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Abstract

This thesis is centred on developing a flexible counter electrode for use in dye sensitised solar cells
(DSSCs) that can be fabricated using scalable printing or coating processes at ambient conditions. In
contrast to the materials conventionally used for the DSSC counter electrode, the proposed electrode
is made from nickel, a relatively cheap metal, and the conducting polymer poly(3,4-
ethylenedioxythiophene) p-toluenesulfonate (PEDOT:PTS). Use of this type of scalable deposition
process enables comparatively cheap, high volume, rapid production roll to roll techniques to be
implemented, serving to drastically reduce both the monetary and energy cost currently associated
with fabrication of the DSSC counter electrode. The scalable deposition techniques used in this thesis
are bar coating and gravure printing.

Cells made using this alternate counter electrode and utilising the iodide/triiodide redox couple in the
electrolyte were characterised using the electrochemical analysis techniques of Electric Impedance
Spectroscopy and cyclic voltammetry. Results of this electrochemical analysis indicated that the nickel
in the electrode was being degraded, i.e. corroded, by the iodide/triiodide redox couple in the
electrolyte. Wet chemistry tests confirmed this theory.

Tests quantifying the amount of swelling that the PEDOT:PTS underwent when submerged in the
electrolyte solvent, methoxy propionitrile (MPN) were also carried out. The PEDOT:PTS swelled to a
maximum mass of 112% of its original mass with MPN over the first nine days and stabilised at
approximately 110% of its original mass after 19 days.

It was determined that the tested Ni/PEDOT:PTS counter electrode was incompatible with the
iodide/triiodide redox couple. That is to say the experimental Ni/PEDOT:PTS counter electrode cannot
be used in a cell utilising the iodide/triiodide redox couple in the electrolyte.

The use of the experimental Ni/PEDOT:PTS counter electrode in a cell employing the cobalt"" redox
couple was briefly explored. It was identified that two components are compatible with one another
and there is potential for the Ni/PEDOT test counter electrode to be used in a cell utilising the cobalt""
redox couple.
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Chapter 1: Introduction and Literature Review

1.1 Introduction

1.1.1 Preface
Meeting the rising energy demand stemming from both the growth of world population and industrial

developments in an environmentally sustainable manner poses a substantial challenge. The projection of world
energy demand, by the US Energy Information Administration, is a total growth from the present 14 terawatts
towards 25-30 terawatts in 2050 [1]. Renewable energy is vital for a sustainable future and, along with
hydropower, wind, and biomass, solar energy is central to this. Most people would be familiar with
conventional solar technology, namely crystalline silicon solar cells commonly seen on rooftops of domestic and
commercial buildings. These conventional solar cells have become relatively inexpensive in recent times and

they perform reliably in the range of approximately 15% to 25% power conversion efficiency.

Dye sensitised solar cells (DSSCs) may be a feasible alternative to conventional silicon solar cells in some
applications. DSSCs’ potential for low cost and high efficiency means they could play the role of a
complimentary technology, to be used in applications to which silicon solar is not suited. The record light to
energy conversion reported for a DSSC is 14 % and was achieved in 2015[2]. DSSCs can be fabricated using thin,
lightweight and flexible substrates, enabling portability of this energy source. Furthermore, the colour of these

solar cells can easily be tuned to deliver the required aesthetics to a specific application.

DSSCs are commonly fabricated by arranging thin film components as shown in Figure 1.1.

Glass substrate
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Counter electrode
Platinum catalytic layer

Electrolyte
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Figure 1.1 Schematic Diagram of a Dye Sensitised Solar Cell1.2 Cell Components of a Dye Sensitised Solar Cell




Dye sensitised solar cells typically consist of five components. These are a transparent substrate (usually glass)
coated with conductive oxide, a mesoporous titanium oxide layer composed of TiO; nanoparticles, a light
absorbing dye layer, an electrolyte containing a redox couple and, finally, a counter electrode composed of a

transparent conducting oxide and a catalytic material.

Anode, or working electrode

This electrode comprises a transparent substrate, commonly glass, which has been coated with a thin
conductive layer[3]. This is usually a transparent conductive oxide, e.g. fluorine tin oxide (FTO) or indium tin

oxide (ITO).
Light absorbing layer

A film of n-type semiconductor is layered onto the working electrode, creating a mesoporous structure. This
semiconductor is usually titanium dioxide[4] but occasionally another oxide, such as zinc oxide, is used [5-7]. A
monolayer of light absorbing dye is adsorbed onto this mesoporous structure, sensitising the film for light

harvesting. The colour of the DSSC can be tuned by varying this light absorbing dye[8].

Cathode, or counter electrode

Similar to the working electrode, the counter electrode is commonly made from glass coated with a conducting
material, i.e. ITO or FTO, and sputtered with platinum[4]. Platinum acts as a catalyst to reduce the active
species in the redox electrolyte. The role of the counter electrode is to transfer electrons arriving from the

external circuit back to the redox electrolyte.

Electrolyte

The electrolyte contains a redox couple which regenerates the dye contained in the cell during cell operation. It
also fills the space between the working electrode and the counter electrode, providing electrical contact
between the anode and the cathode. The electrolyte acts as the potential barrier necessary for photovoltaic
conversion. Earlier studies into DSSCs utilised electrolytes based on the iodide/triiodide redox couple[9].
However, more recently, electrolytes containing alternate redox couples have been used with good results[10-

13].

Each component of a DSSC is dependent on the other materials contained in the same cell. If one component is
changed, e.g. the dye, either electrode or the composition of the electrolyte, the entire system will require

optimisation to maximise cell performance.

Upon exposure to sunlight, dye molecules within a DSSC absorb light energy, causing electrons to be injected

into the conduction band of the mesoporous oxide layer. These electrons are adsorbed on to the oxide layer.
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Electron donation from the redox couple in the electrolyte subsequently restores the dye to its original state,
circumventing the recapture of any electrons liberated from the dye. The liberated electron passes through the
outer circuit to the counter electrode. The electrolyte within the cell is then regenerated through a platinum
catalysed reduction reaction at the counter-electrode. The circuit is completed by electron migration through
the external load. The DSSC cell generates electrical power from light without undergoing any overall

permanent chemical transformation.

1.1.2 The Conventional Counter Electrode
The counter electrode is a critical element of DSSCs. As previously mentioned, the role of the counter electrode

in a DSSC is to transfer electrons arriving from the external circuit of the cell back to the redox electrolyte, in
addition to carrying the photocurrent over the width of each solar cell. The counter electrode of a DSSC most
commonly consists of a catalytic coating of platinum on a transparent conducting oxide (TCO) coated glass
substrate deposited using either sputtering or thermal decomposition of hexachloroplantinic acid. Fluorine-
doped tin oxide is most commonly used as the TCO, however indium-doped tin oxide (ITO) coated glass is
occasionally implemented [14]. The counter electrode, which must be substantially conductive and exhibit a
low overvoltage for reduction of the redox couple contained in the electrolyte, has crucial influence on the

photovoltaic performance, long-term stability and fabrication cost of DSSCs[15].

Papageorgiou et al. conducted an in depth study into platinum as an iodide/triiodide electrocatalyst for aqueous
and organic media[16]. In particular, the kinetics of reduction of triiodide and the mass transfer limitation on
the photocurrent of a cell was studied. This study investigated both deposition methods of platinum, i.e.
thermal deposition from hexachloroplatinic acid and sputtering. It was found that the thermally deposited

platinum was more stable and showed a higher exchange current for the triiodide/iodide redox couple.

Subsequently, Hauch and Georg[17] used impedance spectra to investigate R (resistance to charge transfer) of
platinized TCO counter electrodes prepared by either electron beam evaporation, sputtering or thermal
deposition from hexachloroplatinic acid. The R was measured with various electrolyte solvents in a symmetric
two-electrode cell. A 450 nm thick sputtered platinum electrode gave the lowest R of 0.05 ohm cm?, with an
acetonitrile solvent to improve the diffusion coefficient of the triiodide ion. The thickness of the platinum layer
correlated to the capacitance on the electrode, i.e. a thicker platinum layer showed higher capacitance, with

scanning electron microscopy (SEM) revealing a porous structure.

Although the glass/TCO/platinum counter electrode has served the field well until now, there are some serious
limitations associated with use of this electrode in its current form. Platinum is one of the most expensive rare
metals and adds significant cost to the total production price of the cell. Also, conventional platinum electrodes
are fabricated using either sputtering of platinum or deposition from platinic acid [16]. These techniques

require either temperatures of around 4502C for 15 minutes[18] or vacuum conditions. Both of these methods
11



consume a large amount of energy. Furthermore, the use of very high temperatures excludes the possibility of
use of flexible, plastic substrates required for reel-to-reel printing, i.e. plastic substrates cannot withstand such

high temperatures. This will be further discussed later in this chapter.

There have been reports in the literature of platinum being unstable in a DSSC electrolyte solution containing
the iodide/triiodide redox couple[19, 20]. In 2012 Syrrokostas et al. [20]reported a drop of up to 40% in the
current density for triiodide reduction after storage of platinum electrodes prepared by electrodeposition and
thermal decomposition of hexachloroplantinic acid solutions after storage in an I”/I5 electrolyte solution for 24
hours. Olsen et al.[19] reported linear sweep voltammetry experiments showing that the electrocatalytic
activity of vapour deposited Pt on FTO coated glass plates is drastically reduced after immersion for 24 hours in

an I//l5 electrolyte solution.

Conversely, Hinsch et al. published a study showing the conventional DSSC system performance in accelerated
aging tests; the cells showed electrochemical stability equivalent to at least 10 years outdoor operation[21].
However, UV stabilization of the conventional electrolyte with Mgl, was employed to achieve this long term

stability. Jung et al. also reported that the conventional system is stable[22].

1.1.3 DSSC Efficiency
The first practical DSSC was reported in 1991 by O’Regan and Gratzel [3]. Attempts to use dye sensitised

photoelectrochemical cells in energy conversion had been made previously, but the efficiencies of these devices
were deemed to be too low to be practicable[23, 24]. O’Regan and Gratzel’s reported cell had a light-to-energy
conversion yield of 7.1-7.9% in simulated solar light and 12% in diffuse daylight. The authors attributed the
success of their cell to the high surface area of the titanium dioxide layer of the working electrode, achieved by
use of semiconductor films of nanometer-sized particles. The increased surface area of the mesoporous
structure allowed vastly more dye molecules to be adsorbed directly onto the electrode surface when compared
to the smooth surfaces that had been used previously. Hence, more light was absorbed by the cell and cell

efficiency increased.
The current efficiency record for DSSCs was achieved in 2015 and stands at 14%[2].

DSSCs have potential as an important and impactful renewable energy technology. However, common
deposition methods used in laboratories, such as spin coating and electrodeposition, are not scalable and

therefore are not translatable to industrial production.

1.1.4 The Advantage of Roll to Roll Printed, Flexible DSSC Components
Developing alternate DSSC components that enable roll to roll fabrication on a flexible substrate is an attractive

prospect as implementation of such fabrication would both simplify and lower the cost of cell production. There

have been a number of studies conducted into the fabrication of flexible DSSCs[25-27]. In 2006, Ito et al.[27]
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fabricated a flexible DSSC by replacing the commonly used glass electrode substrates with titanium foil as the
working electrode substrate and polyethylene naphthalate (PEN) as the counter electrode substrate. In this
case, the counter electrode consisted of purchased pre-prepared indium tin oxide (ITO) coated PEN with a
platinum catalytic coating. Later, in 2008, Kuang et al.[26] described a fully flexible DSSC utilising TiO2
nanotubes as the working electrode and, similarly to Ito et al., a platinum coated ITO-PEN counter electrode.
The platinum here was deposited using sputtering, which requires vacuum conditions. This thesis specifically

examines flexible, roll to roll printed or coated fabrication at ambient conditions.

At ambient conditions, roll to roll printed fabrication is a low monetary and energy cost fabrication method.
Using this method of fabrication commercially would aid in making DSSC solar technology inexpensive and,
therefore, increase consumer uptake. Fabrication at ambient conditions, reducing production energy cost, is
favourable from Elea sustainability perspective. A flexible substrate is essential when using roll to roll printed

fabrication methods as the substrate, or web, must be able to bend and flex around the rollers of the printer.

Physical attributes introduced by fabricating DSSCs using thin film roll to roll printing, i.e. sleek form factor, light
weight and flexibility, would open up this technology for use in many applications that it is not necessarily suited
to currently. These physical attributes would make printed DSSCs ideal for use in portable consumer products,

i.e. integration into tents or backpacks.

1.1.5 Overall Goal of Thesis
The overall goal of this thesis was to investigate the physical and electrochemical properties of a printed, flexible

novel DSSC counter electrode fabricated using nickel and poly(3,4-ethylene dioxythiophene) p-toluene sulfonate

deposited via wholly scalable methods. Figure 1.2 shows the structure of PEDOT:PTS.

Figure 1.2 Diagram of PEDOT:PTS structure[28].

Two generations of this nickel/PEDOT-PTS counter electrode are considered in this thesis. The first generation
consists of a nickel coating coated on flexible polyethylene tetraphalate (PET) film and then printed with
PEDOT:PTS. The second generation consists of PEDOT:PTS being printed directly onto flexible metallic nickel
film. The PEDOT:PTS fills the role of the conventionally used platinum, while nickel is used in place of the FTO

conductive coating, or a glass/FTO substrate, for generation one and two respectively.
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Application of this counter electrode would aid in reducing both energy and monetary cost of DSSC production.
Furthermore, since the proposed counter electrode could be produced using scalable printing processes, high

throughput rapid production would be enabled.

1.1.6 Overview of the Thesis
This chapter, Chapter One, contains a general introduction to DSSC components, along with a review of the

literature. The literature available on DSSCs is vast and only a small selection could be presented here. As such,

the literature discussed in this thesis is a selection of what was deemed to be the most relevant to this study.

Chapter Two contains a description, characterisation and discussion of the deposition, using scalable printing
and coating techniques that can be easily adopted industrially, of a conducting material (nickel) and a catalytic

material (PEDOT:PTS) onto insulating and flexible PET film.

Chapter Three is a description and analysis of electrochemical testing, namely electrical impedance
spectroscopy, obtained from cells containing an experimental counter electrode consisting of flexible nickel foil

and printed PEDOT:PTS, with a typical DSSC electrolyte utilising the iodide/triiodide redox couple.

Chapter Four is an account and discussion of further testing that was conducted on the experimental counter
electrode discussed in Chapter Three. This further testing includes wet chemistry tests, a swelling test of the
conducting polymer in organic solvent using a technique employing a quartz crystal microbalance and further

electrochemical testing, specifically cyclic voltammetry to construct Tafel plots.

Chapter Five is a brief explanation and interpretation of the nickel foil and PEDOT:PTS counter electrode used in

2+/3+

conduction with an alternative DSSC electrolyte containing the Co redox couple.

Chapter Six contains the conclusion of this thesis and describes further work that could be undertaken in this

field.

1.2 Literature Review

2.1.1 Alternate Counter Electrodes — General
Since the late 1990s, research has been conducted into the development of an alternate DSSC counter

electrode[29, 30]. Most investigations into alternate counter electrode options involve replacement of either
the traditional substrate[31] or catalytic coating[32-35], with some studies researching different options for

both components[36, 37].

A 2000 study conducted by Lindstrom et al.[37] detailed the development of a counter electrode consisting of
an ITO-coated PET film substrate, coated with a mixture of graphite powder and carbon black using doctor
blading. The ITO coating overcomes the sheet resistance (R;) issue of the insulating plastic substrate. The
maximum energy conversion efficiency observed in a cell made using this counter electrode was 4.9% at 100

mW cm? light intensity.
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Fang et al. published a study in 2005 detailing the construction of counter electrodes based on flexible metal
and plastic substrates, specifically stainless steel sheet, nickel sheet, polyester film and polyethylene
naphthalate film coated with ITO (ITO-PEN)[31]. Platinum particles were sputtered onto all four substrates and,
for comparison, an FTO coated glass sheet. DSSCs were fabricated using these counter electrodes to investigate
their performance. The cells made using counter electrodes based on stainless steel and nickel had energy
conversion efficiencies comparable to that of the counter electrode based on the commonly used FTO glass
sheet and it was suggested that they may feasibly be used as flexible replacements for the conductive glass

sheet.

Multiple research groups have investigated the replacement of sputtered platinum with conducting polymers as
the catalytic coating on FTO coated glass[38-42]. Conducting polymers are suited to this application as they
tend to have a microporous morphology, which is advantageous to the catalytic activity required. In fact, it has
been published that conjugated polymers, such as PEDOT derivatives, actually out-perform platinum in DSSCs
due to their higher catalytic properties for reduction of the triiodide ion at the counter electrode[43] when
iodide/triiodide based electrolytes are used. The reason for this is that these conjugated polymer films tend to

have a higher porosity than platinum films. As such, a greater surface area is available for catalytic activity.

Doping of conducting polymers by counter-ions such as SO4%, CIO4 and CI" may further increase their
porosity[32], further increasing the surface area available to catalytic activity. A 2002 study found that the use
of counter electrodes fabricated using PEDOT doped with the tosylate anion gave cells with efficiencies of 4.6%,
more than double that of cells incorporating counter electrodes fabricated using poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) in the same study[44]. Chen et al. investigated
many different dopants of PEDOT:PSS in 2007, including dimethyl acetamide (DMAc), dimethyl formamide
(DMF), dimethyl carbonate (DMC) and dimethyl sulfoxide (DMSO)[45], with the aim of increasing conductivity of
the films. This group also added a small amount of carbon black to their PEDOT films to enhance roughness,
again increasing the surface area available for catalytic activity. The combination of counter electrode materials
giving the highest efficiency was DMSO-PEDOT:PSS (0.1wt% carbon black) (power conversion efficiency of 5.8
%).

A 2009 study by Sirimanne et al. explored the use of vapour phase polymerised PEDOT:PTS as both a redox
catalyst and electron conductor in DSSCs[43]. In this case, PEDOT:PTS was coated on either glass, titanium foil
or PEN. The authors note that the resistance of PEDOT:PTS films increased with decreasing film thickness, i.e.
the resistance of a 20 um continuous film was 4 Q/square, while the resistance of a 0.5 um continuous film was

60 Q/square.
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More recently, Chen et al.[36] developed a pure carbon counter electrode for use in DSSCs. The substrate of the
cell was a flexible graphite sheet onto which activated carbon was applied to the substrate using doctor blading.
This counter electrode combined the high conductivity of the flexible graphite with the high catalytic property of
activated carbon to achieve low series and charge transfer resistance. Cells containing these pure carbon
counter electrodes achieved maximum conversion efficiencies of 6.46% and 5%, respectively. Pt/FTO glass
based devices, fabricated for comparison during this study, achieved conversion efficiencies of 6.37% and 2.91%

for the same cell areas.

In 2010, Pringle et al. showed that the stability of DSSCs fabricated using an ITO-PEN/PEDOT counter electrode
and an ionic liquid electrolyte was promising. In this case, PEDOT was deposited using electrodeposition, with
relatively short deposition times that may be suitable to reel-to-reel printing. These cells showed very little

decrease in efficiency over a period of four and a half months storage in air with no additional sealing[39].

In 2011, Wang et al. conducted an extensive study into alternate DSSC counter electrodes. The group fabricated
DSSC counter electrodes using three nanomaterials as catalysts to replace expensive platinum[46]. These
nanomaterials were titanium carbide (TiC), tungsten oxide (WO2) and vanadium nitride (VN). These
nanomaterials were deposited on three different substrates; bare glass, titanium foil and polyimide. The
insulating bare glass was coated with a conductive carbon layer to enable conductivity. Conductive carbon was
chosen to replace the FTO conductive layer because of its excellent electrical conductivity, low sheet resistance
and good adhesion to glass. The three conducting substrates and experimental catalytic materials were tested
in all nine possible combinations. Cells containing counter electrodes using a glass/FTO substrate and all three
experimental catalytic materials were also tested. Power conversion efficiencies for the cells containing counter
electrodes using polyimide film substrate were comparatively lower than the other cells because the high
surface resistance of polyimide resulted in low current and fill factors. For the cells containing glass/conductive
carbon substrate the power conversion efficiencies decreased to 80%-90% that of cells using the conventional
glass/FTO substrate due to a decrease in fill factor. The combination of experimental counter electrode
conducting substrate and experimental catalytic material that yielded the best power conversion efficiency was
Ti/TiC, with an efficiency of 7.15%. The other two Ti substrate combinations had the second and third highest
power conversion efficiencies of the group, due to the high conductivity and resulting low sheet resistance of

the Ti foil substrate.

The Gratzel group has used electrodeposition of conducting polymers from ionic liquids to control the
morphology of the resulting films[38, 40]. These films were used as DSSC counter electrodes in cells yielding
power conversion efficiencies of 8-9 %, comparable to cells incorporating standard FTO/platinum counter
electrodes. The authors claim that electropolymerised PEDOT films are highly porous with a uniform grain size
dictating catalytic activity. The highly porous microstructure affords a high specific surface area. The ionic
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liquids work as a supporting electrolyte in the polymer synthesis and alter reaction pathways, dictating the

resulting microstructure.

Recently Lee et al.[47] reported on a flexible, paper based DSSC counter electrode using a graphene dot and
PEDOT:PSS composite as a catalytic conducting material. The investigators postulate that the graphene
dot/PEDOT:PSS composite fills the micro-pores in the commercially available A4 printing paper substrate,
leading to improved carrier transport in the electrode and enhanced efficiency. Sheet resistance of films was
found to be reduced by almost an order of magnitude in films containing 30% graphene dots in PEDOT:PSS when
compared to pristine PEDOT:PSS films. In turn, efficiencies of cells incorporating these graphene dot/PEDOT:PSS
films were higher. However, the efficiencies of cells made using PEDOT:PSS, 30% graphene dot/PEDOT:PSS and
platinum sputtered onto paper in the counter electrodes were 5.14%, 7.36% and 8.46% respectively, indicating
that platinum is the most effective catalytic material of the three. After bending of the paper electrodes 150
times, the performance of cells containing the graphene dot/PEDOT:PSS were well preserved while the

performance of the cell made using the sputtered platinum decreased by 45% after the same test.

2.1.2 Alternate Counter Electrodes: Nickel
Nickel has been identified as a possible replacement for the TCO in DSSC counter electrodes due to its high

conductivity and low cost. Nickel, in various forms described here, has been investigated for this application.
Unless stated, these experimental electrodes were tested in cells containing electrolytes base on the

iodide/triiodide redox couple.

Ma et al. in 2004 conducted a study on several variations of the typical DSSC counter electrode[48]. While all
the counter electrodes examined during this study employed sputtered platinum as their catalytic material,
substrates tested included sheets of stainless steel, nickel, aluminium, and copper, along with the ITO coated
polymers polystyrene, polyethylene, polyester and polyethylene naphthalate. Various physical parameters of
the substrate materials were characterised. Sheet resistance of all the counter electrode substrates were
measured; the metal film substrates had much lower sheet resistances than the ITO coated polymer substrates,
i.e. Rs was approximately three orders of magnitude lower. The corrosion stabilities of the metal and plastic
substrates in an iodide/triiodide electrolyte solution were also examined after three months of exposure at both
room temperature and 60 °C. It was observed that copper and aluminium foils corroded in the electrolyte and
polystyrene film dissolved slightly in the electrolyte. All the other substrates tested were deemed to be stable.
When DSSCs were fabricated employing the test substrates as counter electrode materials, it was found that the
ITO-PEN substrate yielded the highest power conversion efficiency of 5.39%, with the stainless steel and nickel
substrates second and third highest respectively (5.24% and 5.13%). The control cell using FTO coated glass as
the counter electrode substrate had a power conversion efficiency of 5.94%. The main influencing factor in

whether or not a material was a good counter electrode substrate in this study was the magnitude of sheet
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resistance of the material. Materials with high sheet resistance yielded lower power conversion efficiencies

when they were employed as counter electrode substrates in dye sensitised solar cells.

A study was conducted by Jiang et al. and published in 2010[49]. This study involved the use of surface-nitrided
nickel foil and nickel particle films as counter electrodes in DSSCs. The nickel was surface-nitrided at 4509C for
two hours in a flowing ammonia atmosphere. DSSCs fabricated using counter electrodes made from nickel foil
had energy conversion efficiencies of 0.09%, while the use of nitrided nickel foil gave an efficiency of 5.68% and
nitrided nickel particle film gave an efficiency of 8.31%. The authors postulate that DSSCs fabricated using a
nitrided nickel particle film counter electrode were the most efficient due to the film’s porous morphology,

allowing for a higher active surface area.

A number of research groups have used nickel materials, i.e. nickel oxide, nickel selenide, etc. as the catalytic
material in a DSSC counter electrode. A separate conducting substrate, usually FTO coated glass, was used in

these studies.

In early 2011, Sun et al. reported on their study into nickel sulfide electrodeposited onto FTO coated glass for
use as DSSC counter electrodes[50]. A periodic potential reversal (PR) technique was employed to assist the
electrodeposition. This PR technique involved imposing periodic anodic bias to dissolve the excess nickel metal
and ensure the preparation of single-component nickel sulphide. The authors reported that NiS deposited this
way displayed remarkable electrochemical stability. This was deduced by testing these electrodes in DSSCs
containing an electrolyte based on the iodide/triiodide redox couple over a 10 day period. Over the testing
period, the cells experienced a slight decrease in charge transfer resistance; this was extrapolated to indicate
stability. DSSCs made using these counter electrodes achieved power conversion efficiencies of 6.8%. For
comparison, devices made using conventional Pt coated counter electrodes achieved power conversion

efficiencies of 7.0%.

Similarly, in 2013, Ku et al. fabricated transparent nickel sulphide counter electrodes[51]. In this case, these
electrodes were developed specifically for use with an electrolyte based on the thiolate/disulphide redox
couple. The nickel sulphide in this study was also deposited using the PR technique. While the electrode
showed a high transparency, up to 90% in the spectral absorption range of the dye used (N719 dye), extremely
poor fill factors were achieved. As such, the authors were disappointed in the photovoltaic performance of

conversion efficiency 4.1%.

Wang et al. investigated nickel oxide as an efficient counter electrode catalyst for dye sensitised solar cells in
2013[52]. In this study, nickel oxide was used in conjunction with PEDOT:PSS in a dye sensitised solar cell with a
maximum power conversion efficiency of 7.58%. Specifically, nickel oxide powder was mixed with PEDOT:PSS

solution to form a homogenous paste, which was deposited onto FTO coated glass using doctor blading. DSSCs
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fabricated using this counter electrode, along with DSSC incorporating counter electrodes of NiO, PEDOT:PSS
and platinum on FTO/glass were fabricated and characterised. The DSSC containing a counter electrode
incorporating platinum had the highest power conversion efficiency of 8.7%, followed by the DSSC containing a
counter electrode incorporating NiO/PEDOT:PSS at a 48:1 ratio. The cells containing counter electrodes

incorporating PEDOT:PSS and NiO had power conversion efficiencies of 4.6 and 0.28 respectively.

In 2014 a further study was published on the use of nickel sulphide as a counter electrode component for DSSCs;
this time the nickel sulphide was supported by nickel foil. A facile one-step hydrothermal process was used to
prepare a NiS/Ni3S; nanorod composite that grows directly on nickel foil. Power conversion efficiencies
achieved by DSSCs employing the experimental nickel based counter electrode and the conventional FTO/Pt

electrode were 6.2% and 7.6% respectively.

A study published in 2015 by Jia et al.[53] detailed the integration of a transparent nickel selenide counter
electrode into a DSSC. Nickel selenide was deposited onto FTO/glass through a facile solvo-thermal reaction, i.e.
a nickel selenide solution was spin coated onto clean FTO glass, which was then dried at 80°C for 30 minutes.
The power conversion efficiency of this cell, 8.88%, actually exceeded the power conversion efficiency of the
control cell, i.e. a cell incorporating a FTO coated glass/platinum electrode. The power conversion efficiency of
the control cell was 8.13%. To further characterise the catalytic activity of the nickel selenide electrode, field
emission scanning electron microscopy was conducted on the nickel selenide coating. It was found that the
nickel selenide exists in aggregations of particles, with particle size around 200 nm. The aggregation exhibits a
porous structure, which explains the improved reaction speed of this counter electrode when compared to the

non-porous FTO/glass/Pt electrode.

2.2 Vapour Phase Polymerisation of Poly(3,4-ethylenedioxythiophene)
Poly(3,4-ethylenedioxythiophene) (PEDQOT) is a robust intrinsically electrically conducting polymer. PEDOT has

been widely used in the printed electronics industry, in particular for anti-static coatings, organic light emitting
diodes (OLEDS) and organic photovoltaics (OPVs). PEDOT can be prepared either electrochemically or by
oxidative chemical polymerisation. The oxidative chemical polymerisation technique has an advantage over
electrochemical preparation in that it does not require support from a conducting substrate[54]. The
conductivity of these conducting polymers can be ascribed to the delocalisation of pi electrons over the
polymeric backbone. The resulting positive charges on the polymer chains are stabilised by dopant anions that

bind to the polymer, balancing the net charge.

Oxidative chemical polymerisation can be carried out either through wet chemistry methods or through vapour
phase polymerisation (VPP). VPP as a synthetic route to PEDOT was first reported in 2003[33] and involves, first,
a substrate being coated or patterned with an acidic oxidant. The coated substrate is then exposed to monomer

vapour, i.e. 3,4-ethylenedioxythiophene (EDOT) monomer in the case of PEDOT synthesis. Polymerisation of the
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EDOT monomer takes place on the surface of the substrate in the pattern in which the oxidant has been applied

to the substrate, forming a PEDOT film doped with the anion of the oxidant.

A 2004 study by Winther-Jensen et al.[55] detailed a mechanism for a cleavage side reaction for the
polymerisation of EDOT monomer under acidic conditions that reduced the conductivity of the resulting PEDOT
film. It was suggested that occurrence of these side reactions could be circumvented by simply raising the pH of

the reaction conditions using an additive such as pyridine.

Subsequently in 2011, Winther-Jensen et al. studied the use of a diurethane diol to control domain formation
and inhibit cleavage reactions during VPP of PEDOT:PTS[54]. During this study, the investigators prepared
PEDOT:PTS films in the presence of the mediators pyridine, diurethane diol, 2-oxazolidinone, 3-methyl-2-
oxazolidinone, N-ethylurethane, 2-hydroxyethyl-N-methylcarbamate and imidazole. Oxidant/inhibitor solutions
were spin coated onto glass and VPP polymerisation was carried out using EDOT monomer. The films were then
characterised using optical microscopy, surface resistivity measurements and UV-visible spectrophotometry.
While cyclic voltammograms of the PEDOT:PTS films deposited using different polyurethanes showed very
similar features, it was found that the conductivity results from the film deposited using diurethane diol stood
out when compared to the other films, including the film deposited using pyridine. The conductivity of this film
peaked at >1000 S/cm at an addition molar ratio of 1.8%. Furthermore, optical microscopy of the films
indicated that the films deposited using diurethane diol were more homogenous than the other films. A reason

for this phenomenon was not suggested in the paper.

It is important to find alternative materials to those traditionally used in the manufacture of counter electrodes,
i.e. FTO coated glass and platinum, in order to make the commercial production of DSSCs feasible. The
literature indicates that two qualities, among others, are crucial in a DSSC counter electrode. The conducting
substrate of a counter electrode material should exhibit low sheet resistance and the catalytic layer of the
material should be highly porous to enable a high surface upon which catalytic activity can take place. The use
of a flexible substrate will allow the option of reel-to-reel printing of the cells, and the replacement of platinum
in the cell by a more cost-effective material will make DSSCs much more affordable. In the proposed alternate
cathode, the use of expensive materials is circumvented. Platinum, which is one of the most expensive rare
metals available, is replaced with the inexpensive conducting polymer, PEDOT-PTS as the catalytic layer in the
cathode. The standard FTO coated glass, which accounts for approximately 60% of the total cell cost[56], is
replaced with the less expensive nickel. The deposition techniques used in this study are translatable to large

scale, roll to roll printing.
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Chapter 2: Deposition, Characterisation and Durability of Counter
Electrode Materials

2.1 Nickel Coating Deposition, Characterisation and Durability
2.1.1 Introduction

The proposed DSSC cathode investigated here consisted of nickel used in conjunction with the
conducting polymer PEDOT:PTS. This chapter is primarily concerned with the first generation of this
cathode, which utilises flexible polyethylene terephthalate (PET) film as substrate. This flexible

substrate was first coated with nickel and then printed with PEDOT:PTS.

Nickel was deposited in the form of a commercially available formulation, MG Chemicals Super Shield
Conductive Coating (USA). This product was formulated by the supplier for intended use as a radio

frequency shielding material and consisted of nickel flakes in an organic binder.

The roughness and thickness of the nickel coating was characterized using profilometry, and the
coating was sanded to reduce its roughness. The nickel coating was also characterized using scanning

electron microscopy (SEM) coupled with energy dispersive X-ray spectroscopy.

Finally, the durability of the nickel coating in two solutions was tested by immersing glass coated with
nickel into two separate electrolyte solutions. One of these electrolyte solutions used an isopropanol

based solvent system and the other solution used an ionic liquid based solvent system.

2.1.2 Experimental
The MG Chemicals Super Shield Conductive Coating nickel formulation was coated onto the PET
substrate (DuPont, 125 micron) using an RK Print Meter Bar Coater (UK). Bar number 0, colour coded
white, was used for this coating. This bar had a wire diameter of 0.002 inch/0.05 mm. The coated PET

was then left in a working fume hood at ambient conditions for 24 hours to allow the coating to cure.

The bar coated nickel coating was imaged and analysed using a scanning electron microscope (SEM)
(Philips XL30 Field Emission Scanning Electron Microscope) coupled with energy dispersive X-ray
spectroscopy (EDS). The surface resistivity of the coating was measured using a four point probe

(Jandel 3000, UK).

The thickness and roughness of the coated nickel formulation was determined using a Dektak 6M
stylus profilometer. Since profilometry is very problematic to carry out on flexible materials, the
commercial nickel formulation was coated onto glass, using a method identical to that used to coat
the nickel formulation onto PET. The coating was cured at ambient conditions inside a working fume

hood for 24 hours and characterised.

To reduce the roughness of the nickel coating, the coating was polished using wet/dry silicon carbide
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sandpaper of 600, 1200 and 2500 grit successively. After polishing with sandpaper, the surface of the
nickel coating was wiped very gently with an ethanol soaked paper towel to remove any residual nickel

dust.

Experiments were conducted to test the durability of the commercial nickel coating in two different
typical DSSC electrolyte solutions. Samples of glass substrate and samples of PET substrate were
coated with the nickel formulation. These samples were then immersed in an ionic liquid based
electrolyte solutior-1[1] or in an isopropanol based electrolyte solution[2]. Both electrolytes contained
the iodide/triiodide (I7/15") redox couple as the redox mediator. The ionic liquid electrolyte comprised
guanidine thiocyanate, iodine and 4-tert- butylpyridine (0.5 M), with the bulk of the volume made
from a 13:7 mixture of 1-methyl-3-propylimidazolium iodide and 1-ethyl-3-methylimidazolium
thiocyanate. The organic solvent electrolyte comprised iodine, 1-methyl-3-propyl imidazolium iodide
and N-methylimidazole in an isopropanol solvent. The reduced species in the redox couple, I,

regenerates the photo-oxidised dye, while the oxidised species, I3, is reduced by the counter electrode.

The samples were visually observed at regular intervals to gauge the durability of the electrode, with
both glass and PET substrate, over time in the organic solvent based electrolyte and the ionic liquid
based electrolyte.
2.1.3 Results and Discussion

The type of bar coating used to coat the commercial nickel formulation on to PET, and on to glass for
profilometry, was a simple method involving application of accurate, reproducible layers of material
onto substrates. A pattern of identically shaped grooves in the bar were made by precision drawn
stainless steel wire wound onto a stainless steel rod. The bar was drawn down the length of a printing
bed, applying the coating to the substrate. The resulting wet film thickness was precisely controlled
by the spaces between the grooves of the wound wire on the bar and the depth of the grooves. In this
type of coating, the wet film thickness can be varied by using bars wound with varying wire thicknesses

and winding patterns.

Figure 2.1 depicts the type of bar coater used.
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Figure 2.1 RK Print Meter Bar Coater (http://www.rkprint.co.uk)

Figure 2.2 and 2.3 show images of the bar coated nickel formulation obtained by SEM. The bright areas
of the image were found to be nickel (analysed as nickel using EDS) and the dark areas were found to
be acrylic binder (analysed as oxygen and carbon using EDS). The grey areas are likely to be nickel with

a thin layer of binder on the surface.

Figure 2.2 shows that a large proportion of the coating’s surface consisted of the insulating organic
binder. The surface resistivity of the coating was between two and five ohms per square. The low
surface resistivity of the coating indicated that, although the binder made up a large area of the
coating’s surface, the nickel flakes interconnected laterally throughout the coating to afford good
conductivity. As shown in Figure 2.3, nickel flake diameters ranged from approximately one micron to

five microns in diameter.
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Figures 2.2 and 2.3 depict scanning electron microscopy (SEM) images of the surface of the bar coated

nickel material on PET.

Figure 2.2 SEM image of bar coated nickel formulation on PET
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Figure 2.3: SEM image of nickel flakes in bar coated nickel formulation showing nickel flake

size.

Profilometry characterization was carried out using samples with the nickel formulation coated onto
glass. It was assumed that the thickness data obtained for the nickel formulation coated onto glass

could be extrapolated to the same formulation, coated in the same manner, on flexible PET substrate.

The mean thickness of the nickel coating on glass was found to be 24 microns. The maximum
roughness of the nickel coating was found to be two microns, i.e. two microns between the highest
peaks and lowest troughs. A maximum roughness of two microns was deemed too rough for use as a
counter electrode in a DSSC as the risk of these peaks in the nickel coating making contact with the

working electrode and creating a short circuit was high.

Polishing of the coating was carried out by hand and, although every effort was made to ensure the
polishing process was uniform, the process was subject to a small amount of variation between each
sample and, indeed, areas of the same sample. If the polishing was carried out using an electric sander,
onaresearch scale, the sander would need to be operated by a human so the same type of error would
be encountered. If this process was implemented industrially, an automated sander/polisher could be
implemented and this uniformity issue could be circumvented to a degree. However, since there is
substantial inherent size variation between individual nickel particles within the formulation, it is not

possible to totally eliminate variation between samples or areas of the same sample.

It was essential to be very gentle when cleaning samples after sanding. If vigorous rubbing of the
sample with and ethanol soaked towel occurred to remove dust generated during sanding, the coating

was removed.
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After polishing, the maximum roughness of the coating was reduced to one micron. Traces of the
profilometer scans of the unpolished nickel coating surface and the polished nickel coating surface,

showing the roughness of each coating, are shown in Figures 2.4 and 2.5 respectively.
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Figure 2.4: Profilometry trace of the unpolished nickel coating
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Figure 2.5: Profilometry trace of the polished nickel coating

Samples of glass coated with the nickel formulation and samples of PET coated with the nickel
formulation were immersed in an ionic liquid based electrolyte solution[1] or in an isopropanol based
electrolyte solution[2]. Both electrolytes contained the iodide/triiodide (I7/I3") redox couple as the
redox mediator. The ionic liquid electrolyte comprised guanidine thiocyanate, iodine and 4-tert-

butylpyridine (0.5 M), with the bulk of the volume made from a 13:7 mixture of 1-methyl-3-propy!
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imidazolium iodide and 1-ethyl-3-methylimidazolium thiocyanate. The organic solvent electrolyte
comprised iodine, 1-methyl-3-propyl imidazolium iodide and N-methylimidazole in an isopropanol
solvent. The reduced species in the redox couple, I', regenerates the photo-oxidised dye, while the

oxidised species, I3, is reduced by the counter electrode.

The samples were visually observed at regular intervals to gauge the durability the electrode, with
both glass and PET substrate, over time in the organic solvent based electrolyte and the ionic liquid

based electrolyte.

The coating on all the samples that had been immersed in the isopropanol based electrolyte solution
dissolved within 16 days. Figures 2.6 and 2.7 illustrate the degradation in isopropanol based

electrolyte of these glass and PET substrates respectively.

Figure 2.6 Degradation of nickel coating on glass substrate after 16 days immersion in an
isopropanol based electrolyte solution. The two samples are

duplicates of each other.
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Figure 2.7 Degradation of nickel coating on PET substrate after 16 days immersion in an
isopropanol based electrolyte solution. The two samples are

duplicates of each other.

In contrast to these results, after 109 days of immersion in the ionic liquid electrolyte, the nickel/acrylic
binder coating on both glass and PET was still intact and showed no signs of degradation. Figures 2.8
and 2.9 illustrate the condition of these coatings after 109 days in ionic liquid based electrolyte on

glass substrate and PET substrate respectively.

Figure 2.8 Nickel coating on glass substrate intact after 109 days immersion in an ionic liquid based

electrolyte solution. The two samples are duplicates of each other.

Figure 2.9 Nickel coating on PET substrate intact after 109 days immersion in an ionic liquid

based electrolyte solution. The two samples are duplicates of each other.
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Although the sample on the left in Figure 2.9 appears to show some degradation, the colour difference

along the sample is actually dark brown electrolyte solution resting on the samplesurface.

It was garnered from these test results that the nickel coating was durable in this ionic liquid electrolyte
solution.

2.2 PEDOT:PTS Deposition and Characterisation
2.2.1 Experimental

PEDOT:PTS was deposited on the nickel, i.e. either nickel sheet or nickel coated onto PET, using
gravure printing of an oxidant, followed by a vapour phase polymerisation process. The nickel sheet
used was purchased from Aldrich (Australia) and was 0.125 mm thick and 99.9% pure. Details of the
oxidant are listed in the following paragraphs. Single sheet gravure printing was used and was carried

out using an RK Print Gravure Proofer(UK) at a speed of 5.

The PEDOT:PTS was formed using a method known as vapour phase polymerisation[4]. During this
vapour phase polymerisation (VPP) process an oxidant solution, along with the urethane, diurethane
diol, was deposited on either coated nickel or nickel sheet using gravure printing, as detailed above.
Diurethane diol was selected as an additive to the oxidant solution as it has been shown to increase

the homogeneity and conductivity of PEDOT:PTS films[5].

This oxidant consisted of a commercial iron(lll) tosylate solution (Clevios, Germany) in butanol with
the inhibitors polyethylene glycol (PEG 20000, Sigma Aldrich, Australia) and diurethanediol (DUDO,

Sigma Aldrich, Australia). DUDO, sold as polyurethane diol is a dimer with a molecular weight of 320
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g/mol and was purchased as an 88% solution in water. It is described by Sigma-Aldrich as an aliphatic
urethane of proprietary composition and the structure is not given for commercial reasons. The
addition ratio of PEG and DUDO to iron tosylate solution was 0.033 g (predissolved in 0.2 mL of
deionised water and 0.031 g respectively. The sample was then rinsed very carefully and gently using

ethanol.

A QCM200 Quartz Crystal Microbalance was used to quantify the mass of PEDOT:PTS gravure printed
onto the nickel coated PET substrates. First, PEDOT:PTS was coated onto a 5 MHz AT-cut quartz crystal.
Oxidant, as described in 2.2.1 was spin coated (WS-400B-8NPP/Lite, Laurel, USA) at 2000 rpm onto
the quartz crystal. PEDOT:PTS was then formed using VPP. Here, oxidant was spin coated rather than
printed as it was impossible to gravure print using a quartz crystal as the substrate due to the small
size and rigidity of the crystal. Cyclic voltammograms of the coated quartz crystal at a scan rate of 5
mV/s were produced using a conventional three electrode system made up of the coated quartz
crystal acting as a working electrode, a gold counter electrode and a KCl reference electrode. A0.1 M

sodium tosylate solution was used as the electrolyte in this system.

Printing experiments were conducted on PET/coated nickel samples on which either one, two
or three layers of oxidant were printed to vary the PEDOT:PTS thickness on the samples.

Polymerisation of all these samples took place after all oxidant layers were printed.

All samples for analysis of PEDOT:PTS mass were taken from the first centimetre of the
printed area which, due to the inherent variation in thickness profile of the single sheet

gravure print, was the thickest area of printed PEDOT:PTS.

Flexible nickel foil of 0.125 mm thickness and 99.9 % purity was purchased from Aldrich
(Australia). Similar printing experiments to those conducted on PET/coated nickel samples

were conducted. However, in this case, only one layer of PEDOT:PTS was printed on each

sample.

2.2.2 Results and Discussion

Gravure printing is an intaglio printing process, meaning that the image to be printed is engraved onto
an image carrier. It is most commonly employed as a roll to roll printing technique but can also be
performed using single sheet printing. Gravure printing is commonly used for long, high quality print
runs such as magazines, mail-order catalogues, packaging and postage stamps. In its simplest form,
gravure printing consists of a two part system: a coating roller and a support roller. The coating roller
is engraved with a pattern made from small wells that hold ink and is partially immersed in a bath of
ink. Any excess ink resting on the surface of the roller, not contained in the wells, is removed from the
roller using a doctor blade immediately before the roller is brought into contact with the substrate. The
support roller, which guides the substrate, and the coating roller are forced into contact. The support
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roller commonly has a hard rubber coating and gives way, i.e. compresses, for the coating roller. The
gravure pattern engraved onto the coating roller is transferred to the substrate upon contact in the
form of discrete dots of ink. To form a continuous film, the applied ink must sufficiently wet the
substrate so that all the discrete ink dots join together. For most applications in which gravure printing
is used, a continuous film of ink is not required and the discrete dots imparted by this type of printing
serve to provide a sharp printed image. A schematic diagram of the gravure printing process is shown

in Figure 2.10.

=

Imprassion
cylindar

Printed pattern —

Gravura
cylinder

-y DCoctor blade

— Ink bath

Figure 2.10 Schematic diagram of the roll to roll gravure printing press[3]
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Figure 2.11 RK Print Gravure Proofer (http://www.rkprint.co.uk)

Figure 2.11 shows a gravure proofer identical to the instrument used in these experiments. The
engraved pattern of this gravure proofer was located on a stainless steel bed over which the support
roller, made of a compressible rubber material, was drawn. The substrate was attached to the support
roller and forced into contact with the engraved bed as the roller moved towards the opposite end of
the bed. Ink, i.e. oxidant solution, was manually deposited in a thin strip in front of the support roller
before each single sheet print was carried out. The ink was then spread by the support roller to fill the
engraved wells on the print bed and, when the substrate contacted the engraved stainless steel bed,

ink in the pattern required was transferred to the substrate.

The oxidant was a brownish-yellow bulk solution that appeared almost colourless after printing on the
nickel coating. Immediately after printing, the entire sample was placed inside a sealed vessel (VPP
chamber) containing approximately 0.2 mL of EDOT monomer. The VPP chamber and its contents were
placed in an oven and heated to 60°C for 40 minutes. During this time the EDOT monomer vaporised,
with the vapour filling the entire volume of the VPP chamber. At this stage of the process, the
vaporised monomer came into contact with the oxidant that had been printed during the previous step,
undergoing oxidant induced polymerisation. A mechanism for this polymerisation process has been

proposed in the literature and is included in Figure 2.12.
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(1)

(3)

(6]

Figure 2.12 Proposed mechanism for EDOT oxidant induced polymerisation reaction. (1) EDOT is
oxidised to form an EDOT cation; (2) EDOT cations stabilise by forming dimers; (3) Proton scavenging

causes dimers to be deprontonated. Cycle repeats multiple times to form a conjugated PEDOT chain.

When polymerisation was complete, the printed area on the nickel was composed of PEDOT:PTS,
together with any remaining unreacted oxidant. The printed area was blueish-green in colour as a
result of the combination of the dark blue PEDOT:PTS film and yellow unreacted oxidant. After rinsing,
only the dark blue PEDOT:PTS coating remained on the sample in the pattern in which the oxidant had

been originally printed on the substrate at the commencement of the VPP process.

Since the purpose of this experimental procedure is simply to quantify the mass of PEDOT:PTS
deposited onto nickel during this study, using spin coating as the deposition method rather than gravure
printing shouldnot have a bearing on results. Cyclic voltammetry was used to quantify the mass of
PEDOT:PTS gravure printed onto the nickel coated PET substrates. The resulting cyclic voltammogram
is shown in Figure 2.13.

37



0.15

0.1
0.05 —

f
—0.0'5 f

-0.15 ‘ ‘
-1.5 -1 -0.5 0 0.5 1

voltage (V)

current (mA)
o

)
[E=Y
|

Figure 2.13 Quartz crystal cyclic voltammetry scan, scan rate 5 mV/s, 0.1 M sodium tosylate

electrolyte, KCl reference electrode

The Sauerbrey equation was used to determine the mass of PEDOT on the quartz crystal using the
cyclic voltammogram data.
Sauerbrey showed in 1959 that the thickness of a film deposited onto the electrodes of a piezoelectric

quartz resonator is inversely proportional to the resonance frequency[7]. The Sauerbrey equation is

defined as:
2
Af= ——fgﬁm
A/Pqbiq
Where:

fo=resonance frequency (Hz)

Af = frequency change (Hz)

Am = mass change (g)

A = piezoelectrically active crystal area (area between electrodes, cm?)
pq= density of quartz (pq = 2.648 g/cm?)

HUq = shear modulus of quartz for AT-cut crystal (uq = 2.947 x 10* g/cm s7?)

The Sauerbrey equation treats the film as an extension of the quartz crystal thickness. As such,
whether the equation is applicable or not is dependent on certain conditions being met; the deposited
film must be rigid and evenly distributed across the crystal and the frequency change Af/f must be less

than 0.02.

From the above equation, the mass of PEDOT:PTS printed per farad was found to be 1590 micrograms.
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The change in current at Ewe/V, where Ewe is the stationary potential for the impedance
measurement and V is the potential amplitude of the sine signal, vs SCE = 0.1 V was noted and this
change in current was divided by the scan rate to give the total capacitance for the total electrode
area. This value was then scaled down to give the capacitance per cm? of electrode material. This
capacitance was subsequently related to experimental samples to determine the amount of

PEDOT:PTS printed thesamples.

The nature of gravure printing is such that, when single sheet printing (as opposed to continuous, roll
to roll printing) is used, the ink is printed in a wedge shape, i.e. with the ink layer being thicker at the
beginning of the printed sheet than at the end of the printed sheet. Printed thickness is important
when depositing a conducting polymer to act as a catalytic material in a DSSC. It is known that, unlike
platinum which is most commonly non-porous with catalytic activity occurring primarily on the surface
of the material, catalytic activity in conducting polymers usually occurs within the entire thickness of

material due to their highly porous structure.
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Figure 2.14 shows the mass of PEDOT:PTS printed on the nickel coated PET substrate when one layer
of oxidant was printed. Samples 1 — 12 were printed using identical experimental conditions, detailed

in Section 2.2.1.

=
o
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sample number

Figure 2.14 Mass of PEDOT:PTS on samples determined using the QCM method. PEDOT:PTS on

PET/nickel substrate, scan rate 5 mV/s, 0.1 M sodium tosylate electrolyte, KCl reference electrode

The amount of PEDOT:PTS deposited on the PET/nickel substrate was not reproducible between
samples. When one layer of oxidant was printed, the amount of PEDOT:PTS deposited onto the
substrate ranged from 3.0 to 9.0 micrograms per cm2. When two layers of oxidant were printed, the
amount of PEDOT:PTS deposited ranged from 5.4 to 7.4 micrograms. When three layers of oxidant
were printed, between 6.6 and 14.7 micrograms were printed. Although there was a general trend
relating the number of layers of oxidant deposited to the PEDOT:PTS film thickness, the process lacked

the reproducibility required to be useful to a meaningfulinvestigation.

The largest contributor to the lack of reproducibility of the results shown in Figure 2.14 is likely to be
the intrinsic roughness of the printed nickel coating. The roughness of the nickel coating influences
the mass of oxidant solution printed on a sample and several factors play a role in this parameter. The
nature of gravure printing is such that ink transfer from the engraved wells to the substrate will only
occur when the substrate makes physical contact with the print bed. Any troughs of the nickel coating

would not have made contact with the print bed and, thus, no ink was transferred to these areas. In
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addition, the polishing of the samples, which was done by hand, would have varied slightly between
each sample. Furthermore, variations in the size of the nickel particles on each sample would cause

differences in the sample roughness, irrespective of the consistency of the sample polishing.

Even in the unlikely case that the amount of oxidant printed on separate samples was identical, an
amount of unreacted oxidant remained on samples after the vapour phase polymerisation process
was completed, as evidenced by the greenish blue colour of the printed area before rinsing with
ethanol. Conversion of the total oxidant printed on each sample to PEDOT:PTS was not complete and
it is possible that the reaction may not have proceeded to the same point each time it was carried out.
In cases of samples being printed with more than one layer of oxidant, the EDOT monomer may have
not penetrated the thick oxidant layer, resulting in even more remaining unreacted oxidant. It
polymerisation of EDOT took place on the surface of the sample, the sample would then have been

coated with a polymer layer, making penetration of EDOT monomer to the oxidant below problematic.

All of the factors above combined resulted in irreproducible results with respect to the final mass of
PEDOT:PTS present on each sample. In further studies, the VPP process could be carried out after each
oxidant layer was printed, with subsequent layers of oxidant being printed on the surface of the
PEDOT:PTS layer. However, the lack of reproducibility seen in the samples with only one layer of

PEDOT:PTS indicate that this method change alone would not solve the reproducibility problem.

In an attempt to overcome the reproducibility problem encountered when depositing PEDOT:PTS
using the aforementioned gravure printing/VPP polymerisation method, PEDOT:PTS was deposited
on flexible, smooth nickel sheet instead of the rough nickel formulation coated onto PET film. The
same process as that used previously was used to deposit PEDOT:PTS. However, significant surface
variations within samples were eliminated by eliminating the inherent roughness of the nickel

layer.

PEDOT:PTS was gravure printed on this nickel foil to determine if using foil, rather than printed
nickel formulation on PET, would give more reproducible results. The film thickness was
characterised using the method described in Section 2.2.1. The parameters of scan rate, electrolyte
and the reference electrode remained the same as the previous experiments. The results are shown

in Figure 2.15.
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Figure 2.15 Mass of PEDOT:PTS on samples determine using QCM method. PEDOT:PTS on nickel

sheet, scan rate 5 mV/s, 0.1 M sodium tosylate electrolyte, KCl reference electrode

The results from this experiment were much more reproducible than the results from previous
experiments conducted on samples fabricated using the commercial nickel/binder formulation. When
one layer of oxidant was printed, the amount of PEDOT:PTS deposited onto the substrate ranged from

5.4 to 6.3 micrograms per cm?.

It was decided that, in the subsequent electrochemical testing of this system, the system would be
simplified to increase the likelihood of meaningful results being obtained. Further electrochemical
testing was conducted using the simplified electrode, i.e. fabricated from this purchased nickel foil
printed with PEDOT:PTS rather than the PET/nickel coated/PEDOT:PTS printed electrode described
above. This served to eliminate inconsistencies arising from the nickel surface roughness, inherent

nickel particle size variation particle size variation and inconsistencies when polishing.

2.3 Conclusion

Through this investigation into the deposition, characterisation and durability of the nickel metal and
PEDOT:PTS conducting polymer proposed as cathode materials, some parameters required for their
application were determined. SEM imaging showed that the MG Chemicals nickel coating contained
relatively planar nickel particles in diameters ranging from approximately 1 micron to 5 micron. It was
found that, when the commercial MG Chemicals nickel formulation was bar coated onto flexible PET
to act as conducting DSSC counter electrode substrate, an electrolyte with a typical organic solvent
such as isopropanol degraded the nickel coating by dissolving the organic binder in the coating. The
nickel coating was found to be durable in an electrolyte employing an ionic liquid solvent (a 13:7 blend

of 1- methyl-3-propyl imidazolium iodide and 1-ethyl-3-methylimidazoliumthiocyanate).
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PEDOT:PTS was deposited using a VPP process. Deposition via gravure printing of one, two and three
layers of VPP oxidant were examined, with polymerisation taking place after all oxidant layers had
been printed. However, when depositing multiple layers of oxidant, it may be more effective to carry
out the polymerisation step between deposition of each individual layer of oxidant. This method
change would increase the likelihood of the majority of oxidant on the sample being reacted. A QCM
method was used to quantify the amount of PEDOT:PTS deposited on nickel surfaces using gravure

printing.

The nickel surfaces investigated in this chapter were both the commercially available nickel coating
and the smoother flexible nickel sheet. PEDOT:PTS deposited onto the flexible nickel sheet was found
to be far more reproducible than that deposited onto the commercial nickel coating. This is due to the
roughness of the commercial nickel coating. It can be concluded that, regardless of care taken when
polishing the bar coated nickel coating, there will always be some variability present in the coating
profile. Film roughness is inherent because of this inherent variability in nickel flake size within the
coating formulation. Going forward in this study, flexible nickel sheet was used as the counter

electrode conducting substrate to eliminate thisvariability.

Chapter 2 References

1. Wang, P., et al., A binary ionic liquid electrolyte to achieve >= 7% power conversion
efficiencies in dye-sensitized solar cells. Chemistry of Materials, 2004. 16(14): p. 2694-2696.

2. Wang, P., et al., Gelation of ionic liquid-based electrolytes with silica nanoparticles for quasi-
solid-state dye-sensitized solar cells. Journal of the American Chemical Society, 2003. 125(5):
p. 1166-1167.

3. www.tappi.org

4, Winther-Jensen, B., et al., Vapor phase polymerization of pyrrole and thiophene using
iron(lll) sulfonates as oxidizing agents. Macromolecules, 2004. 37(16): p.5930-5935.

5. Winther-Jensen, B., et al., Inhomogeneity Effects in Vapor Phase Polymerized PEDOT: A Tool
to Influence Conductivity. Macromolecular Materials and Engineering, 2011. 296(2): p. 185-
189.

6. Fabretto, M., et al., The role of water in the synthesis and performance of vapour phase
polymerised PEDOT electrochromic devices. Journal of Materials Chemistry, 2009. 19(42): p.
7871-7878.

7. Sauerbrey, G., VERWENDUNG VON SCHWINGQUARZEN ZUR WAGUNG DUNNER SCHICHTEN
UND ZUR MIKROWAGUNG. Zeitschrift Fur Physik, 1959. 155(2): p.206-222.

41


http://www.tappi.org/

Chapter 3: Electrochemical testing of symmetric and asymmetric cells

3.1 Introduction
After examining the experimental results obtained in Chapter Two, it was decided that some

changes would be made to the system that was used previously. Instead of using the commercial
formulation of nickel flakes in an acrylic binder coated onto a PET film employed in the initial tests
detailed in Chapter 2, a flexible nickel foil was used as the conducting substrate of the DSSC counter
electrode. This change was implemented to circumvent variations and inconsistencies arising from
the roughness of the polished bar coated nickel coating. Instead, a nickel foil of 0.125 mm thickness

was used (Aldrich, Australia).

The electrolyte used for electrochemical testing was also changed at this point in the project. The
electrolyte that had been used up until this point was taken from the literature[1] and contained
iodine (0.2 M), 4-tert-butylpyridine (0.5 M) and guanidine thiocyanate (0.14 M) in a 13:7 mixture of
1-methyl-3-propylimidazolium iodide and 1-ethyl-3-methylimidazolium thiocyanate. This ionic liquid
based electrolyte was used in Chapter Two of this study due to incompatibility of the previously used
commercial nickel coating with an organic solvent based electrolyte. The nickel coating used in
experiments described in the previous chapter dissolved in a wide range of organic solvents, but was
durable in the ionic liquid used in the electrolyte developed by Wang et al.[2] Since nickel sheet,
which is durable in an organic solvent solution, was to be used as the conducting substrate of the
cathode in place of the commercial nickel formulation coated onto PET, the need to use an ionic
liquid based electrolyte in the experiments described here was negated. As such, the electrolyte
was switched to a formulation based on an organic solvent[3]. Further details of this electrolyte are
included in the Experimental section of this chapter. .

3.1.1 Electrical Impedance Spectroscopy of Symmetric and Asymmetric cells

Electrical impedance spectroscopy (EIS) is an electrochemical characterisation method used to
analyse circuit elements that exhibit complex, real world behaviour. These elements are too
complicated to be analysed using the simple concepts of resistance and Ohm’s Law. Instead, EIS is
used to measure the ability of a circuit to resist the flow of an electrical current. Electrochemical
impedance spectroscopy usually involves application of an AC potential to an electrochemical cell.
The current passing through the cell is then measured. EIS has been widely used in the DSSC field to
study the kinetics of electrochemical and photo-electrochemical processes occurring within a cell.

[4-8].
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The Nyquist plot is a method of presenting EIS data and is a parametric plot of the cell’s frequency
response. The Nyquist plot of a DSSC normally has three semicircles, representing the three main
sources of resistance within the cell. These semicircles can be attributed to, in order of increasing
frequency, Nernst diffusion within the electrolyte, electron transfer at the oxide/electrolyte
interface at the working electrode and finally at the highest frequency, the redox reaction occurring
at the counter electrode[2]. Any Nernst diffusion represented on EIS here describes only the
diffusion of the triiodide ion in the electrolyte. Since a large excess of iodide ions in relation to
triiodide ions exist in a typical DSSC electrolyte and the diffusion constants are of the same order of
magnitude, the behaviour of the iodide ions does not contribute to the diffusion impedance
detected here[9].

The aim of this set of experiments was to determine whether or not nickel coated with PEDOT-PTS is
sufficiently stable, in comparable conditions, to be a viable alternative to the standard platinum

coated FTO coated glass counter electrode most commonly used in DSSCs.

This study did not focus on the fabrication of many DSSCs for characterisation. Rather, specific and
simplified cells were fabricated and electrochemically tested using EIS. This route was chosen to
isolate the counter electrode/electrolyte electrochemical interactions and prevent grappling with
possible complications associated with fabricating and testing full DSSCs. DSSCs have five main
components so results from such cells would be much more complicated to elucidate, and results
from complete cells could provide less useful information with respect to the counter electrode

activity.

During this study, four different types of cells were investigated. All four cell variations contained
one conventional DSSC cathode, i.e. platinum sputtered onto FTO coated glass. In addition, all four
cell variations utilised the same electrode, which was based on the iodide/triiodide redox couple in
MPN solvent [10]. The second electrode of each cell was varied. The four variations of the second

electrode included in this study were:

1. A conventional DSSC cathode made from glass/FTO/sputtered platinum. This was described
as a “symmetric cell”.

2. FTO coated glass with a layer of PEDOT:PTS deposited on top. This cell was tested to
determine if the replacement of platinum with PEDOT:PTS as the catalytic material resulted

in a stable system, i.e. to isolate the change in the system when PEDOT:PTS was introduced.
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3. Nickel sheet sputtered with platinum. This cell was tested to determine if replacement of
FTO coated glass with nickel sheet resulted in a stable system, i.e. to isolate the change in
the system when nickel was introduced.

4. Nickel sheet coated with a layer of PEDOT:PTS. This cell was tested to determine if the
proposed alternate DSSC cathode, i.e. one fabricated from nickel and PEDOT:PTS. Results
from this cell would serve to indicate whether or not incorporation of the Ni/PEDOT:PTS

electrode would result in a stable system.

The cell variation described in (1) above, containing two conventional platinum/FTO coated glass
DSSC cathodes, will be herein described as a symmetric cell as both electrodes are identical to each
other. The other cells will be referred to according to the numbers and descriptions listed above.
For example, “cell three” will describe a cell containing one standard DSSC cathode and one

electrode made from nickel sheet sputtered with platinum.

3.1.2 Experimental
Platinized FTO coated glass electrodes were made using Solaronix TCO22-7 FTO (7 ohm resistivity)

coated glass (Switzerland) that had been sputtered with 10 nm of platinum. Platinum deposition
was performed at a chamber pressure of 107 mbar at ambient temperature. Nickel sheet (2 ohm
resistivity) was sputtered with platinum to make cell three using the same conditions to produce the
nickel/platinum electrode used to make cell three. PEDOT:PTS coated FTO coated glass electrodes
were made using the vapour phase polymerisation technique described in the previous chapter. The
oxidant solution was spin coated onto Solaronix TCO22-7 FTO coated glass using a Laurell Model WS-
650SZ 6NPP/LITE/OND spin coater at 3000 rpm for 60 seconds. The remaining VPP process was
carried out on the sample. After the VPP process was complete, approximately 150 nm of
PEDOT:PTS had been deposited onto the FTO coated glass. This thickness was measured using a
Dektak 6M profilometer. The PEDOT:PTS coated nickel electrode was fabricated using the same
technique and conditions, the only change being that the FTO coated glass substrate used was
replaced with a nickel sheet substrate. Profilometry confirmed that the same thickness of
PEDOT:PTS of that deposited on the FTO coated glass had been deposited on the flexible nickel foil,

i.e. approximately 150 nm.

Electrodes consisting of a nickel foil substrate were mounted onto glass to provide the rigidity
required for cell fabrication. This step was required in this preliminary laboratory experiment, but
could be easily eliminated as the research progressed. The two electrodes of each cell were sealed

with a 25 micron thick Dupont Surlyn film (USA), which served as both an adhesive and a spacer
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between the two electrodes. The cell was then filled with the electrolyte, which contained 0.8 M 1-
propyl-3-methylimidazolium iodide, 0.15 M iodine, 0.1 M guanidinium thiocyanate and 0.5 M N-
methylbenzimidazole in 3-methoxy propionitrile[2, 3].

Electrical impedance spectroscopy was used to assess the stability of the cells over a time period of
seven days. Each cell was left physically connected to the apparatus for the entire seven day testing
period, with no change in the electrical connections between the cell and the apparatus. This step
was taken to avoid any changes in resistance stemming from inconsistencies in electrical

connections over the testing period.

3.1.3 Results and Discussion
Figures 3.1 a — 3.1 d show Nyquist plots of impedance spectra of symmetric cells and the three

variations of asymmetric cells over seven days using an I/l based electrolyte[2]. Figure 3.1 e shows

the Legend that applies to all Nyquist plots.
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Figure 1. Nyquist plots of impedance spectra of symmetric cells and the three variations of
asymmetric cells over seven days using an I7/l3” based electrolyte[2] (a) symmetric FTO/Pt cell, I'/l5°
based electrolyte (cell 1) (b) asymmetric FTO/PEDOT-PTS and FTO/Pt cell (cell 2) (c) asymmetric Ni/Pt
and FTO/Pt cell (cell 3) (d) Ni/PEDOT-PTS and FTO/Pt cell (cell 4).

The Nyquist plots of impedance spectra of the symmetric cells made using platinum sputtered FTO
showed two semicircles only, representing the two primary contributing factors to the total

impedance of the system.

EIS recorded from testing of the symmetric cell show the semicircle recorded at the higher
frequency, with all seven spectra beginning at Z’= between 10.7 and 10.8 Z’ (ohm) can be attributed
to the redox reaction occurring at the two identical electrodes. The semicircle recorded at the lower
frequency, i.e. at Z’=18.4 ohms after one hour and between 21.8 and 23.4 ohms during all
subsequent spectra, represents the Nernst diffusion within the electrolyte[10]. Figure 3(a) shows
that triiodide diffusion within the electrolyte is stable over the course of the experiment, which is to

be expected in a stable electrolyte solution.

The Nyquist plot shown in Figure 3(a) indicates that the redox reaction occurring at the electrodes
undergoes an equilibration period for approximately the first 24 hours, after which it stays relatively
stable for the remaining six days in the experimental period. It is stated in the literature that there is
some degradation of the platinum in a conventional DSSC electrode due to corrosion when an
electrolyte based on the iodide/triiodide redox couple is used, as it is here[11, 12]. If this is correct,
this equilibration period could, in fact, be due to platinum corrosion by the iodine species tin the
electrolyte. However, the starting point of each impedance spectrum recorded throughout the
seven day testing period is constant and virtually identical at Z’= between 10.7 and 10.8 Z’ohm for all
seven spectra. . This starting point is influenced by the resistance of wires making up the electrical
connections, the resistance of the solder material connecting those wires to the cell and, finally, the
sheet resistance of the electrode material. Since there was no change in electrical wires and
connections over the experiment duration, the fact that this starting point is identical throughout
the seven day period indicates that there is no change in the sheet resistance of the electrode
material during the experiment. This can be extrapolated to theorise that there is no degradation of

the platinum within the cell occurring. This cell can be considered stable over a seven day period.
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The Nyquist plots of all three asymmetric cells showed three semicircles. This is to be expected
considering each asymmetric cell comprises two different electrodes. The semicircles in each
spectra can be attributed to Nernst diffusion within the electrolyte, electron transfer at the
oxide/electrolyte interface at the working electrode and the redox reaction occurring at the counter
electrode. In cases where only two, or even one, semicircle can been seen on the Nyquist plot, a
large semicircle contained in the spectra has eclipsed one or two of the smaller semicircles so that

they cannot be seen. In these cases, the system cannot be deconvoluted with any certainty.

The Nyquist impedance plots of cell 2, the asymmetric cells comprising a platinum sputtered FTO
coated glass electrode and a PEDOT:PTS coated FTO coated glass electrode is depicted in Figure 1(b).
The semicircle recorded at the highest frequency, beginning at between Z’'=10.0 and 10.4 ohms, can
be attributed to the redox reaction occurring at the Pt/FTO/glass electrode/electrolyte interface.
The centre semicircle, of which only a shoulder can be seen in the spectra recorded at 1 hour and 5
hours, can be attributed to electron transfer resistance at the PEDOT:PTS/FTO/glass
electrode/electrolyte interface. The semicircle recorded at the lowest frequency results from Nernst

diffusion of the triiodide ion within the electrolyte.

As seen in Figure 3(a), the redox reaction occurring at the counter electrode experienced an
equilibration period over the first 24 hours of the experiment and then stayed relatively stable for
the remaining time. Conversely, the size of the semicircle representing the activity at the
PEDOT:PTS/FTO/glass electrode/electrolyte interface increases over the testing time, still not
reaching stability after seven days. This is likely caused by swelling of the PEDOT:PTS coating with
solvent of the electrolyte, i.e. 3-methoxyproprionitrile (MPN). The swelling of PEDOT:PTS in solvent
has been reported previously[13, 14] and it seems that swelling of PEDOT:PTS in MPN behaves

similarly.

Experimental results of PEDOT:PTS swelling tests in MPN are reported later in this thesis.

In Figure 3(b), the semicircle attributed to Nernst diffusion within the electrolyte, i.e. the semicircle
at the highest frequency, is not constant in size. This is consistent with the theory that PEDOT:PTS
swells in MPN. If PEDOT:PTS absorbs the MPN solvent, MPN will be removed from the system as
experiment time progresses and chemical equilibrium in the electrolyte will be disturbed. As a

result, the diffusion rate of the ionic species within the electrolyte is not constant over the course of

48



the experiment. The swelling of PEDOT:PTS with MPN may also result in changes to the catalytic
behaviour of PEDOT:PTS within the cell.

Again in Figure 3(b), the centre semicircle, representing electron transfer at the oxide/electrolyte
interface at the working electrode, increases in size over the seven day experiment duration. This
indicates that impedance (resistance) at the working electrode increases as time progresses in this
system. This phenomenon is related to PEDOT:PTS swelling in MPN. Once swelling occurs,
PEDOT:PTS no longer behaves in the same manner. This system is not stable over the seven day

experimental period.

All spectra recorded over the seven day testing period for cell sample 3(b) begin at the same point
on the Z’(ohm) axis, i.e. at between Z’=10.0 and 10.2 ohm. This indicates that there is no change in

the sheet resistance of the electrode material during the experiment.

Figure 3(c), which shows results of EIS on cell three, shows Nyquist plots of impedance spectra of
asymmetric cells made using an FTO coated glass electrode that had been sputtered with platinum
and a nickel sheet electrode that had been sputtered with platinum. The first impedance spectra
recorded during this experiment, i.e. the spectrum recorded after one hour, showed three
semicircles. All subsequent spectra recorded after some time had passed showed only one

semicircle.

After one hour, one, two or all three semicircles had increased in size to such a degree that only one
semicircle is seen. The electrochemical interactions happening within the cell cannot be
deconvoluted with any certainty from this spectra as the parameters, i.e. the size and position, of

each semicircle cannot be discerned.

There is a very small change in the starting point of each spectra recorded for sample cell two
throughout the seven day experiment duration, i.e. the spectra started at between Z’=5.9 and 6.4
ohm. Since all electrical connections remained constant throughout the experiment, this position
change is indicative of some change in sheet resistance of the electrodes during the experiment.

This will be discussed later on in this chapter.

The Nyquist plots of impedance spectra of the asymmetric cell fabricated using one standard DSSC

counter electrode made from platinum sputtered FTO coated glass and one electrode made from
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PEDOT-PTS coated nickel sheet are shown in Figure 3(d). Figure 3(d) shows three semicircles in the
spectra recorded one hour, five hours and one day post cell fabrication. Subsequent spectra showed

either only two semicircles, or one semicircle and a shoulder of a second semicircle.

As in Figure 3(c) the third component of the impedance spectra recorded after 24 hours and
attributed to diffusion within the electrolyte had been eclipsed by the semicircles representing other
impedance components. The sizes of all three semicircles, which each result from the different
components of the cell the interface between the electrolyte and the PEDOT:PTS/Ni electrode, the
interface between the electrolyte and the Pt/FTO/glass electrode and the Nernst diffusion within the
electrolyte, either constantly change over the testing period of seven days or are eclipsed by the
other semicircles in the spectra so that their actual size and positioning cannot be determined. Asin
Figure 3(b), this is likely caused in part by the swelling of PEDOT:PTS with MPN inside the cell,
consequently affecting concentrations within the electrolyte and changing electrode | electrolyte
interactions at both electrodes. A second contributing factor of the instability recorded in these
spectra is likely to be the nickel electrode being corroded by iodine species contained in the

electrolyte.

Similar to what is observed in Figure 3(c), the starting point of the impedance spectra in Figure 3(d),
showing spectra of cell 4, is not stable over the seven day testing time. The spectra starting points in
Figure 3(d) range from Z2'=5.7 — 7.1 ohm. As previously mentioned, the nickel contained in the test
electrodes in sample cells 3 and 4 is likely being corroded by the corrosive iodine containing
electrolyte. The change in spectra starting point over the seven day experiment duration is much
more pronounced in Figure 3(c) than 3(d), with the starting point changing Z’=0.5 ohm and Z’'=1.4
ohm respectively. The sputtered platinum coating used in cell 3 seems to have a protective effect on
the nickel. This protective effect has been previously reported in the literature [15]. It has been
reported that a thin, continuous platinum layer sputtered onto the nickel sheet provides a protective
physical barrier from the corrosive materials in the electrolyte. It appears that a certain amount of
corrosion occurs, hence the small change in the electrical impedance spectra starting point, after
which the surface is passivated and protected from any further degradation over the seven day

experimental period.

On the other hand, when considering sample cell 4, the comparatively larger variation in spectra

starting point over the seven day period indicates that corrosion occurs to a larger extent here than

in cell 3. This is to be expected since, during preparation of the experimental PEDOT:PTS coated
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nickel counter electrode, the gravure printing of vapour phase polymerised PEDOT:PTS does not
produce a continuous film on the nickel sheet surface. Hence, there is no effective physical barrier
to protect the nickel metal from corrosive iodine species in the electrolyte. Furthermore, it is
doubtful that the highly porous PEDOT:PTS could be protect the nickel sheet from corrosion by the
iodide/triiodide redox couple in the electrolyte since the porosity of the conducting polymer coating

would enable the electrolyte to contact the nickel sheet.

The system represented in Figure 3(d), cell four, is the most unstable of all four systems. Not only is
the nickel in the electrode susceptible to corrosion by iodine species in the electrolyte, but the
protection provided by the sputtered Pt layer, such as that in cell 3 is absent. The results shown in
Figure 3(d) indicate that PEDOT:PTS deposited through gravure printing and vapour phase
polymerisation provides little to no protection against corrosion to the underlying nickel sheet

contained in the electrode.

When considering the starting points of the first spectrum, recorded one hour after cell fabrication,
of 3(a), 3(b),3(c) and 3(d) at once, it is apparent that the two cells made using only glass/FTO
electrode substrates (3(a) and 3(b)) had higher internal impedance than the two cells containing one
glass/FTO electrode substrate and one nickel foil electrode substrate 3(c) and 3(d)). The starting
points of the spectra in 3(a) and 3(b) are between Z'=10.0 and 10.4 ohm, while the starting points of
the spectra in 3(c) and 3(d) are between Z’=5.7 and 7.1 ohm. This reflects the difference in starting
surface resistivity of the glass/FTO substrate (7 ohm) and the nickel foil substrate (2 ohm). The
difference in starting points between 3(a) and 3(b), even though both cells contain only FTO coated
glass substrates which should have identical surface resistivity, can be explained by differences in
the electrical connections between each cell and the testing apparatus. The same is true for the
difference in starting points between 3(c) and 3(d).

It was observed that the electrolyte used to fabricate cells tested in this chapter underwent some
degradation over time. When an aged solution of this electrolyte was used for electrochemical
tests, i.e. when the solution had been formulated more than approximately two weeks previously,
nonsensical and confusing results were obtained. This was possibly due to the thiocyanate anion in
the electrolyte acting as a “pseudo halide” and coordinating with iodine over time, with the reaction

proceeding as shown below. This reaction had been reported several times in the literature[16, 17].
I+ SCN™ > 1,SCN-

The occurrence of this reaction would render some of the available iodine in the solution unavailable

to the reaction system or alter the redox potential on the electrode. In turn, the concentrations of
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the iodide and triiodide ions would decrease, leading to erratic results. To circumvent this issue for
these tests, a fresh electrolyte solution was formulated each day. However, after the electrolyte is
incorporated into a DSSC, this coordination reaction would still occur within the cell’s electrolyte.
Replacement of a cell’s degraded electrolyte with fresh electrolyte after cell fabrication is unfeasible
as it would be complicated and messy. Furthermore, it is possible that this type of electrolyte
replacement could affect the other components of the DSSC. This electrolyte phenomenon signifies
that, regardless of any counter electrode/electrolyte interactions discussed in this chapter, DSSC
performance of a cell using the electrolyte used here, would not be expected to be stable over a period

of greater than two weeks.

3.1.4 Conclusion
Through analysing data from EIS experiments performed on asymmetric cells containing a

conventional glass/FTO/platinum electrode and an alternate nickel sheet/PEDOT:PTS electrode, the
likeliness of degradation of the nickel, by means of corrosion, by the iodide/triiodide redox couple in
the electrolyte was established. Corrosion was suspected as there was obvious instability in the cells
containing nickel foil as a conducting electrolyte substrate. In the cell that contained a nickel sheet
electrode that was not protected by a sputtered platinum layer, this instability was further

pronounced.

Further instability within cells containing the PEDOT:PTS catalytic layer was present due to the
PEDOT:PTS swelling with the electrolyte solvent, MPN. This phenomenon may result in changing the
catalytic behaviour of PEDOT:PTS and causing inconsistencies in concentrations within the electrolyte

by disturbing the chemical equilibrium of the solution.

Furthermore the thiocyanate in the electrolyte appears to be coordinating with electrolyte iodine over
time, causing changes in the concentration of iodine species in the electrolyte. These two factors, i.e.
corrosion and iodine species ion coordination, serve to render the system unstable, indicating that the
nickel/PEDOT counter electrode and an electrolyte based on the iodide/triiodide redox couple are
unsuitable for use togetherin a DSSC. In fact, since the coordination of thiocyanate anions with iodine
species is a reaction that occurs within the electrolyte itself, this electrolyte is unsuitable for long term

use within a DSSC.

Further testing on this system will be presented in the next chapter.
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Chapter 4: Additional testing of the system containing
nickel/PEDOT:PTS electrode and iodine based electrolyte.

4.1 Introduction
Tests, in addition to the electrical impedance spectroscopy discussed in Chapter 3, were conducted

on cells containing a nickel/PEDOT:PTS electrode and the organic solvent electrode containing the
iodide/triiodide redox couple. This additional testing included:

1. Further electrochemical analysis of the system: Tafel plots

2. Wet chemistry testing to confirm presence of nickel in iodine based electrolyte.

3. Swelling of PEDOT:PTS in methoxyproprionitrile (MPN) solvent.

These additional tests are discussed in this chapter. Tests 1 and 2 were conducted to conclusively
determine if corrosion was occurring within the proposed DSSC system containing nickel and the
iodide/triiodide redox couple. Test 3 was conducted to determine if swelling of the PEDOT:PTS
polymer coating comprising part of the electrode was swelling in the electrolyte solvent, and if that

could explain the instability noted in Chapter 3, Figure 3 (b).

4.2 Further electrochemical analysis of the system: Tafel plots
Since corrosion was assumed to be present in the cells described in Chapter 3, which contained a

Ni/PEDOT:PTS electrode and an iodine based electrolyte[1], further electrochemical studies were
carried out on the system. Electrochemical studies are ideal to use to study corrosion as corrosion
occurs via electrochemical reactions. Here, data was collected to construct Tafel plots to describe
electrochemical behaviour of the system.

Tafel plots can aid in understanding the corrosion behaviour of a system by revealing the equilibrium
that exists between two opposing chemical reactions. One of these reactions is an anodic reaction, a
metal (in this case nickel) is being oxidised. The opposing reaction is a cathodic reaction, a solution
species (in this case I') is reduced. When these two reactions are in equilibrium, the flow of
electrons from each reaction is balanced and no net electron flow, or external electric current, is
present. Tafel plots represent this process; the x axis is the electric potential and the y axis is the
logarithm of the absolute value of current. The sharp minimum in the curve is the point where the
current reverses polarity as the reaction changes from anodic or cathodic and is caused by using a
logarithmic axis. A logarithmic axis is required due to the wide range of current values that are
commonly recorded during a corrosion experiment. Because of the phenomenon of passivity, the
measured current can change by six orders of magnitude during a corrosion experiment[2].

Before carrying out cyclic voltammetry experiments generating data to construct Tafel plots, a

conversion factor needed to be determined experimentally to accommodate the use of the non-

54



standard platinum reference electrode in the experiment. This conversion factor allows for the
experimental redox potential of the iodide/triiodide redox reaction, determined through cyclic
voltammetry experiments, to be compared to a theoretical redox potential for the same reaction.
The ferrocenium/ferrocene redox couple has often been used as an internal standard for reporting
electrode potentials due to the assumption that the redox potential of this couple remains
approximately constant, regardless of the solvent. The ferrocenium/ferrocene redox couple was

used here[3].

4.2.1 Experimental
To experimentally determine the conversion factor required to compensate for using a non-standard

platinum reference electrode, cyclic voltammetry experiments were run using a system employing
the ferrocenium/ferrocene redox couple as an internal standard. Cyclic voltammetry for this
analysis was carried out using a multi-channel potentiostat controlled using VMP2 EC-lab 9.56
software. For this experiment, an electrolyte similar to the MPN/iodine redox couple electrolyte
used previously[4] was made up. In this electrolyte however, the iodide/triiodide was replaced with
ferrocene. The electrolyte used here was comprised of 1 mM ferrocene (TNJ, China), 0.5 M NMBI
(TCI Chemicals, Japan) and, to enable conductivity, a small amount of tetrabutylammonium
hexafluorophosphate (Sigma Aldrich, Australia) in MPN (Dow, USA). The three electrode cell used in
this experiment consisted of a platinum wire working electrode (0.5 mm thick, Sigma Aldrich,
Australia) a titanium mesh counter electrode (Biomedent, Singapore) and an Ag/Ag+ standard
electrode made from MPN and silver nitrate (Alfa Aesar, USA). Cyclic voltammetry sweeps of the
system were taken at three different scan rates, i.e. 5, 20 and 200 mV s™.

Cyclic voltammetry carried out to construct Tafel plots for this analysis was carried out using the
same potentiostat and software listed above. Two similar cells were tested during this experiment.
Both cells employed a platinum wire used as both the counter and reference electrode and a typical
iodide/triiodide organic solvent based DSSC electrolyte[5]. The electrolyte contained 0.8 M 1-
propyl-3-methylimidazolium iodide, 0.15 M 1212, 0.1 M guanidinium thiocyanate, and 0.5 M NN-
methylbenzimidazole in MPN. The two cells differed in that one cell, Cell A, used a nickel electrode
as the working electrode and the other cell, Cell B, used a PEDOT:PTS coated nickel electrode as the
working electrode. The nickel electrode used in Cell B was coated with PEDOT:PTS using the gravure
printing and vapour phase PEDOT:PTS polymerisation method outlined in Chapter 2. Both working
electrodes consisted of 1.0 cm x 2.0 cm pieces of nickel foil 0.125 mm thick (Sigma Aldrich,
Australia). The platinum wire for the working and reference electrodes was 0.5 mm thick (Sigma
Aldrich, Australia).

The cells were connected to the potentiostat and allowed to equilibrate to determine their open

circuit potential (Voc). This open circuit potential was used to determine the potential range of the
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sweeps to be carried out.

A controlled potential was applied to the cell to mimic the conditions a working DSSC would be
under during operation. The cell was subjected to a sweep between 0.2 V and -0.2 V at a very slow
scan rate of 0.166 mV/s with a three hour rest period between scans. The scans were run until no

further change to the results was observed with respect to both Cell A and Cell B.

4.2.2 Results and Discussion
Figure 4.1 depicts the cyclic voltammograms of the Pt working electrode described in 4.1.2.
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Figure 4.1: Cyclic voltammograms of Pt working electrode described in 4.2.2 using scan rates of five,
20 and 200 mV s™.

To calculate the conversion factor from these experimental results, the average central point of the
three scans of ferrocene in Figure 4.1 was determined. This was found to be 0.041V +/- 0.003 V. As
such, the potential of the platinum working electrode vs the Ag/Ag* electrode was found to be -
0.028 V. From this experimental value, literature values for conversion constants for redox
potentials measured versus the standard hydrogen electrode (SHE) in acetonitrile solutions were
used to determine the expected redox potential of the iodide/triiodide system that was to be
investigated. The assumption was made that the electrochemical behaviour of the system in the
MPN solution used would be similar to the behaviour if an acetonitrile solution was employed. The
conversion constant was calculated as follows:

To convert from the SHE to an Ag/Ag* electrode in an acetonitrile solvent, 0.601 V must be added[6].

To convert from an Ag/Ag* electrode in acetonitrile to the Pt electrode in this experiment, -0.028 V
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must be added (determined experimentally).

Hence, the conversion factor required is 0.629 V.

Before conducting scans to construct Tafel plots, the open circuit potential was determined to
ascertain the potential range of the sweep to be carried out. The V,.of both cells was found to be -
0.065 V.

A very slow scan rate of 0.166 mV/s was used with a three hour rest period between scans. This
slow scan rate was selected to prevent the steady state reaction conditions at the metal surface
from being disturbed([7], i.e. to mimic the true behaviour of the system containing the
nickel/PEDOT:PTS electrode and iodide/triodide based electrolyte inside a DSSC.

Figures 4.2 and 4.3 depict Tafel plots of corrosion experiment results employing a nickel working

electrode and a nickel/PEDOT:PTS working electrode respectively.
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Figure 4.2: Tafel plot of corrosion experiment results employing a nickel working electrode, a
titanium mesh counter electrode, a platinum reference electrode and an iodide/triiodide based

electrolyte[8]. The potentials on this plot are referenced to a platinum reference electrode.
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Figure 4.3: Tafel plot of corrosion experiment results employing a nickel/PEDOT:PTS working
electrode, a titanium mesh counter electrode, a platinum reference electrode and an
iodide/triiodide based electrolyte[8]. These potentials on this plot are referenced to a platinum
electrode.

The calculated reduction potential of the iodide/triiodide redox reaction in this system is -0.093 V vs
platinum. This is the standard reduction potential of the reaction, referenced to a SHE, after
application of the conversion factor. This reduction potential corresponds to the minimum from the
first sweep in Figure 4.2, indicating that the conventional iodide/triiodide redox reaction is taking
place at this early stage of the reaction. Subsequently, during sweeps 2, 3 and 4, there is a shift
towards 0.02 — 0 V. After this point, the remaining sweeps show minimums, again, around -0.09 to -
0.1 V. The converted standard redox potential of nickel in this system is expected to be 0.17 V.
Although this value does not correspond to the peaks resulting from sweeps 2 to 4, i.e. around 0.02
— 0V, the location of the peaks could be resulting from nickel corrosion occurring in tandem with the
iodide/triiodide redox reaction. After sweep 4, the results indicate that the nickel has been
passivated. As such, corrosion of nickel is no longer occurring and the peak is again corresponding to
the iodide/triiodide redox reaction. From Figure 4.2, it appears that the nickel electrode takes the
time of four scans to become passivated; this corresponds to between 14 — 15 hours.

The first peak in Figure 4.3, like Figure 4.2, corresponds to the reduction potential of the
iodide/triiodide redox reaction. After this time, peaks from sweeps 2, 3 and 4 are again closeto 0 V.

However, in Figure 4.3 they are between 0 and 0.01 V. After this time, the location of the peaks
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moved gradually from approximately 0.01 V to -0.15 V. The time required for the electrochemical
behaviour to stabilise in this system was the time required for 22 scans to be run. This corresponds
to a total time of 80 hours and 40 minutes, or three days and eight hours.

4.3 Wet chemistry testing to confirm the presence of nickel in iodine based

electrolytes.

4.3.1 Experimental
Two tests, very similar to each other, were set up to confirm the occurrence of nickel corrosion in an

iodide/triiodide DSSC electrolyte. Two nickel foil samples (0.125 mm thick, Aldrich, Australia) were
placed into separate vials containing a typical iodide/triiodide DSSC electrolyte that incorporated an
MPN solvent (Dow, USA)[8]. One of the nickel foil samples was immersed in the electrolyte in its
original state. PEDOT:PTS was bar coated on the second nickel foil sample using a RK Print Meter
Bar Coater and the vapour phase polymerisation technique first outlined in Chapter 2. This second,
PEDOT:PTS coated nickel foil sample was then immersed in the electrolyte. The vials were then left
undisturbed under ambient conditions for 72 hours. The nickel foil pieces were removed from
solution after 72 hours and the solutions were filtered and tested for both iodine and nickel.

The precipitate from each vial was tested for nickel by first dissolving a small amount in dilute
ammonia solution (0.1 M, Merck, Germany). A few drops of 1% dimethylglyoxime ethanol solution
(LabChem, USA) was added (Sigma Aldrich, Australia) to the solution containing the dissolved
precipitate and the solution was agitated by hand to mix.

The precipitate from each vial was then tested for iodine to determine if the concentration of iodine,
and as a result the concentrations of iodide and triiodide, was impacted by the corrosion activity
associated with the nickel foil being immersed in the electrolyte solution.

To test for iodine, a small amount of the original precipitate was dissolved in solution — this time in
dilute nitric acid (Sigma Aldrich, Australia). Dilute nitric acid was used as the solvent here because
nitric acid will react with, and remove, other ions that may react with silver nitrate to form a
precipitate. This reduces the chances of obtaining confusing results that require deconvolution. An
0.5 M aqueous solution of silver nitrate (Alfa Aesar, USA) was added to the nitric acid/original
precipitate solution and a cream coloured precipitate (silver iodide) was formed, indicating the
presence of iodine in the original precipitate. Since other halide anions, i.e. chloride and bromide,
also form a precipitate with silver cations, the precipitate was confirmed to be silver iodide using
ammonia solution (Merck, Germany). Silver chloride, silver bromide and silver iodide all have
differing solubilities in ammonia solution; silver chloride is soluble in dilute ammonia solution, silver
bromide is insoluble in dilute ammonia solution but soluble in concentrated ammonia solution and
silver iodide is insoluble in ammonia solution of any concentration. The precipitate was mixed with

concentrated ammonia solution and found to be insoluble, thus confirming this silver halide salt to
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be silver iodide.

4.3.2 Results and Discussion
There was a visible colour change to the electrolyte after the electrodes were immersed for 72

hours. Images of the vials are shown in Figure 4.4 and Figure 4.5.

Figure 4.4: Initial electrolyte colour

Figure 4.5 (A) Electrolyte colour after nickel/PEDOT:PTS electrode immersion and (B) electrolyte
colour after nickel electrode immersion.

24 hours after the initial experiment set up, an abundance of precipitate was observed in the vial
containing nickel foil coated with PEDOT:PTS. There was a comparatively small amount of
precipitate in the vial containing the uncoated nickel foil.

72 hours after the initial experiment set up, the vials appeared to contain approximately the same
amount of precipitate. The precipitate from each vial was tested for both nickel and iodine as a

means to confirm corrosion was occurring. If corrosion was definitely occurring within either

system, there would be both nickel and iodine present in the precipitate from each reaction vial. A

fine pink precipitate was formed from both solutions made by dissolving the original precipitate
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when this test was carried out, confirming the presence of nickel in the precipitate. This pink
precipitate is nickel dimethylglyoxime. The reaction proceeded according to the following reaction:
Ni%* + 2C4HgN,0; = (C4H70,N;);Ni + 2H?
The precipitate from each vial was tested for iodine using a well-known precipitation reaction
between Ag'(aq) and I'aq) was employed[9] to test for the presence of iodine in the precipitate. The
presence of iodine was confirmed.
The nickel that was proven to be present in the precipitate originated from the nickel foil samples
that had been immersed in the electrolyte, confirming that nickel corrosion was occurring. It was
anecdotally observed that precipitate was produced at a faster rate in the vial containing nickel foil
that had been coated with PEDOT:PTS than the vial containing uncoated nickel foil. This indicates
that the presence of PEDOT:PTS hastened the reaction of nickel with the iodine species in the

electrolyte solution, i.e. corrosion.

4.4 Swelling of PEDOT:PTS in methoxypropionitrile.
There have been reports of poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)

swelling in organic solvent[10-12]. These reports describe the swelling of PEDOT:PSS in glycerol
(Snaith et al., 2005) and DMSO (Dimitriev et al., 2009) and the swelling of PEDOT:PTS in water. All
three reports described a marked increase in PEDOT:PSS conductivity with swelling. When
PEDOT:PSS was deposited using solution processing from aqueous solution as a colloidal dispersion
with excess polystyrene sulfonate present, this conductivity increase was caused by greater
aggregation of the PEDOT-rich colloidal particles occurring during swelling. Snaith et al. reported a
conductivity increase of three orders of magnitude with the addition of glycerol, i.e. swelling of the
PEDOT:PSS polymer with glycerol. Winther-Jensen et al.[12] used a vapour phase polymerisation
technique to produce PEDOT:PTS, similar to the VPP used in the experiments described in Chapters 2
and 3. Winther-Jensen et al.’s study was focussed on catalytic activity of PEDOT:PTS for hydrogen
generation. In this case, the measured water uptake of the PEDOT coating over 24 hours was 26%

and the measured catalytic activity of PEDOT:PTS increased after swelling with glycerol.

Here, the percentage mass of MPN absorbed by a PEDOT:PTS film, and the absorption rate of MPN,
was determined in order to gauge the magnitude of impact this phenomenon would have on the

system within a DSSC.

4.4.1 Experimental
To quantify the mass of MPN absorbed by a PEDOT:PTS film over time, A QCM200 Quartz Crystal

Microbalance was used in conjunction with the Sauerbrey equation[13]. This was process was
described in more detail in Chapter 2.

PEDOT:PTS was deposited onto a quartz crystal resonator using spin coating and subsequent vapour
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phase polymerisation, as described in Chapter Two. The VPP oxidant was first spin coated onto the
quartz crystal resonator at a speed of 3000 rpm for 60 seconds using a Laurell WS-650-23B spin
coater. The VPP process followed to yield a thin film of PEDOT:PTS. This PEDOT:PTS coated quartz
crystal resonator was placed inside a crystal holder filled with methoxypropionitrile solvent (>98%,
Sigma Aldrich, Australia). The MPN film is referred to a platinum reference electrode. The
resonance frequency of the quartz crystal microbalance was recorded over a period of 35 days.
From this information, the mass change of the deposited PEDOT:PTS film over that time was

calculated using the Sauerbrey equation.

4.4.2 Results and Discussion
The mass change in the film over the testing period of 35 days is shown in the Figure 4.6.

The mass of the film percentage increase first decreases sharply between the testing times of zero
days and one day, from 8.1 to 4.6%. It then increases between the testing time of one day and nine
days to a maximum of 12.1 mass percentage increase. Between nine days and 26 days, the film
mass steadily falls and then remains virtually constant at approximately 9% mass percentage
increase for the remainder of the testing time.

It is possible that a small amount of residual ethanol, from rinsing, was incorporated into the
PEDOT:PTS film at the commencement of this testing. The release of this residual ethanol would
account for the initial decrease in mass over the first day of testing. The decrease in the film mass
between day nine and day 26 may have been due to a portion of the MPN associated with the
PEDOT:PTS film not being truly incorporated into the polymeric framework. If some of the MPN was
simply adsorbed onto the surface of the film, this MPN may have been subsequently liberated,

causing the mass loss observed.
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Figure 4.6: Chart showing time elapsed versus PEDOT:PTS mass increase due to MPN swelling.

It is important to note that, during this experiment, VPP PEDOT:PTS was deposited using spin coating
instead of gravure printing. It was not possible to use the quartz crystal resonator as a substrate for
gravure printing due to the size of the resonator and the gravure printing apparatus available. The
possible implications of using spin coating as the deposition method, rather than gravure printing,
centre around inherent morphology differences in films deposited using the two very different
deposition methods. During spin coating deposition, the deposited film dries while under centrifugal
force due to the rapidly spinning chuck. In contrast, when a material is gravure printed, it does not
experience this centrifugal force and is instead subjected to substrate wettability and internal
surface tension forces. For this reason, film morphology will likely be different in films that are spin

coated to those that have been printed.

4.5 Conclusion
Through the electrochemical tests detailed in sections 4.3 and 4.4, corrosion of the nickel electrode

by the iodine species in the DSSC was confirmed. This was surprising since, in 2004, Ma et al.
reported a successful study on the use of a counter electrode with a nickel metal substrate in
conjunction with an iodide/triiodide based electrolyte[14]. This study included stability tests on
nickel in the iodide/triiodide electrolyte solution; good stability was of nickel sheet in the electrolyte
solution for three months was reported.

For an electrode of this type to be a viable proposition for use in DSSC commercialisation, an

electrolyte employing a redox couple other than the iodide/triodide redox couple must be used.
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This is explored in the next chapter.

The swelling test described in section 4.4 shows that a spin coated PEDOT:PTS film absorbs a
maximum of about 12 % MPN when immersed in the solvent, with equilibrium between the solvent
and the film reached after 26 days. This can be extrapolated to an expectation that a DSSC electrode
employing gravure printed PEDOT:PTS will reach stability with respect to this particular
PEDOT:PTS/electrolyte interaction 26 days post fabrication.
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Chapter 5: EIS of a cell containing the nickel/PEDOT:PTS electrode and
an electrolyte containing the cobaltll/Ill redox couple.

5.1 Introduction
Through experiments described in Chapters 3 and 4, it was determined conclusively that a

nickel based electrode and an electrolyte containing the iodide/triiodide based redox couple
are incompatible for use together in a DSSC. This is because the corrosive iodide/triiodide
redox couple will degrade the nickel in the electrode. A preliminary investigation was
conducted here into the compatibility of a nickel based electrode with an electrolyte using
an alternate redox couple to the iodide/triodide redox couple. This was done to indicate if
the Ni/PEDOT:PTS electrode would be compatible with any type of DSSC electrolyte. An
electrolyte containing the cobalt!"/"! redox couple was used in this investigation. EIS data

was recorded over a seven day period to assess the stability of the system.

5.1.1 Experimental
Cells were fabricated using one standard glass/FTO/Pt electrode and one Ni/PEDOT:PTS

electrode. Platinized FTO coated glass electrodes were made from Solaronix TCO22-7 FTO
coated glass (Switzerland) that had been sputtered with 10 nm of platinum. The platinum
deposition was carried out at a chamber pressure of 107 mbar and ambient temperature.
The PEDOT:PTS coated nickel electrode was fabricated through the PEDOT:PTS deposition
technique outlined in Chapter Two, using gravure printing to deposit an oxidant and

subsequent vapour phase polymerisation of the EDOT monomer.

The two electrodes of the cell were sealed using a 25 micron thick Dupont Surlyn film (USA),
which served as both an adhesive and a spacer between the two electrodes. The cell was
then back filled with electrolyte. The electrolyte was made up using a cobalt
/tris(bypyridyl)-based redox electrolyte previously reported in the literature[1]. The
electrolyte was composed of 0.165 M cobalt" tris(bypyridyl) (Dynamo, Sweden), 0.045 M
cobalt" tris(bypyridyl) (Dyenamo, Sweden), 0.8 M tert-butyl pyridine (Aldrich, USA) and 0.1
M LiCIO4 (Sigma Aldrich, USA) in an acetonitrile solvent. Impedance spectra of this cells was
recorded over a seven day period using a Zahner Zennium electrochemical workstation ECW
IM6 was used as a frequency response analyser. Data was analysed using Zview equivalent

circuit modelling software (Scribner).
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5.1.2 Results and Discussion
The resulting impedance spectra are shown in Figure 5.1.
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Figure 5.1. Nyquist plots of impedance spectra of a cell containing one glass/FTO/Pt
electrode and one Ni/PEDOT-PTS electrode over seven days using a cobalt"/"tris(bypyridyl)-

based redox electrolyte.

In this investigation, it is not possible to conclusively assign each semicircle to a particular
phenomenon occurring within the cell as done previously in Chapter 3. Although the
literature can give some guidance[2], literature references discuss impedance spectroscopy
results from DSSCs; the cell discussed here is not identical to a DSSC as this cell does not
contain a working electrode. So, although literature references can give some clues as to
elucidation of the spectra, this information can be used as a guide only. Furthermore, only
one cell is tested here, unlike the similar study described in Chapter 3 in which there were
three variations on an assymetric cell. When three variations were tested, it was possible to
observe which semicircle varied when a certain cell component was varied and assign that

semicircle accordingly. This “process of elimination” elucidation method was not possible in
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this case as only one asymmetric cell was tested. The full set of cells tested in Chapter
Three were not tested here due to time and equipment constraints. Rather, this single set
of EIS experiments was carried out to determine whether or not, in light of unstable results
presented in the previous two chapters, use and optimisation of the Ni/PEDOT counter

electrode should be pursued.

The Nyquist impedance plots of this cell appear to show two semicircles in the first
spectrum recorded, on day one, and then three semicircles in the spectra recorded
thereafter. However, it seems likely that this small, high frequency semicircle is also present
in the first spectra, but is not apparent as it has been eclipsed by the centre semicircle.
Evidence leading to this conclusion are, first, that the starting points of the spectra are
virtually identical to each other. This indicates that, although not plainly visible on the
spectra, the highest frequency semicircle is likely to be present in the first spectrum, similar
to the subsequent spectra. Also, in the spectra recorded after five days and seven days the
centre semicircle has progressively decreased in magnitude as time has elapsed, thus

revealing the shoulder of a small semicircle at the highest frequency (Z=7.9 ohm).

According to Kern et al.[2, 3], the two semicircles at the higher frequencies, i.e. the first
beginning at approximately Z=7.5 ohm, of which only a shoulder is visible on the spectra,
can be attributed to interactions occurring at the electrodes. The semicircle at the lowest
frequency can, from the literature, be attributed to diffusion within the electrolyte. Again,
this information is in reference to complete DSSCs, so it is not directly applicable to this

study.

Although the semicircles cannot be conclusively assigned to a component of the cell,
information that can be gleaned from Figure 5.1 is that the system is stable in comparison to
the experimental systems investigated in Chapter Three and Chapter Four. There are
several points to note from the stability of this system. First, the starting point of all three
spectra is consistent at around Z=7.5 ohm. This indicates that there is no change in the
sheet resistance of the system over the seven day testing period, conclusively determining
that corrosion is not occurring within the system. Second, the phenomenon of the

PEDOT:PTS layer swelling in the electrolyte solvent seems to be less pronounced in this
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system. This is surmised from the spectra as there is no instability within the system of
comparable magnitude to that seen resulting from PEDOT:PTS swelling with MPN, as seen in
Chapter 3. It appears that uptake of MPN by PEDOT:PTS is greater than uptake of

acetonitrile, which is the solvent used here, by PEDOT:PTS.

5.1.3 Conclusion
The results from this preliminary investigation indicate that the nickel conducting substrate

in the test electrode is compatible for use in a DSSC with an electrolyte containing a
Co2+/Co3+ redox couple in conjunction with an acetonitrile electrolyte, with respect to

corrosion behaviour of the system.
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Chapter 6: Conclusions and Further Work

6.1 Conclusions
Through this study it was concluded that a printed, flexible counter electrode for DSSCs can be

fabricated using nickel foil and PEDOT:PTS. The catalytic PEDOT:PTS layer was successfully deposited
onto both the conductive, flexible nickel sheet and a coating deposited from a commercial
formulation of nickel flakes in acrylic binder coated onto PET film. Gravure printing of an oxidant
formulation and subsequent vapour phase polymerisation of EDOT monomer were successfully used
to deposit the PEDOT:PTS coating on both types of nickel surface. Only preliminary tests were
carried out using the commercial nickel coating on PET as the conductive substrate, while further
testing was carried out using the nickel sheet substrate. Preliminary tests on the PET/nickel coating
indicated that there were inherent surface variability issues associated the formulation used to
deposit the nickel film irrespective of care taken when preparing the coating. This variability served
to introduce a high degree of irreproducibility into the results. For simplification, nickel foil was used

as the substrate after this variability was discovered.

Upon observation of the behaviour of the nickel/PEDOT:PTS electrode in a cell with a DSSC
electrolyte based on the iodide/triiodide redox couple, it was suspected that the nickel in the
electrode was being corroded by the iodine species contained in the electrolyte. This corrosion was
confirmed using the electrochemical methods of cyclic voltammetry and EIS. Marked changes in the
impedance spectra resulting from decomposition of nickel due to corrosion were noted just five
hours after cell fabrication. Tafel plots were constructed from cyclic voltammetry data and further
validated the theory that the nickel was being corroded by the iodide/triiodide redox couple. In
addition, wet chemistry methods further proved that corrosion of nickel occurred upon use of the
experimental nickel/PEDOT:PTS together in a cell with an electrolyte containing the iodide/triiodide
redox couple. In these wet chemistry tests, nickel was found to be dissolved in the electrolyte
solution and iodine was found deposited on the surface of the nickel electrode. It had been
previously reported in the literature that nickel showed good stability for three months in an

iodide/triiodide electrolyte solution with an MPN solvent[1].

After this extensive testing was carried out on cells containing the nickel/PEDOT:PTS electrode
together with the an electrolyte based on the iodide/triiodide redox couple, it was concluded that
these two components are incompatible with each other. It is not possible to successfully use the
Ni/PEDOT:PTS electrode in a DSSC in conjunction with an iodide/triiodide electrolyte. This finding is
contrary to a stability report published in the literature of nickel in an iodide/triiodide based

electrolyte with an MPN solvent[1], similar to that used in this thesis.
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Through the course of this study, it was observed that the electrolyte used to fabricate the cells
degraded over time. This was likely due to coordination of the thiocyanate anion with iodine,
affecting the original chemical concentrations within the electrolyte. The electrolyte did not
perform reliably for a period of longer than two weeks. As such, even if the every other component

of a DSSC cell was stable, use of this electrolyte would introduce intrinsic instability into the system.

Further testing on this system consisted of determining whether or not the PEDOT:PTS catalytic
coating swelled in the MPN electrolyte solution and, if so, quantifying this swelling. It was found
that the PEDOT:PTS coating swelled with MPN to a maximum of a 112% of its original mass after
nine days. The magnitude of swelling of the coating became stable after 30 days at 109% of its
original mass. Although this phenomenon would serve to introduce instability into the cell
immediately after fabrication, the initial equilibration period appears to last 30 days, after which the
system is stable with respect to this aspect. In the event that a cell of this type was commercialised,
this inherent phenomenon could be factored into its production. The equilibration period would
likely occur during the storage and transportation of the product. By the time the cell was in service,

stability with respect to PEDOT:PTS swelling would have been reached.

To determine whether or not the nickel/PEDOT:PTS counter electrode can be used in a DSSC, albeit
not in conjunction with an iodide/triiodide based electrode, testing was conducted using the
electrode with an electrolyte employing a less corrosive redox couple. The cobalt’"" redox couple
was used in the electrolyte with an acetonitrile solvent. It was found that the system was
comparatively stable over a seven day testing period, indicating that the nickel/PEDOT:PTS electrode
can potentially be used with an alternate redox electrolyte in a DSSC. The comparative stability of
the system also indicates that the phenomenon of PEDOT:PTS swelling is less pronounced when the
electrolyte solvent is acetonitrile than when the solvent is MPN. Further optimisation of the cell

components could enhance stability of the system.

Nickel, in various forms, has been used in reported studies as a DSSC counter electrode component
together in a cell with an iodide/triiodide electrolyte[2-4]. However, none of these studies reported
corrosion of nickel. This is likely due to long term durability tests not being carried out and only one
cell measurement being taken soon after cell fabrication, i.e. before a significant amount of

corrosion had occurred.

Further work on this alternate counter electrode would be centred primarily around optimisation of
the nickel/PEDOT:PTS electrode and fine tuning of the electrolyte, with respect to the redox couple
and the solvent, to yield the optimum results in terms of light to energy conversion and long term

stability.
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6.2 Future Work

A comprehensive EIS study, similar to the study described in Chapter 3, should be conducted on the
system containing the nickel/PEDOT:PTS electrode together with an electrolyte based on the
Co(ll/111) redox couple and an acetonitrile solvent. This would allow deconvolution and further
characterisation of the system. In addition, a swelling experiment similar to that described in
Chapter 4, should be conducted to conclusively quantify both the magnitude of swelling with
acetonitrile the PEDOT:PTS coating experiences and the time it takes to reach stability regarding
swelling. An additional aspect that would be useful to consider is whether or not swelling of the
PEDOT:PTS coating with electrolyte solvent affects the adherence of the coating to the conductive
nickel foil and what, if any, implications this has on cell performance and longevity. Furthermore,
whether or not swelling of the PEDOT:PTS polymer has an effect on its catalytic behaviour should be

determined.

To optimise the alternate counter electrode performance, an investigation of the effect that
morphology of PEDOT:PTS has on cell performance could be conducted. There have been multiple
reports indicating that the porosity of the catalytic layer on the DSSC counter electrode is a crucial
factor in determining performance[5-7]. Tailoring pore size and shape of the catalytic layer to suit
the reduction reaction required is also likely to impact counter electrode performance. The specific
reduction reaction occurring at the counter electrode will, of course, depend on the redox couple

used in the electrolyte.

In Chapter Two of this thesis, printing of multiple layers of PEDOT:PTS was carried out with the aim
of increasing PEDOT:PTS layer thickness. In turn, it was hoped that a greater surface area of
PEDOT:PTS would be available for catalytic activity. This multiple layer printing was abandoned as it
was deemed irreproducible. In light of the many reports indicating that increasing the surface area
of this catalytic layer would enhance the counter electrode, it would be useful to find a way that this
concept of printing or coating multiple layers can be successfully carried out. One method to
attempt is to carry out the entire VPP process between each layer being printed, rather than apply

three layers of oxidant to the substrate and carry out one polymerisation process as was done here.

Morphology of the PEDOT:PTS coating will be different depending on the deposition method used.
Some different deposition methods that could be investigated include bar coating, slot die coating
and spin coating (although spin coating is a non-scalable deposition technique, so there is little scope
to use it industrially). If this investigation was to be carried out, the PEDOT:PTS film deposited using
each method should be characterised using scanning electron microscopy imaging, X-ray

photoelectron spectroscopy (XPS) and UV-visible spectrophotometry.

71



The printed, flexible nickel/PEDOT:PTS DSSC counter electrode investigated here has the potential to
contribute to the establishment of faster, lower cost fabrication of DSSCs. The use of this novel
electrode could circumvent the requirement for high monetary cost material and high energy cost
processes. Furthermore fabrication of flexible, lighter weight cells would open DSSCs up to be used
as a portable energy source, making them suited to integration into consumer products such as bags

or small electrical devices.
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