutions containing 0.10 M TBABF4. A three-electrode
electrochemical cell consisting of a glassy carbon electrode (GCE) working
electrode, Ag wire pseudo-reference electrode and platinum wire as counter

electrode was employed. For comparison, all electrochemical measurements
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were conducted in the presence of ferrocene/ferrocenium (Fc/Fc*) redox couple
as an internal reference [141].

2.3 Synthesis

2.3.1 Dibenzoic acid silicon phthalocyanine, complex (3), Scheme 3.1

Complex (3) was synthesised following literature methods [142]. A mixture of
dichlorosilicon phthalocyanine (100 mg, 0.16 mmol) and benzoic acid (60 mg, 0.49
mmol) in 3 mL of 1-octanol was refluxed under nitrogen for 72 h. The product was then
purified using column chromatography on silica gel and THF as the mobile phase, to

obtain complex 3, which was then dried in a fume hood.

Yield: (8%) UV/Vis (DMF): Amax nm (log €) 355 (4.75), 604 (4.49), 640 (4.49), 671
(5.28). "H NMR (600 MHz, de-DMSO) & 9.64 (d, J = 7.3 Hz, 4H), 8.89 (m, 6H), 8.44 (d,
J = 9.6 Hz, 4H), 7.78 (m, 6H), 6.74 (m, 6H). Calc. for CasH2sNsO4Si.H20.: C = 68.99,
H =3.52, N = 13.99, Found: C = 69.48, H = 4.496, N = 12.94. MALDI-TOF-MS m/z

calc: 782.84. Found [M-CI]* 782.94.

2.3.2 Asymmetric copper phthalocyanine, complex (4), Scheme 3.2

The synthesis of complex (5) was reported before [132] and the same experimental
procedure was used for the synthesis of complex 4 as shown in Scheme 3.2. In brief,
4-(tert-butyl) phthalonitrile (6, 383 mg, 2.08 mmol) and dimethyl-5-(3,4-
dicyanophenoxy)-isophthalate (7, 100 mg, 0.30 mmol) were reacted with copper
acetate monohydrate, Cu(OAc)2.H20 (38.0 mg, 0.19 mmol) in the presence of catalytic
DBU (30 mL) in 1-pentanol (5.0 mL). The reaction mixture was stirred and heated to
200 °C with reflux under argon. After 8 h the reaction was cooled to room temperature.

The product was precipitated and subsequently washed with methanol. The precipitate
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was purified using silica gel column chromatography and elution with DCM/methanol
(9:1), to isolate complex 8, 2-[dimethyl 5-(phenoxy)-isophthalate)] 9(10), 16(17),
23(24)-tris (tert-butyl) phthalocyaninato Cu (ll). Complex 8 was then hydrolysed by
dissolving 0.107 g (0.11 mmol) in THF (5.0 mL) followed by addition of 5.0 mL of 5.0
M NaOH. The resulting reaction mixture was stirred for 48 h at 80 °C under reflux. THF
was then evaporated from the reaction mixture and dilute HCIl was added to precipitate

out complex (4).

Yield = 24%. FT-IR (Umax/cm™): 1336 (C-N), 1537 (C=N), 1685 (C=0), 2950 (C-H),
3400 (O-H). UV-vis (DMF): Amax nm (log €) 349 (4.13), 608 (3.92), 676 (4.40). 'H NMR
(600 MHz, DMSO_ds ) § 8.10 (s, 2H, COO-H), 7.72 (s, 12H, Ar-H), 6.64 (s, 3H, Ar-H),
2.66 (s, 9H, CH3-C(CHa)2), 2.27 (s, 9H, CH3-C(CHa)2), 1.41 (s, 9H, CHa-C(CHa)2).
Cs2H44Ns0s Calc. for (%): C = 67.56, H = 4.80, N = 12.12, Found (%): C = 66.33, H =

4.45, N = 11.87. MALDI-TOF-MS m/z calc: 923.27. Found [M-CI]" 923.35.

2.3.3 Reduced graphene oxide nanosheets (rGONS)

Graphene nanosheets were synthesised according to literature methods [36], with
minor modifications. Acetylene gas and Cu foil served as carbon precursor and
catalyst respectively. The copper foil was cleaned by an ultrasonic cleaner for
approximately 15 min in ethanol followed by 15 min in acetone before being heated in
a tube furnace to 650 °C at a rate of 10 °C/min and then annealed for 20 min while
purging with Ar and H2. To grow the graphene, acetylene gas was then turned on,
while maintaining the temperature (650 °C) and a total Ar/H2 flow rate of 1000 standard
cubic centimetres per minute (sccm). After a growth time of 10 min, the furnace was
allowed to cool down to room temperature under the same Ar/Hz environment. The Cu

foil with the as grown graphene was etched out in an ultrasonic cleaner with the
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etchant [ferric nitrate (1g, 4.13 mmol) and hydrochloric acid (1 mL, 10.2 mmol) in
deionized water (25 mL)]. Thermal annealing can eliminate oxygen functional groups
on GO to produce reduced graphene oxide nanosheets [143], hence the method

employed in this work results in the formation of rGONS.

2.3.4 Nitrogen doped reduced graphene oxide nanosheets (NrGONS)

Catalyst free synthesis of nitrogen-doped graphene oxide (NrGONS) via thermal
annealing was carried out according to literature methods [73] with minor
modifications. The rGONS prepared above and melamine were mixed together in a
mass ratio of 1:5 by grinding, forming a uniform grey mixture. The grey mixture was
then heated in a tube furnace in an argon environment to 250 °C. The temperature
was maintained at 250 °C for 40 min followed by 550 °C for 40 min and finally at 1000
°C for 1 h. The furnace was allowed to cool down to room temperature, to give
NrGONS. The NrGONS were washed with copious amounts of water using

ultrasonication and centrifugations.

2.3.5 Fabrication of the DSSCs, Scheme 2.1

The DSSCs were fabricated according to the literature methods [135, 144] with minor
modifications. In brief, two indium tin oxide (ITO) glass substrates were cut into 20 mm
x 20 mm dimensions. One ITO glass substrate was used as the photoanode and the

other as the counter electrode or photocathode.

The preparation of TiO2 paste: 3.5 g of TiO2 nano-powder was suspended in ethanol
(15 mL), followed by sonication for 30 min. About 0.5 mL of titanium (IV)
tetraisopropoxide (used as a binder for TiO2 paste) was added and the mixture stirred

until the suspension was uniform. The TiO2-rGONS paste was prepared by dispersing
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0.05 g of rGONS in 30 mL of ethylene glycol and sonicating for 4 h. The rGONS

containing solution was then separately mixed with TiO2 paste and stirred for 4 h.

Two sets of dye-sensitized solar cells (DSSCs) were fabricated. For method A: The
doctor blade technique was used to fabricate the photoanode by placing Scotch tape
on the conducting side of ITO glass (20 mm x 20 mm), living approximately 10 mm in
the middle and then securing it onto a table. TiO2 paste with or without rGONS was
then deposited onto the exposed part of ITO glass and flattened with a razor blade/
glass rod. The paste was left to dry in air, after which the scotch tape was removed.
The photoanode was then heated at 150 °C and 450 °C for 10 min and 30 min,
respectively. Pc dyes (1), (2) and (3) were dissolved in DMF to make a 0.5 mM
solution. The heated photoanodes were then immersed into the solution of each Pc
for 12 h followed by rinsing with DMF. The photoanode studies are represented as
ITO-TiO2-(1) for complex (1), ITO-TiO2-(2) for complex (2), ITO-TiO2-(3) for complex
(3) and ITO-TiO2-rGONS-(3) for rGONS and complex (3). Please note rGONS was
also employed with complex (3) at the photoanode as an example, using the doctor
blade technique (method A). Counter electrodes/photocathodes containing rGONS or
NrGONS were fabricated according to literature methods [135, 145] with minor
modifications. In brief, rGONS or NrGONS (0.05 g) were suspended in a mixture of
water and ethylene glycol (20 mL each). The mixtures were sonicated for 2 h.
Following this, PVP (2 g) was added and mixture stirred for a further 5 h at 80 °C. The
rGONS or NrGONS suspensions were then spin coated onto ITO at 6000 rpm for 30
s. For comparison, platinum was also used as catalyst on the counter electrode (CE).
To fabricate the Pt counter electrode, 100 pyL of 5 mM chloroplatinic acid hydrate in 2-

propanol was placed on ITO glass substrate. The substrate was then heated up to
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350-400 °C for 1 h [135, 145]. The counter electrodes in method A are represented

as ITO-PVP/NrGONS, ITO-PVP/rGONS and ITO-Pt.

To make a spacer (between the photoanode and counter electrode), a 1 cm x 0.6 cm
hole was cut on a parafilm plastic sheet of dimensions 1.5 cm (width) by 2 cm (length).
Liquid electrolyte was formed by using 0.5 M lithium iodide and 0.05 M iodine in
acetonitrile. To fabricate the DSSC, a spacer was then placed on the photoanode and
3 drops of the electrolyte added via the hole. The photoanode and the counter
electrode were combined facing each other, and then fixed with binder clips. This was

done quickly to prevent the solvent (acetonitrile) from drying out.

In method B, TiO2/rGONS paste was screen printed onto ITO substrate to form ITO-
TiO2/rGONS photoanode. Due to the success of ITO-TiO2/rGONS-(3) photoanode in
method A, in method B, photoanodes with TiO2 alone (without GONS) were not
fabricated. The photoanode was then heated at 150 °C and 450 °C for 10 min and 30
min respectively. To make the dye photosensitizer, 50 yM of each complex (4 and 5
separately) were dissolved in ethanol. The ITO-TIO2/rGONS photoanodes were then
separately immersed in solutions of complex (4) and (5) for 12 h followed by rinsing
with ethanol. The photoanodes are represented as ITO-TiO2/rGONS-(4) for complex
(4) and ITO-TiO2/rGONS-(5) for complex (5). Photoanodes where NrGONS was used
instead of rtGONS were also prepared. The full list of the photoanodes prepared using
method B is: ITO-TiO2/rGONS-(4), ITO-TiO2/NrGONS-(4), ITO-TiO2/rGONS-(5), and
ITO-TiO2/NrGONS-(5). The counter electrode containing NrGONS as electrocatalyst
was fabricated using the same procedure as in method A [135, 145] using only
NrGONS (50 mg) to form ITO-PVP/NrGONS counter electrode. In method B, only ITO-
PVP/NrGONS counter electrode was used because it showed comparable

performance with ITO-Pt counter electrode in method A. To make a spacer (between
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the photoanode and counter electrode), a 0.6 cm x 0.6 cm hole was cut on a parafilm
plastic sheet of dimensions 2.0 cm (length) x 1.5 cm (width). The DSSCs were then

assembled as shown in the first set of DSSCs.
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Chapter 3: Results and Discussion

3.1 Synthesis and Characterisation of Metallophthalocyanines (MPc) only

Table 1.3 shows MPc derivatives which were employed in this research. Synthesis
and characterisation of complexes (1), (2) and (5) will not be discussed in the following
subsections, since they are known MPcs [132-134]. Complexes (3) and (4) are new

hence their characterization is provided in this subsection.

3.1.1 Synthesis

3.1.1.1 Complex (3)

Scheme 3.1 shows the synthetic route for complex (3).

§: __:‘ E Octanol 5: —N / “”:N—-—é
o

(3)

Dichlorosilicon Pc Benzoic acid Dibenzoicsilicon Pc

Scheme 3.1: Synthesis of dibenzoicsilicon phthalocyanine complex (3)

Evidence of formation of complex (3) was proved by MALDI-TOF mass spectrometry.
The molecular ion peak at 782.94 m/z is in agreement with the expected value of
782.84 m/z. 'H NMR spectrum as shown in the experimental section integrated for
protons was as expected and was in agreement with the proposed structure.
Elemental analysis (CHN) for calculated was in agreement with the found CHN values

and is in agreement with the fact that Pcs are isolated as hydrates [146].
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3.1.1.2 Complex (4)

The Scheme 3.2 shows the synthesis scheme for complex (4). The statistical
condensation method between compounds (6) and (7) in ratio 7: 1 resulted in the
formation of symmetrical and asymmetrical complexes. Silica gel column
chromatography using DCM/methanol resulted in the elution of the asymmetrical
complex (8). The hydrolysis of complex (8) was carried out to yield carboxylic acid

functionalized phthalocyanine complex (4).

GHs
0._0

O CN
G R
CN CI-P:,, o { ) N
(7) d N N
M(AOC)2 /
+ DBU, 1-pentanol N
CN
\ | / (8)
CN
(6) NaOH
\f/ THF
HO._O Q\
HO L \
! o iﬂ@
N
\ /

M = Cu (4)
/)\ =Zn (5)

Scheme 3.2: Synthesis route for asymmetric phthalocyanine, CuPc (complex 4) and
the structure of (5) [132].
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3.1.2 UV-Vis Absorption Spectra

Figure 3.1 shows UV-Vis absorption spectra of complexes (i) (1), (ii) (2), and (iii) (3),
(a) in DMF and (b) in solid state (ITO-TiO2 electrode photosensitised with complexes
(i) (1), (ii) (2) and (iii) (3). In Fig. 3.1(a), an intense Q-band was observed at 688 nm
for complex (1), 707 nm for complex (2), and 675 nm for complex (3) (Table 3.1). For
complexes (1) and (3) the Q-band showed monomeric behaviour, as can be seen in
Fig. 3.1 (a)(i) and (iii) respectively. The UV-Vis absorption spectrum of complex (2) in
Fig. 3.1 (a)(ii)) showed a broadened Q-band typical of an aggregated MPc complex
[118]. Complexes (1) and (3) did not show aggregation behaviour which is important
for the effective sensitisation of the metal oxide semiconducting material. The
complexes (1-3) showed an additional B-band below 450 nm. The Q-band of complex
(3) is blue shifted (Table 3.1) compared to those of (1) and (2) as a result of a large
central metal in (1) and (2) [118]. The solid-state UV-Vis spectra recorded on the ITO-
TiO2 after adsorption of complexes (1)-(3) are shown in Fig. 3.1 (b). The solid-state

UV-Vis absorption spectra were broad, and this is typical of MPCs which are
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aggregated [125]. Complex (3) in solid state exhibited less aggregation with a less

broadened peak.

Figure 3.1: UV-Vis absorption spectra of complexes (i) (1), (ii) (2), and (iii) 3, (a) 1.0
MM in DMF and (b) in solid state (ITO-TiOz2 electrode photosensitised with complex (i)
(1), (i) (2) and (iii) (3).

The UV-Vis absorption spectra of complexes (4) and (5) are shown in Fig. 3.2. Similar
to the UV-Vis in Fig. 3.1 above, in DMF solution, the absorption spectra of complexes
(4) and (5) exhibited monomeric behaviour with Q-band maxima at 678 nm and 676
nm respectively (Table 3.1). The solid-state UV-Vis spectra confirm aggregation as
observed for complexes (1-3) above. The solid-state spectra on ITO-TiO2-(1)-(3) and
ITO-TiO2-(4) and (5) confirmed the presence of the photosensitiser on the

photoanodes for DSSC.
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Figure 3.2: UV-Vis absorption spectra of complexes (i) (4) and (ii) (5) in (a) 1.0 uM in
DMF and (b) solid state (ITO-TiO2/rGONS electrode photosensitised with either
complex (i) (4) or (ii) (5).

3.1.3 Electrochemistry

Differential pulse voltammetry (DPV), Fig. 3.3, was employed for the determination of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO) of complexes (1)-(5).

The energies of the HOMO (Eyoum0) and LUMO (E; ;) are defined by equations 3.1

and 3.2 [141, 142, 147, 148].
EHOMO (eV) = —Ef/JCZ(VS.FC/FC+) —48 (3.1)
Erymo (€V) = Enomo + Eg4 (3.2)

where E7/; is the first ring oxidation and E, is the difference between the HOMO and

the LUMO.

172 values were determined using DPV scans shown in Fig. 3.3.
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For molecules in which the absorption spectrum mirrors the emission spectrum as in
MPcs, Eg is easily determined experimentally as the energy at the intersection of the

normalized fluorescence and absorption spectra [148].

The potential for the first ring oxidations (I, Efj;) for complexes (1)-(5), were

determined to be 0.82, 0.99, 1.03, 0.45 and 1.07 V, respectively. Using the energy at
the intersection of the normalized fluorescence and absorption spectra, the Eq values
for complexes (1)-(5), were found to be 1.78, 1.74, 1.91, 1.82 and 1.83 eV,

respectively. The HOMO/LUMO energy levels, E7), (I) and Eg are summarised in

Table 3.1. According to literature [142], the conduction band of TiO2 has an energy
value of ~ - 4.2 eV and the energy level of the I/l3 redox couple is ~- 4.89 eV. It can
be observed from Table 3.1 and Fig 3.4 that the LUMO positions for the MPcs in this
work are higher than TiO2 conduction band, which is a fundamental requisite for
electron injection into the TiO2 conduction band from the excited dye. The HOMO
levels of the MPcs are also lower than the energy of the redox (I7/13") couple, enabling

the regeneration of the oxidised dye.
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Figure 3.3: Differential pulse voltammograms (DPV) for complexes (a) (1), (b) (2), (c)
(3), (d) (4) and (e) (5). MPcs in the presence of Fc/Fc*. MPc concentration = 0.050
M in DMF containing 0.100 M of TBABFa.
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Table 3.1: Maximum absorption and emission wavelengths (nm), half-wave potential
(E7)2), band gap (eV), HOMO and LUMO energies (eV) for complexes (1)-(5) in DMF.

All potentials are referenced to ferrocene/ferrocenium (Fc/Fc*) redox couple.

A
A (abs)max Ex0X Exomo ELumo Eg
Complex (nm) S V) @V) (V) (eV)
(1) 688 717 0.82 562  -3.84 1.78
) 707 728 0.99 579  -4.05 1.74
(3) 675 678 1.03 583  -3.92 1.91
(4) 678 698 0.45 525  -343 1.82
(5) 676 683 1.07 587  -4.04 1.83
TiO, LUMO :
4
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Figure 3.4: Energy level diagram for complexes (1)-(5) (relative to TiO2 and the
redox mediator) derived from electrochemical and optical data. CB = conduction
band of TiO2.
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3.2 Synthesis and characterization of graphene oxide nanosheets (rGONS and
NrGONS)

3.2.1 Synthesis

The rGONS were synthesized using the atmospheric pressure chemical vapour
deposition (APCVD) method according to literature [36], Scheme 3.3, but at a lower
temperature (650 °C instead of 1000 °C used in literature). Also, a slower heating rate
of 10 °C/min to reach the final temperature was used instead of 15 °C/min used in
literature [36]. As stated above, thermal annealing can eliminate oxygen functional

groups on GONS to produce rGONS [143], as is the case in this work.

The growth mechanism of graphene may be different depending on the type of metal
used as substrate [149, 150]. In this work copper was used as a substrate. Graphene
grows on Cu by direct deposition using chemical vapour deposition (CVD). According
to literature [150] parameters such as temperature, hydrocarbon flow rate and partial
pressures seem to affect the number of graphene nucleation islands. It has been
reported that island density decreases, and their sizes increase at higher
temperatures, lower hydrocarbon flux and partial pressures. However, conditions that
yield low nucleation densities also yield an incomplete coverage of the Cu surface
[150]. Loginova et al. [151] intentionally used low temperatures (500-700°C) to avoid
carbon diffusion to the substrate bulk during the evaporation of C atoms over
Ru(0001). In contrast, Sutter et al. [152] used higher temperature (850-1150 °C) to
promote carbon dissolution and segregation for the growth of single and bilayer
graphene. These two examples represent the ability to use different temperature

ranges to select the mechanism by which graphene grows. In this work, low
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temperature was used and in addition to the above reasons, the use of low

temperature avoids hazards especially when working with flammable gases like C2Ho.

Scheme 3.3: Reduced graphene oxide nanosheets synthesis by atmospheric

pressure chemical vapor deposition (APCVD) with acetylene.

The incorporation of the nitrogen heteroatom into graphene can significantly enhance
the catalytic activity, decrease the charge transfer resistance, and hence improve the
photovoltaic performance of DSSCs [153]. Nitrogen doping of graphene can produce
local strains in a hexagonal carbon network. This will lead to structural deformations.
The additional lone pair of electrons of nitrogen atoms can bring negative charges with
respect to the delocalized 1-system of an sp2-hybridized carbon framework. This can
enhance electron-transfer ability and electrocatalytic activity [63]. Melamine was used

as a source of nitrogen in this work.

The degree of nitrogen doping depends on mass ratio of rGONS to melamine, the

annealing temperature and time. At constant annealing temperature and time, the
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doping level will increase with an increase in the amount of melamine [73]. In this
study, the mass ratio was 1:5 (rGONS:melamine). According to Sheng et. al. [73] the
possible doping process is as follows: melamine adsorbed on graphene oxide is
condensed to carbon nitride with increasing temperature, simultaneously oxygen
groups linked to graphene nanosheets are removed at high temperature. This removal
of oxygen species provides active sites that can be attacked by nitrogen atoms formed

by decomposition of carbon nitride.

3.2.2 TEM Analysis

The morphologies of the rGONS and NrGONS were investigated using TEM, Fig. 3.5.
The TEM micrograph for rGONS, Fig. 3.5 (a), shows that the nanosheets are randomly
compact and disorderly stacked together showing wrinkles typical of graphene like
materials [36,71,72,154,155]. TEM images of nitrogen doped graphene oxide
(NrGONS) showed morphologies in agreement with literature [73,155,156]. The
nanosheets were randomly compact and stacked together showing uniform laminar
morphology like crumpled silk veil waves as shown by micrograph in Fig 3.6 (b). This
morphology is attributed to defective structures that are formed due to the presence

of doped nitrogen atoms [72,73,156].
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Figure 3.5: TEM micrographs of (a) rGONS and (b) NrGONS and the Raman spectra
of (¢) rGONS and (d) NrGONS.

3.2.3 Raman Spectroscopy

Raman spectroscopy was used to characterise rGONS and NrGONS, Fig. 3.5 (¢) and
(d), respectively. The D bands are centred at 1296 cm"and 1294 cm-" for rGONS and
NrGONS, respectively, and are attributed to structural defects on the graphitic plane
(disorder band; sp3). The G bands are centred at 1600 cm™' and 1597 cm™! for tGONS
and NrGONS, respectively. G bands are attributed to the E2g vibrational mode present
in the sp? bonded graphitic carbons (tangential mode). The 2D bands (overtones of
the D band) are centred at 2574 cm™ and 2594 cm™' for rGONS and NrGONS,

respectively, and are attributed to a two-photon double resonance Raman process
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[36,71-73,118,155-161]. The ratio of D/G provides an indication of the amount of
structural defects and a quantitative measure of edge exposure (the lower the intensity
ratio, the less the structural defects) [36,71-73,118, 155-161]. rGONS had D/G ratio
of 1.3 and NrGONS of 1.2, hence less defects for NFGONS. This could be because
nitrogen doping also causes reduction of rGONS thus slightly restoring the graphitic
structure. Ju et al [162] and Sheng et al [73] made similar observations. The second
order Raman 2D band is sensitive to the number of layers [36,71-73,118, 155-161].
The shape and position of the 2D peak distinguishes between single layer, bilayer and
few layer graphene nanosheets. The intensity ratio G/2D gives an indication of number
of layers. G/2D ratios for rGONS and NrGONS were 0.80 and 1.24 respectively
indicating bilayers for both. According to literature bilayers are present for G/2D ratio

ranging from 0.77 to 1.69 [36].

3.2.4 XPS Analysis

XPS is a useful tool in determining the chemical compositions of surfaces. Figure 3.6
shows the XPS spectra for the rGONS and the NrGONS both the (a) survey spectra
and (b-f) high resolution spectra of carbon (C 1s), nitrogen (N 1s) and oxygen (O 1s).
Figure 3.6(a) shows the survey spectra of (i) rGONS and (ii) NFGONS which revealed
the presence of C 1s, N 1s (for NrGONS only) and O 1s at their respective positions.
The sample compositions showed that the rGONS contained 92.1% C 1s and 7.9% of
O 1s, Table 3.2. The NrGONS samples showed an additional peak at around 400 eV
due to the doped nitrogen. The elemental composition was 94.2% C1s, 1.4% N1s and
4.4% O1s for NrGONS, confirming the doping of nitrogen onto the graphene oxide
nanosheets. It was interesting to observe the decrease in the oxygen (O1s) content

for rtGONS (7.9%) compared to NrGONS (4.4%), Table 3.2. This decrease was due
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to the simultaneous displacement of oxygen by nitrogen. The C/O ratios for rGONS
and NrGONS are 11.7 and 21.4, respectively.

The C 1s high resolution XPS profile of rGONS was deconvoluted and had the
following bonding configurations, Fig. 3.6 (b): undamaged structures of sp?-hybridized
carbon (284.4 eV, C=C, non-oxygenated, aromatic), damaged structures or sp3-
hybridized carbons (285.5 eV, C-C, aliphatic), C-OH groups (286.6 eV, hydroxyl), O-
C-O/ C=0 functional groups (288.2 eV, carbonyl), C(O)OH groups (289.5 eV,
carboxyl) and 1 — 1T shake up (291.1 eV), Table 3.2 [71,159,160].

The high resolution C1s XPS spectra of NrGONS has 4 peaks, one main peak at 284.5
eV corresponding to sp? hybridised graphitic carbon atoms (C=C), two small peaks at
286.0 and 289.0 eV representing C=N and C-N/C-O respectively and at 290.9

representing -1 shake up [72,73,156,157,161], Fig. 3.6 (c), Table 3.2.

The high resolution N1s XPS spectra of the NrGONS in Fig. 3.6(d) has four peaks at
398.0, 3994, 401.1 and 404.7 eV, Table 3.2. According to literature [72,73,156,
157,161] these peaks correspond to pyridine-N (sp? hybridisation), pyrrollic-N,

graphitic-N, and N-oxides of pyridinic-N, respectively.
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Figure 3.6: (a) Survey spectra of (i) rGONS and (ii) NrFGONS, high resolution C1s
spectra for (b) rGONS and (c) NrGONS, (d) N1s spectra for NP GONS, and O1s of (e)
rGONS and (f) NrGONS.
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The contribution of the nitrogen functional groups to the enhanced electrocatalytic
activity is not well defined. Previous studies suggest that the nitrogen states, rather
than the total N content, have a significant effect on the catalytic activity. The nitrogen
states can provide active sites for promoting triiodide reduction reaction, probably due
to the shift in redox potential and the lowered adsorption energy [63,153,157]. Some
studies [72,73,156,157,153,161] suggest that pyridinic and /or pyrolic-N, and others
suggest graphitic nitrogen functional groups contribute to the improvement in the
catalytic activity of NrGONS. In this study, data analysis of the high resolution N1s
XPS spectra show that pyrrolic-N (48.5% atomic concentration, 399.4 eV) is the main

component in NrGONS, Table 3.2.

The O 1s high resolution was also investigated and the deconvoluted spectra are
shown in Fig. 3.6(e) and (f) for —tGONS and NrGONS, respectively. The O 1s of —GONS
in Fig. 3.6(e) revealed three peaks at 529.8 eV for C-O, O-H (46.8%), 531.4 eV for
C=0 (46.8%) and at 532.7 eV for C-O-C (6.4%). For NrGONS in Fig. 3.6(f), the O 1s
high resolution spectrum was deconvoluted and four components were synthesized at
530.3 eV for C-O and O-H (16.8%), 531.2 eV for C=0 (33.2%), 533.1 eV for C-O-C
(36.9%) and at 535.4 eV for N-O (13.1%). There was a drastic decrease in the C-O
and O-H components from 46.8% for rGONS to 16.8% for NrGONS confirming the
displacement of oxygen by nitrogen during the doping reaction. Also, the C=0
decreased from 46.8% for rGONS to 33.2% for NrGONS further confirming the

nitrogen doping. The XPS results are summarized in Table 3.2.
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Table 3.2: Summary of the XPS data, percentage compositions (at %), and
components obtained after deconvolution and their percentage contributions, peak

assignments.

Assignment

% Atomic Position (BE, (% composition

Sample Element

composition eV)* contribution)
rGONS C1s 92.1 284 .4 C=C (37.0)
285.5 C-C (34.0)
286.6 C-OH (16.4)
288.2 C=0, 0O-C-0O (6.6)
289.5 C(O)OH (3.6)
291.1 -1 (2.4)
O 1s 7.9 529.8 C-0O, O-H (46.8)
531.4 C=0 (46.8)
532.7 C-O-C (6.4)
NrGONS C1s 94.2 284.5 C=C (76.7)
286.0 C=N (14.8)
289.0 C-N/C-O (5.7)
290.9 -1 (shake-up) (2.8)
N1s 1.4 398.0 Pyridinic-N (26.7)
399.4 Pyrrolic-N (48.5)
401.1 Graphitic-N (18.2)
404.7 Pyridinic-N*-O (6.7)
O1s 4.4 530.3 C-0O, O-H (16.8)
531.2 C=0 (33.2)
533.1 C-0O-C (36.9)
535.4 N-O (13.1)

aBE (binding energy)

3.2.5 XRD Analysis

X-ray diffraction patterns were recorded in the range of 10° to 60° for rGONS and
NrGONS, Fig. 3.7. The pattern for tGONS shows a broad and intense diffraction peak
at 26 = 25.5°. This corresponds to d-spacing of 0.349 nm assigned to (002) reflection
plane of graphene which confirms the formation of reduced graphene oxide (rGONS)

[163]. A lower intensity peak observed at around 44° corresponds to (001) plane of
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rGONS. NrGONS had a pattern similar to rGONS, with a less intense peak seen at
around 26 = 25.7° with interlayer spacing (doo2) of 0.346 nm. There was also a less
intense peak at 43.65°. The slight difference between rGONS and NrGONS spectra

maybe due to defects resulting from the nitrogen doping [163, 164].

Figure 3.7: XRD diffraction pattern of (i) rGONS and (ii) NFGONS.

3.3 Characterisation of photoanodes and counter electrodes

Figure 3.8 represents one of the DSSCs fabricated in this work, with photoanode
consisting of ITO-TiO2/rGONS-(3) and ITO-PVP/NrGONS counter electrode (as an

example).

Photoanodes for the DSSCs were fabricated using two different methods (A and B).
In method A, the doctor blade technique was used for applying the metal oxide
semiconducting materials (TiO2 or TiO2/rGONS or TiO2/NrGONS) onto ITO in order to
fabricate the photoanodes. In method B, screen printing was used. Photoanodes
fabricated using method A, were photosensitised using complexes (1) to (3) and those

fabricated using method B were photosensitised using complexes (4) and (5). The
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equipment for the latter method B (screen printer), was not available at the time

DSSCs for complexes (1) to (3) were developed.

Figure 3.8: Schematic representation of the photoanode (ITO-TiO2/rGONS-3),
counter electrode (ITO-PVP/NrGONS) and the complete dye-sensitized solar cell (as

an example).

3.3.1 SEM

The SEM image in Fig. 3.9(a) shows the photoanode with TiOz2 film deposited using
method A (doctor blade technique). Figure 3.9(b) represents the photoanode with

TiO2/rGONS deposited using method B (screen printing). Figure 3.9(a) shows that the
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TiO2 film is unevenly distributed with thicknesses ranging from 87.6 to 116 ym and
Fig. 3.9(b) shows that the TiO2/rGONS film had thicknesses ranging from 24.48 to
25.60 ym. Thus screen printing (method B) resulted in lower thicknesses and narrow
ranges, which is preferred, hence the remaining characterisation (except EIS) of the
photoanodes (AFM, TOF-SIMS) was done on photoanodes fabricated using method

B.

Figure 3.9: Scanning electron microscopy (SEM) cross-section analysis of (a) TiO2
deposited using method A and (b) TiO2/rGONS deposited using method B.

3.3.2 AFM

The surface morphology of the ITO-TiO2/rGONS photoanode fabricated using method
B (as a representative) was investigated using atomic force microscopy (AFM). Figure
3.10 shows the AFM (i) 2D surface topology, (ii) section graph and (iii) 3D surface

topology on a scan size of 20 x 20 um of (a) ITO and (b) ITO-TiO2/rGONS photoanode.
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A range of parameters divided into four categories namely amplitude, spacing, hybrid
and functional are used to describe surface profiles. Root mean square (RMS) falls
under the amplitude parameters and together with peak to valley roughness and
average roughness are used to describe roughness of a surface in AFM. RMS is given
by the standard deviation of the height (z) values for the sample area [1, 165,166].
Figure 3.10(a) represents the surface topology of ITO. It shows that the surface is
generally smooth with an RMS roughness value of 1.33 nm. The AFM topography
images and section graph in Fig. 3.10(b) reveal that the ITO-TiO2/rGONS photoanode
is porous and has an RMS roughness value of 121.95 nm, which is higher than that of
ITO. The higher the RMS value, the higher the surface roughness. Higher surface
roughness improves DSSC efficiency due to an increase in the surface area and
hence increased dye adsorption. A good photoanode will facilitate light harvesting,
electron injection and electron collection. Maximising light harvesting requires: (a)
transparency for the unsensitised semiconductor framework and (b) sufficiently high
internal surface area to enable maximum absorption of the dye [167-169]. Since the
roughness is related to the internal area available for the absorption of dye, a larger

area means more dye is absorbed and better performance.
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Figure 3.10: AFM images (i) 2D surface topology, (ii) section graph and (iii) 3D
surface topology on a scan size of 20 x 20 ym of (a) ITO and (b) ITO-TiO2/rGONS

photoanode fabricated in method B.

3.3.3 TOF-SIMS Analysis

TOF-SIMS was used for characterizing the surface of rGONS modified TiO2
photoanode (ITO-TiO2/rGONS), fabricated using method B (as an example), before
and after dye adsorption, in order to determine the characteristic distributions of the
different compounds. TOF-SIMS uses a focused bismuth beam to dislodge species
on the sample surface. Particles produced closer to the site of impact tend to be
dissociated ions (positive or negative) while those generated further from the impact
site tend to be molecular compounds, typically fragments of much larger organic
macromolecules. In order to detect both positive and negative ions, TOF-SIMS can be
run in positive ion mode (detects positive ions) or negative ion mode (detects negative

ions). In this work, ion density maps, or secondary ion images and spectra, were
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acquired in both positive and negative ion mode over areas of 250 x 250 um?2. These
TOF-SIMS secondary ion images present “chemical images” of the different samples,

showing characteristic distributions of the elements/ compounds.

The 2D TOF-SIMS positive ion mode image of ITO in Fig. 3.11 (a) shows the mass
locations of indium (red, m/z 115), tin (green, m/z 120) and sodium (blue, m/z 24)

originating from ITO. Indium and tin occupy the same locations.

Figure 3.11(b) is a 2D TOFSIMS positive ion mode image of ITO-TiO2/rGONS
photoanode showing mass locations for titanium (red, m/z 48), indium (green, m/z 115)
and the phenol ring (blue, m/z 91). Due to the harsh nature of the bismuth cluster gun,
it is conceivable that hydrogen atoms could be lost from any phenol rings present in
the photoanode. Titanium and the phenol ring are fragments from TiO2 and rGONS
respectively. The purple color is due to Ti (red) and the phenol ring (blue) appearing
in the same locations. This is proof that TiO2 and rGONS formed a homogenous
mixture. There is also some indication of the ITO being exposed in the cracks in the
image, indicating that there is no TiO2/GONS within these cracks. The cracks are due

to sintering/heating the photoanode at 450 °C.
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Figure 3.11: 2D TOF-SIMS ion images of (a) ITO, (b) ITO-TiO2/rGONS photoanode
positive ion mode, (c)(i) ITO-TiO2/rGONS photoanode negative ion mode and (ii) the
corresponding ion spectrum extracted from (c)(i). (d)(i) ITO-TiO2/rGONS-5
photoanode positive ion mode and (ii) the corresponding ion spectrum extracted from
(d)(i). (e)(i) ITO-TiO2/rGONS-5 negative ion mode and (ii) the corresponding ion

spectrum extracted from (e)(i).

69



Chapter 3 Results and Discussion

The negative ion mode image of ITO-TiO2/rGONS (Fig. 3.11 (c)(i)) shows mass
locations for the C-H fragment (red, m/z 13), H3sO2 (green, m/z 35) and oxygen (blue,
m/z 16). H3Oz2 is a fragment from both TiO2 and rGONS. C-H and oxygen occur in the
same locations. However, there is a difference in intensities of these two masses,
expressed as maximal number of counts in a pixel (mc) (C-H, 18 mc and oxygen, 117
mc). This suggests that C-H is a fragment from rGONS, whilst the oxygen is originating
from both rGONS and TiO2 (because there is higher oxygen content than C-H content),
Fig. 3.11(c)(ii). It can be inferred from these positive and negative ion mode images
that titanium is also present where oxygen and C-H are present because they are
within the same islands/ plates, also confirming that rGONS and TiO2 formed a
homogenous mixture. Figure 3.11(c)(ii) represents the mass spectrum extracted from
the negative ion mode image of ITO-TiO2/rGONS (Fig. 3.11(c)(i)) in the range m/z 0 -
25 showing peaks for the C-H fragment (m/z 13), oxygen (m/z 16) and the O-H
fragment (m/z 17). Figure 3.11(d)(i) is a 2D image (positive ion mode) of ITO-
TiO2/rGONS-(5) indicating mass locations for the phenol ring (red, m/z 91), Zn (green,
m/z 64), and CsO4Hs (blue, m/z 137). Figure 3.11(d)(ii) is the mass spectrum
extracted from the image in Fig. 3.11(d)(i). Zinc originates from complex (5). The
phenol ring and the CsO4Hs fragment are from both complex (5) and rGONS. It can
also be observed that TiO2 and the organic compounds (from the phthalocyanine and
rGONS) occupy the same area. This confirms sensitisation of the photoanode by
complex (5) because of the presence of Zn and organic fragments from the zinc
phthalocyanine derivative (5). Figure 3.11 (e)(i) represents a 2D negative ion mode
image of ITO-TiO2/rGONS-(5) showing mass locations for N (m/z 14, red), O-H (m/z
17, green) and C2H20 (m/z 42, blue). N and C2H20 are fragments from the complex

(5) and rGONS respectively. The hydroxyl group (O-H) emanates from both the TiO2
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surface and rGONS. This also confirms photosensitisation of the photoanode by
complex (5). Figure 3.11e(ii) represents the mass spectrum extracted from the image
in Fig. 3.11 (e)(i). The discussions on Figs. 3.11(b) to (e) prove that rGONS and TiO2
are homogenously mixed. The discussions also confirm the presence of the

phthalocyanine in the titanium layer thus confirming photosensitisation.

3.3.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) studies were conducted to evaluate
the charge transfer properties of the different counter electrodes used in this study
(ITO-Pt, ITO-PVP/rGONS and ITO-PVP/NrGONS), fabricated using method A. The
Nyquist plots obtained from EIS are shown in Fig. 3.12 measured in 0.2 mM
[Fe(CN)e]3/*- containing 1.0 mM KCI. The semicircle diameter at high frequency region
represents the charge transfer resistance (Rct) of the studied electrodes and the linear
part at lower frequency region corresponds to the electrolyte diffusion properties. The
experimental fitting of the Nyquist plots was modelled by Randles-Sevcik equivalent
circuit (inset in Fig. 3.12) comprising of the solution resistance (Rsol), charge-transfer
resistance (Rct), Warburg impedance (W, Zw) and constant phase element (CPE, Q).
The larger the semicircle diameter, the higher the charge transfer resistance (Rct). Ret
of Pt (4.01 kQ) and NrGONS (4.24 kQ) modified surfaces were very comparable. Thus
NrGONS are a good candidate for replacing Pt as catalyst at the counter electrode.
The value of the charge transfer resistance (Rct) depends on the dielectric and
insulating features at the electrode/electrolyte interface. The lower the value of Rct, the
higher the conductance of the electrode (meaning the electrode is an excellent

conducting material and can accelerate electron transfer).
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Figure 3.12: Impedance spectroscopy data (Nyquist Plot representation) for (i) ITO-
PVP/ NrGONS, (ii) ITO-Pt and (iii) ITO-PVP/rGONS counter electrodes, measured in
0.2 mM [Fe(CN)s]*>*- containing 1.0 mM KCI. Inset is the Randles-Sevcik equivalent

circuit used to fit the impedance data.

3.4 Evaluation of DSSCs

3.4.1 Current density vs voltage curves (J-V curves)

Two equipment setups shown in Figs. 2.1 (automated setup) and 2.2 (home made
setup) were used to evaluate the DSSCs. Equipment setup shown in Fig. 2.2 was
used to evaluate DSSCs fabricated using method A (photosensitised with complexes
(1)-(3)) and the setup in Fig. 2.1 was used to evaluate DSSCs fabricated via method
B (photosensitised with complexes (4) and (5)), by current density vs voltage curves

(J-V curves) shown in Fig. 3.13 (method A) and Fig. 3.14 (method B).

The DSSC photoanodes evaluated using setup in Fig. 2.2 are: ITO-TiO2-(1), ITO-

TiO2-(2), ITO-TiO2-(3) and ITO-TiO2-rGONS-(3) each measured against the three
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counter electrodes (i) ITO-PVP/rGONS, (ii) ITO-PVP/NrGONS and (iii) ITO-Pt (J-V
curves are shown in Fig. 3.13). The DSSC photoanodes evaluated using setup in Fig.
2.1 are: (i) ITO-TiO2/NrGONS-(4), (ii) ITO-TiO2/rGONS-(4), (i) ITO-TiO2/NrGONS-(5),
and (iv) ITO-TiO2/rGONS-5 each measured against ITO-PVP/NrGONS counter
electrode (J-V and power curves are shown in Fig. 3.14). A complete list is shown in

Table 3.3.

The fill factor (FF) and power conversion efficiency (n) were calculated using

Equations 3.3 and 3.4 [4,135,136].

FF (%) = ]P%x 100 (3.3)
n(%) = 2222 5 100 (3.4)

where, Py, a5 Jsc, Voc @and lo are the maximum power output, short circuit
photocurrent density, open circuit photovoltage and intensity of incident light
respectively. FF is a measure of the squareness of the J-V curve of a solar cell. A

solar cell with a higher voltage has a larger possible FF since the rounded portion of

the J-V curve takes up less area.
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Figure 3.13: Current density versus voltage (J-V) curves for DSSCs fabricated using
the following photoanodes (a) ITO-TiO2-(1), (b) ITO-TiO2-(2) and (c) ITO-TiO2-(3)
measured against the counter electrodes (i) ITO-PVP/rGONS, (ii) ITO-PVP/NrGONS
and (iii) ITO-Pt.

DSSCs were fabricated using method A and evaluated using home assembled
equipment setup in Fig. 2.2. Complexes (1), (2) and (3) were used to photosensitize
ITO-TiO2 photoanode and complex (3) was further used to photosensitise ITO-

TiO2/rGONS photoanode fabricated via method A.
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From Table 3.3, for DSSCs fabricated using method A, it can be observed that the
DSSCs made with complex (3) as dye photosensitizer had a higher n (ITO-
PVP/rGONS counter electrode 1.50%, ITO-PVP/NrGONS counter electrode 2.20%,
ITO-Pt counter electrode 2.70%) compared to those sensitised with complexes (1) and
(2) which had n as low as 0.50% and 0.60% respectively, with ITO-PVP/rGONS
counter electrode. This may be attributed to aggregation in the solid state and electron
recombination. Figure 3.1(b) shows solid-state absorption spectra of complexes (1),

(2) and (3) which confirm aggregation for the first two complexes.

The n values reported in Table 3.3 for DSSCs fabricated using method A, show that
complex 3 had n values higher than those reported in literature at 0.13% using zinc
octacarboxy phthalocynine (ZnOCPc) as dye on ZnO electrode [170], at 0.77% using
silicon Pc axially substituted with carboxylic acid [142], and 0.92% for asymmetrical
zinc phthalocyanine functionalised with catecholate [171]. A higher n value of 3.05%
was reported for asymmetrical zinc phthalocyanine functionalised with carboxylic acid
[5]. The latter value is close to the values reported in this work for symmetrical Pcs.
FF values for the symmetrical Pcs (1-3) ranged from 30 to 55% and are within the

range reported in literature [142,170].
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Table 3.3: Dye-sensitized solar cell parameters (fill factor, FF (%) and efficiency, n

(%)).

Photoanode Counter Electrode Fill factor Efficiency

(FF, %) (n, %)

Method A
ITO-TiO2-(1) ITO-PVP/rGONS 30 0.50
ITO-PVP/NrGONS 30 0.54
ITO-Pt 30 0.66
ITO-TiO2-(2) ITO-PVP/rGONS 33 0.60
ITO-PVP/NrGONS 43 1.04
ITO-Pt 44 1.40
ITO-TiO2-(3) ITO-PVP/rGONS 30 1.50
ITO-PVP/NrGONS 31 2.20
ITO-Pt 31 2.70
ITO-TiO2-rGONS-(3) ITO-PVP/rGONS 52 1.89
ITO-PVP/NrGONS 55 3.19
ITO-Pt 54 3.80

Method B
ITO-TiO2/NrGONS-(4) ITO-PVP/NrGONS 68 4.36
ITO-TiO2/rGONS-(4) ITO-PVP/NrGONS 69 4.32
ITO-TiO2/NrGONS-(5) ITO-PVP/NrGONS 69 3.80
ITO-TiO2/rGONS-(5) ITO-PVP/NrGONS 69 3.77

From Table 3.3, it can also be observed that DSSCs fabricated using method A with
ITO-Pt counter electrode, show higher power conversion efficiencies n: complex (1) =
0.66%, (2) = 1.4%, (3) = 2.7%) compared to those with ITO-PVP/rGONS and ITO-
PVP/NrGONS counter electrodes. This is in agreement with the fact that Pt is highly
electrocatalytic towards triiodide reduction [63,154]. DSSCs with ITO-PVP/NrGONS
counter electrode had power conversion efficiencies of 0.54%, 1.04% and 2.2% for
complexes (1), (2) and (3) respectively. These are very much comparable to those of
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DSSCs with ITO-Pt counter electrode, thus confirming that NrGONS is a promising
candidate to replace Pt at the counter electrode. DSSCs with ITO-PVP/rGONS counter
electrode had the least power conversion efficiencies (complexes (1): 0.50%, (2):
0.60%, (3): 1.50%). These results show that NrGONS have better electrocatalytic
properties than rGONS as also observed in literature [63,154,157]. This can be
attributed to the heteroatom doping-induced high electrical conductivity (a decrease in
the charge transfer resistance at the interface of ITO-PVP/NrGONS counter electrode

and electrolyte) thus enhancing collection of electrons from the external circuit.

Table 3.3 shows an improved power conversion efficiency for DSSCs fabricated using
method A with rGONS modified TiO2 photoanode compared to pure TiO2 photoanode
(for complex 3 only). Sharma et. al [144] made similar observations and they attributed
the improved performance to the energy level structure of the rGONS-TIO2
photoanode which favours electron transfer from the TiO2 conduction band to ITO via
graphene. Graphene acts as an electron transfer medium in the TiOz2 film, scavenging
the generated electrons and transferring them to the collecting ITO electrode thus
reducing charge recombination and back transfer reaction rates. This enhances Jsc

[144].

For method B, TiO2 alone was not employed due to the success of ITO-TiO2/rGONS
photoanode in method A. Complexes (4) and (5) were used to photosensitise ITO-
TiO2/rGONS and ITO-TiO2/NrGONS photoanodes fabricated using method B. As
mentioned earlier, the equipment for method B (screen printer), was not available at

the time DSSCs for complexes (1-3) were developed.

Figure 3.14 (a) and (b) show the J-V and power curves respectively for DSSCs

fabricated using method B and evaluated using equipment setup in Fig. 2.1. The
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highest power conversion efficiency (n) was calculated to be 4.36 %, FF 68 % for
DSSC based on ITO-TiO2/NrGONS-(4) photoanode and ITO-PVP/NrGONS counter
electrode. The best performing photoanodes for method B, in terms of higher n, are
those containing NrGONS compared to rGONS. The maximum power points from the
power curves in Fig. 3.14 (b) are 0.327 mW and 0.285 mW for the ITO-TiO2/NrGONS-

(4) and ITO-TiO2/NrGONS-(5) based DSSCs respectively.

Figure 3.14: (a) Current density versus voltage curves (J-V curves) and (b) Power
curves for DSSCs fabricated using the following photoanodes (i) ITO-TiO2/NrGONS-
(4), (ii) ITO-TiO2/rGONS-(4), (iii) ITO-TiO2/NrGONS-(5), and (iv) ITO-TiO2/rGONS-(5),
each measured against ITO-PVP/NrGONS counter electrode. DSSCs were fabricated
using method B and evaluated using automated equipment setup in Fig. 2.1.
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DSSCs fabricated using method B, generally performed better than those fabricated
using method A and also those in literature [5,6]. The improvement could be due to
enhancement in the fabrication process where the semiconductor was deposited using
screen printing instead of using the doctor blade technique. This improves the
electronic contact not only between the particles and support but also among the
semiconductor particles leading to improved charge transport. The DSSC active area
was reduced from 0.6 cm? in the first set of DSSCs (method A) to 0.36 cm? in the
second set (method B) due to the design of the screen printer. The three bulky tert-
butyl groups in complexes (5) and (6), also enhance solubility, minimise aggregation,
act as electron releasing (push) groups and also create directionality in the excited
state, thus providing an efficient electron-injection pathway into the TiO2 conduction
band. The presence of carboxyl groups allows for the immobilization of the dye
photosensitizer onto the nanocrystalline TiO2 and act as electron withdrawing (pull)
groups. The significant effect asserted by the “push” and “pull” groups is evident on
the current-voltage characteristics and efficiencies for second set of DSSCs (method

B) compared to the first set of DSSCs (method A).

DSSCs based on complex (4) in method B, performed better than those based on
complex (5). This could be due to copper having higher electrical conductivity than
zinc, thus providing better charge transport. These experimental results underline how
the design of new dyes has to be planned to take into account the whole system
[172,173]. Giribabu et al. [5] have reported a DSSC of n equal to 3.05% with an
asymmetrical zinc phthalocyanine. They also suggest that n is essentially controlled
by (i) the rate of electron transfer by the iodide to the oxidised phthalocyanine after
electron injection and (ii) the rate of the charge recombination of the oxidised

phthalocyanine with conduction band electrons.
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Cid et al. [6] synthesized a series of asymmetrical phthalocyanines and discussed the
effect the spacer between the anchoring group (COOH) and TiOz2 surface, has on the
photovoltaic properties. The highest efficiency they obtained was 3.55%. In this work,
a higher efficiency of 4.36% was obtained when using complex (4) as dye

photosensitizer and NrGONS as electrocatalyst at the counter electrode.

3.4.2 Electrochemical Impedance Spectroscopy (EIS)

The main factors generally limiting the solar to electrical energy conversion efficiency
in DSSCs are charge transfer and recombination at the photoanode/dye/electrolyte
interface and insufficient catalytic activity at the cathode for the redox couple reduction.
To investigate these interfacial characteristics, electrochemical impedance
spectroscopy (EIS) experiments were carried out on DSSCs fabricated using method
B. Figures 3.15(a) and (b) respectively show the Nyquist and Bode phase plots of
EIS data for the fabricated DSSCs. Three semi circles are usually observed on the
Nyquist plots representing from high to low frequencies: solution/electrolyte resistance
of transport through the current collector (Rs), the charge transfer resistance (Rct) at
the electrode/electrolyte interface, and the electrolyte diffusion, respectively. The
Nyquist plots in Fig. 3.15(a) show a dominating middle frequency semicircle and two
not well-defined semi circles in the lowest and highest frequency regions. Figure
3.15(a) insert is the equivalent circuit used to fit the EIS impedance data showing
solution/electrolyte resistance (Rs), charge transfer resistance at the counter electrode
(Ret1) and charge transfer resistance at the photoanode/dye/electrolyte interface (Rct2).
The values of Rs, Rett and Rct2 are summarized in Table 3.4. These values are in

agreement with the trend in the power conversion efficiencies (n) whereby the DSSC
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fabricated using ITO-TiO2/NrGONS photoanode, complex (4) as dye photosensitizer
and NrGONS photocathode, had the highest power conversion efficiency. Lower Rs,
Rct1, and Rct2 imply efficient electron transport as observed for complex (4) compared
to (5). Incorporating copper as the central metal of the MPc (dye) and graphene
material in the photoanode improves conductivity, enhances electron transfer and also

reduces the recombination of electrons with dye or back transfer reaction [173,174].

The maximum phase angles illustrated in the bode phase plots in Fig. 3.15(b) are less
than 90 degrees expected of an ideal capacitive behaviour. This infers that the DSSC
interfaces are composed of some constant phase elements (CPE) and pseudo
capacitances instead of ideal capacitors. This is also confirmed by the equivalent
circuit in Fig. 3.15(a) insert that has constant phase elements (CPE) [144,175-178].

ITO-TiO2/rGONS-(5) DSSC had bode plots similar to those of ITO-TiO2/NrGONS-5.

Figure 3.15: (a) Nyquist and (b) Bode phase plots of electrochemical impedance
spectroscopy (EIS) data for DSSCs fabricated using the following photoanodes
(method B) (i) ITO-TiO2/NrGONS-(4), (ii) ITO-TiO2/rGONS-(4), (iii) ITO-TiO2/NrGONS-
(5) and (iv) ITO-TiO2/rGONS-(5). ITO-PVP/NrGONS counter electrode was used in
all experiments. The Inset in (a) shows the Randles-Sevcik model used to fit the

impedance data.

81



Chapter 3 Results and Discussion

Table 3.4: Nyquist fitted parameter values for the DSSCs fabricated using method B,

with an estimated error not exceeding 2%.

Photoanode Rs/ Q Ret1/ Q Reto/ Q

(i) ITO-TiO2/NrGONS-(4) 109.18 34.071 62.451
(i)  ITO-TiO2/rGONS-(4) 113.54 35.209 88.298
(i) ITO-TiO2/NrGONS-(5) 147.00 40.90 116.00
(iv) ITO-TiO2/rGONS-(5) 148.51 23.88 131.73

3.5 Conclusions for the chapter

The synthesis and characterisation of graphene materials and metallophthalocyanines

and their application in dye-sensitized solar cells (DSSCs), were discussed.

Two new metallophthalocyanines, axially substituted silicon Pc complex (3) and
asymmetrically substituted copper Pc complex (4), exhibited a monomeric behaviour
under the UV-Vis absorption spectra in solution typical of MPcs. The sharp and intense
well-defined Q-band at 675 nm for complex (3) and a slightly broadened Q-band at
678 nm for complex (5). The HOMO and LUMO energy levels of complexes (1)-(5)
were found to be higher than the conduction band of TiO2 and less than the redox

(I/13°) couple respectively, thus confirming that the MPcs can be applied in DSSCs.

Evaluation of the DSSCs showed that the DSSC fabricated using ITO-TiO2/NrGONS-
(4) photoanode and ITO-PVP-NrGONS counter electrode had the highest power
conversion efficiency (n) of 4.36%. This can be attributed to the substituents (tert-butyl,
carboxyl) on the MPc and the central metal (Cu). The bulky tert-butyl groups enhance
solubility, minimise aggregation, act as electron releasing (push) groups and also

create directionality in the excited state, thus providing an efficient electron-injection

82



Chapter 3 Results and Discussion

pathway into the TiO2 conduction band. The presence of carboxyl groups allows for
the immobilization of the dye photosensitizer onto the nanocrystalline TiO2 and act as
electron withdrawing (pull) groups. Copper has a higher electrical conductivity thus

provides better charge transport.
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4. Conclusions and future prospects

4.1 Conclusions and future prospects from the first set of DSSCs (method A)

Silicon phthalocyanine (3) was successfully synthesised as confirmed by elemental
analysis, NMR and MALDI-TOF-MS. Dye-sensitized solar cells (DSSCs) were
fabricated using complex (1), (2) and (3) as dye-sensitizers for nanocrytstalline TiO2
photoelectrodes and rGONS or NrGONS as electrocatalysts at the counter electrodes.
rGONS modified TiO2 photoanodes were also used. The photovoltaic characteristics:
fill factor (FF) and power conversion efficiency (n) of the fabricated DSSCs were
investigated. The highest power conversion efficiency obtained was 3.19% and an FF
of 55% for ITO-TiO2/rGONS photoanode, complex (3) as dye and NrGONS as
electrocatalyst at the counter electrode. These findings are fairly promising and should
encourage continued study of improving power conversion efficiencies of
phthalocyanine sensitised DSSCs and graphene-based materials as electrocatalysts

at the CE.

4.2 Conclusions and future prospects from the second set of DSSCs (method

B)

Unsymmetrical phthalocyanines, CuPc (complex (4)) and ZnPc (complex (5)) with
three bulky tert-butyl groups and two carboxyl groups were successfully synthesised
and used for the photosensitization of a graphene oxide modified TiO2 photoanode.
The tert-butyl groups enhance solubility, minimise aggregation, have electron
releasing ability (push) and also create directionality in the excited state. The two
carboxyl groups anchor the sensitizer to the semiconductor and act as electron
withdrawing (pull) groups. The sensitised photoanodes were then used in fabricating

DSSCs with I/137 liquid electrolyte and NrGONS photocathode. The DSSCs had power
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conversion efficiencies n of 4.36 % and 3.80 % for the complex (4) and (5) respectively
(with ITO-TiO2/NrGONS as the photoanode and ITO-PVP/NrGONS counter
electrode), which are an improvement compared to complexes (1)-(3). The probable
reason for the improvement is the push-pull effect induced by the tert-butyl and
carboxyl groups. These data contribute to the design and development of DSSCs and
the findings in this study should encourage continued study of improving DSSC

efficiencies.
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