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Summary

Summary

Sunlight is the largest o f  all available carbon-neutral energy sources. 

Therefore, currently solar cell or photovoltaic cell based technologies, which can 

convert solar energy into electricity, are o f  extreme importance. Over 20 years ago, 

Gratzel et al. developed a new type o f  photovoltaic cell which is known as dye- 

sensitized solar cell (DSSC.) DSSCs are relatively easy to produce and they can work 

in very varied weather conditions (e.g. under diffused light, cloudy day, indoor, etc.) 

without a real drop o f  their efficiency, but these cells still have a very limited 

applications due the low efficiency and the presence o f unstable, volatile and expensive 

components. The main aim o f this work was to improve the power conversion 

efficiencies and long tenn stabilities o f DSSCs by using low cost and easily available 

materials. Thus this thesis predominantly focused on preparation, development and 

investigation o f various carbon based nanocomposite and their application in various 

part o f DSSCs.

C h ap te r 1 o f  the thesis gives an introduction into the photovoltaics and provides a 

literature review o f  various types o f photovoltaic cells and technological approaches 

with particular focus given to DSSCs. This chapter also outlines the motivation and 

objective o f this work.

C h ap te r 2 describes the details o f experimental procedures and characterization 

techniques used in this thesis. The characterisation techniques include 

Thermogravimetric Analysis, Raman spectroscopy, Power conversion efficiency 

measurements. Electrochemical impedance spectroscopy. Electrical conductivity 

measurements. Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM).

C h ap te r 3 is dedicated to the development o f  new electrolyte materials for DSCCS. It 

describes the investigation and uses o f graphene, SWCNTs and mixture o f graphene in 

IL such as PMII. It was found that the power conversion efficiencies o f  DSSCs 

increased shaiply (up to 2.10%) when 30 wt % o f graphene was added into PMII. 

Moreover the power conversion efficiency was further improved to 2.50 % with hybrid 

quasi solid state electrolyte which contained SWCNTs (3 wt %) and graphene (12 wt
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%) in PMII. Our results demonstrated the incorporation o f carbon based nanomaterail 

into IL has enhanced the DSSC power conversion efficiency because carbon 

nanomaterials can serve simultaneously both as charge transporter in the ILs and as 

electrocatalysts for the reduction o f f a . Furthermore, in this work we have investigated 

the effect o f the addition o f iodine on three best formulations o f each type quasi solid 

electrolyte/DSSC. We have also performed the stability study o f  three best formulations 

o f each type quasi solid electrolyte the quasi solid state and compared the results with 

DSSCs containing only PMII. The stability study has also shown that these quasi solid 

state based DSSCs demonstrate higher efficiencies than pure PMII based DSSC under 

same condition. TGA studies have demonstrated that these electrolytes have high 

thermal stability up to 300 °C.

Chapter 4 is focused on the investigation o f binary IL based electrolytes which were 

produced by using various combinations o f EMISCN and PMII and utilized in DSSCs. 

M oreover, in this work we have developed the binary IL based quasi solid state 

electrolytes by the incorporation o f graphene or SW CNTs or mixture o f  graphene and 

SWCNTs. Using new electrolytes the power conversion efficiencies were increased 

from L40% (optimized binary IL= EM ISCN/PM Il) to 2.04%, 2.24% and 3.07% with 

addition o f SWCNTs, graphene and hybrid SW CNTs + graphene into binary IL based 

DSSCs respectively. We believe that power conversion efficiencies were increased due 

to fabrication o f more homogeneous carbon based quasi solid state electrolytes in less 

viscous binary IL than pure PMII. Thus in this part o f our work we have successfully 

developed the new efficient binary IL based quasi solid state electrolytes for DSSCs.

Chapter 5 is dedicated to the development o f  new materials for counter electrodes 

(CEs) in DSSCs. This part o f the work includes the investigation o f  Pt free CEs for 

DSSCs. We have successfully replaced the Pt o f CE with hybrid composite o f GNPs 

type 3 plus MWCNTs into PEDOT: PSS matrix. These various carbon based materials 

were dispersed in conducting polymer PEDOT: PSS aqueous dispersion, via non- 

covalent approach that allowed the retention o f their good electrical properties. T h ese  

various kinds o f composites CEs were deposited on FTO coated glass substrates. 

However only hybrid C coated on FTO/glass substrate-CE, which was contained GNPs 

type 3 (22 wt %) and M W CNTs (44 wt %) into PEDOT: PSS film, demonstrated a 

higher power conversion efficiency o f  4.10% compared to standard Pt coated FTO /C E-
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DSSC (3.90%). Furthermore, the hybrid CE were also tested in complete DSSCs with 

various type electrolytes system i.e. organic based electrolytes, ionic liquid electrolyte 

(PMII) and quasi solid state electrolyte. Hybrid-C-FTO/CE- DSSC with quasi solid 

state electrolyte and ionic liquid electrolyte demonstrated power conversion efficiencies 

o f 1.88 % and 0.38 % respectively. The TGA study showed that GNPs and M W CNTs 

samples are highly thermally stable either in powder form or in composite film and the 

hybrid C-CE can be used as effective metal-free CE to replace Pt in high-performance 

DSSC.

Chapter 6 describes the development and investigation o f  the Pt and FTO free CEs 

with various composite films which were prepared with addition o f three different types 

o f GNPs into NM P doped PEDOT: PSS matrix. The highest power conversion 

efficiency o f 3.70 % was achieved with GNPs type 2 plus NMP doped PEDOT: PSS 

composite film/glass-CE compared with the power conversion efficiencies o f  1.35 % 

and 4.72 % for NM P doped PEDOT: PSS film/glass-CE and standard Pt/FTO/glass- 

CE/DSSCs respectively. Furthermore, the power conversion efficiency was further 

increased up to 4.29 % by optimizing the sintering temperature (150 "C) for GNPs type 

2 plus NMP doped PEDOT: PSS composite film-CE.

Chapter 7 describes the effect o f addition o f  GO and sintered GNPs type 2 into Ti02 

films o f the WEs (photoanodes) in DSSCs. It was found that the power conversion 

efficiencies o f DSSCs were decreased with addition o f GO but increased with addition 

o f sintered GNPs type 2 into Ti02 films o f the WE. The highest power conversion 

efficiency o f 4.77 % was achieved with 0.6 wt % o f GNPs into Ti02 film/W E-DSSC 

compared to 3.75 % o f  pure Ti02 filnVWE-DSSC.

Chapter 8 provides the conclusion o f this work, summaries the main achievements 

and outlines the future work. This chapter emphasizes that future work should focus on 

the optimization o f the formulations and preparation processes o f these new materials 

and corresponding DCCSs in order to further improve the photovoltaic performances o f 

the cells. Particularly, it is important to expand the use o f  these materials and 

techniques for the “closed cell” fabrication approach, when the cell is initially 

assembled and sealed and then electrolyte is introduced into the cell under vacuum  via 

a small hole, which then sealed with surlyn. This approach should potentially allow to
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achieve much better efficiencies due to the minimal exposure o f electrolytes to air and 

moisture.

In overall this thesis is expected to make a contribution to the further development o f 

various components o f  DSSCs with potentially low-cost fabrication and enhanced 

power conversion efficiency.
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CE Counter Electrode

DSSC Dye Sensitized Solar Cell

OD Zero Dimensional

ID One Dimensional

2D Two Dimensional

3D Three Dimensional

EIS Electrochemical impedance spectroscopy

EETMs Extended Electron Transfer Material

EMISCN l-ethyl-3-m ethylim idazolium  thiocyanate

Eg Band Gap Energy

FTO Fluorine tin oxide

FF Fill Factor

GNPs Graphene Nanoplatelets
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MWCNTs Multi W alled Carbon Nanotubes

M M olar Concentration

NMP N-methyl-pyrrolidone

MMP M aximum Power Point

nm Nanometer
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OPV Organic Photovoltaics

Pt Platinum

PMII 1 -M ethyl-3-Propylimidazolium Iodide

PV Photovoltaic

Ru Ruthenium

SWCNTs Single walled carbon nanotubes

Si Silicon

SEM Scanning Electron Microscopy

Ti02 Titanium Dioxide

TCO Transparent Conducting Oxides

TGA Thermogravimetric Analysis
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Abstract
Sunlight is the largest o f  all available carbon-neutral energy sources. Therefore, 

currently solar ce ll or photovoltaic cell based technologies, w hich can utilize solar energy, are 

o f  extrem e im portance. Gratzel et al. developed  a new  type o f  photovoltaic cell som e 20  

years ago, w hich is know n as d ye-sensitized  solar cell (D S S C .) D S S C s are relatively  easy to 

produce and they can work in very varied weather conditions (e.g . cloudy day) w ithout a real 

drop o f  their effic ien cy , but these ce lls  still have a very lim ited  applications due the low  

e ffic ien cy  and the presence o f  unstable, volatile  and exp en sive  com ponents. The m ain goal o f  

this thesis is to im prove the pow er conversion  effic ien c ies  and long term stabilities o f  D SSC s  

by using low  cost and easily  available m aterials to replace ex istin g  electrolytes and electrodes  

in D SSC s. In this work w e have developed  new  quasi so lid  state electrolytes by using carbon 

nanom aterials and ion ic liquids (ILs). In this case graphene. Carbon nanotubes (C N T s) and 

com bination o f  graphene and C N T s w ere incorporated into IL or binary IL to m ake gel or 

quasi solid  state electrolyte for D SSC .

There is another problem  is the cost o f  Platinum/Transparent C onducting O xides (Pt/TC O ) 

based Counter Electrode (C E) o f  the D SSC  w hich accounts for approxim ately 2 5 -3 5 %  o f  the 

overall price o f  D SSC s. To address this issue new  electrode materials w ere prepared by the 

incoiporation o f  C N T s or G N Ps into conducting polym er (e .g . PEDOT: PSS) to develop  

potentially in exp en sive, stable and effic ien t Pt and Pt/TCO free CEs for D SSC s. F inally in 

our work various w eight % o f  carbon nanom aterials w ere also incorporated into the T i0 2  

film s o f  the W Es o f  the D SSC . These various carbon based quasi so lid  state e lectro lytes, 

various carbon based com posites o f  Pt or Pt/FTO free C Es and carbon based m od ified  W E  

have been studied using various instrumental technique including electrical m easurem ents, 

photoelectrical m easurem ents, thermal characterization and electron m icroscopy. In overall 

this research has m ade a contribution to the developm ent o f  various com ponents o f  D SSC s  

with potentially low -cost fabrication and enhanced pow er conversion  effic ien cy .
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 General Introduction

Energy is one o f the basic needs o f today life. Energy powers our machineries, 

vehicles, aeroplanes and many household appliances. Generally energy is defined as, 

the ability to bring about change or to do work. Energy exists in many forms, such as 

heat, light, chemical energy and electrical energy etc. Energy resources m ainly divided 

into two categories i.e. non-renewal energy resources and renewal energy resources. 

Fossil fuels such as coal, petroleum, and natural gas are examples o f  non-renewable 

energy resources. Currently, fossil fuels provide the most o f  the energy consumed 

worldwide at approximately 70 to 80% o f all energy sources [1] as shown in figure 1.1. 

There is a rapid growth o f  the prices for fossil fuels and a great danger o f  the 

greenhouse effect due to the increased carbon dioxide emission from the burning o f 

these fossil fuels. Fossil fuels will also be depleted one day and furthermore the energy 

needs o f the planet will at least double within the next 50 years [2]. Therefore, there is 

an urgent demand for alternative energy resources. Renewable green energy such as 

hydro, wind and solar has been explored over the last several decades. Among all these 

renewable green energy sources, solar energy has emerged as a most practical long 

lasting alternative to conventional fossil fuels based energy sources. To utilise solar 

energy for variety o f applications one would need to convert it into electricity. This can 

be done using photovoltaic cells which can convert sunlight into electricity. 

Photovoltaic cells also have another competitive advantage; they can be independent o f 

the grid and therefore are useful in remote areas or for mobile applications. In addition 

the solar panels operate without noise and any toxic effects. At present mostly silicon 

based solar cells are commercially available and produce less than 0.1% o f the world 

energy [3]. However, silicon solar cells are still too expensive for household/large scale 

production due to the costly fabrication process e.g. requires high temperatures and 

high vacuum conditions [4]. Therefore, the developments o f inexpensive solar cells, 

which can convert maximum solar energy to electricity, are o f extreme importance. In 

this chapter we provide an overview o f current state o f the art in photovoltaic cell area 

and formulate aims and objectives o f our work.
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Figure 1.1: W orld energy consuption by type [5],

1.2 Solar Irradiance
The am ount o f  so lar pow er available per unit area is known as irradiance [6]. 

R adiation  from  the sun, w hich is m ore popularly know n as sunlight or so lar energy, is a 

m ixture o f  electrom agnetic w aves w hich include Infrared (IR), u ltraviolet rays (UV) 

visib le light and X-rays. H ow ever, not all radiation o f  sun reaches the earth 's surface. 

T he atm osphere attenuates m any parts o f  the spectrum  e.g., X -rays are alm ost totally 

absorbed  before reaching the earth 's surface [7]. A good percentage o f  ultraviolet 

radiation is also filtered out by the atm osphere [7]. The atm osphere is a pow erful 

absorber and can cut the sun's energy reaching the earth 's atm osphere by around 50%

[7]. V isib le light (4 0 0 -7 0 0  nm ) and infrared radiation (700-2500  nm ) constitu te the 

m ajor fraction o f  solar rad iation  reaching the earth's atm osphere, approxim ately  43 % 

o f  the radiation energy is visib le light, 52% o f  infrared radiation and about 5% o f  the 

U ltraviolet radiation ((3 0 0 -4 0 0  nm ) energy reaching the earth 's atm osphere (fig. 1.2.B)

[8]. W hen the rays reach the earth, som e bounce o ff  clouds back into space (F ig .l.2 .A ). 

The earth absorbs m ost o f  the radiant energy; this so lar energy becom es therm al 

energy, w hich warm s the earth. Fortunately, the sun pow er reaching the top o f  the 

earth 's a tm osphere is about 1400 W atts/m  or the supply o f  energy from  the sun to the 

earth is gigantic, i.e., 3 x 10^“* J y e a r ' or about lO'* tim es m ore than w hat m ankind
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consumes currently [2, 9], In other words, covering 0.1% o f the earth’s surface with 

solar cells with an efficiency o f 10% would satisfy our present needs [9].

A B

I I
E xtraterrestrial 

R adiation
R eflected  Baci( 
into S p ace

-D iffuse ' 
'S c a tte rin gu
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by S u rface  '  Radiation  ̂ D iffuse

R adiation
Total 
Radiation
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iO 1000 1250 1M0 1 7 »  2000 » »  »0 0
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F igure  1.2: A) Sun radiation reaches by the surface of the earth and absorb [7], and B) 

Solar energy distribution at the surface o f  the earth [8].

1.3 History and Application of Photovoltaic Devices

Photovoltaic (PV) systems convert light directly into electricity. The term 

photo comes from the Greek phos, which means “light.” The term volt is a m easure o f 

electricity named for Alessandro Volta (1745-1827), a pioneer in the development o f 

electricity. Photovoltaic literally mean light-electricity. French physicist Edmond 

Becquerel first described the photovoltaic effect in 1839 [10], and was the subject o f 

scientific inquiry through the early twentieth century. However, a major step forward in 

solar-cell technology came more than 100 years later in the 1940s and early 1950s 

when a m ethod (called the Czochralski method) was developed for producing highly 

pure crystalline silicon which can be used to produce silicon based solar cells [7, 11]. In 

1954, work at Bell Telephone Laboratories resulted in a silicon photovoltaic cell with a 

4% efficiency [7], On March 17, 1958 the w orld’s first solar-powered satellite was
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launched. Vanguard I, It carried two separate radio transmitters to transmit scientific 

and engineering data. The battery powered transmitter operated for only 20 days, but 

the solar cell powered transmitter operated until 1964 [12]. Vanguard I proved the merit 

o f  space solar cell power. Technology development o f  the solar cell has been a part o f 

the space program ever since. At present PV cells are already an important part o f our 

lives. The simplest PV systems power many o f the small electrical devices e.g. mobile 

phone chargers, calculators and wrist watches etc. Larger PV systems provide 

electricity for pumping water, powering communications equipment, and even lighting 

homes and running appliances. Various vehicles (car and bus) are also run on solar 

power devices on trail basis. Even solar power boats are commercially available. PV 

devices also installed in building structures such as windows, skylights, roofs and walls 

to provide electric power for the building and save electric energy as shown in fig. 1.3. 

Grid connected PV systems also entered the market with significant contribution [13]. 

At the end o f 2009, the w orld’s cumulative installed PV capacity was approaching 24 

GW. One year later it was 40.7 GW  and at the end o f 2011 it was 71.1 GW. In 2012, 

more than 100 GW o f  PV were installed globally [13]. Although at present PV 

technology is still expensive but it is expected that development o f  cheap and efficient 

solar cells would further push the growth of PV market.

B

® Solar panel converts 
sunligk to DC current

Extra oidctndty
crodhdd on grid

Tak9 eloctncfty 
yourhome requres

2} mvert9T converts 
electricity DC to AC

Figure 1.3: Shows photovoltaic application. A) solar panel installed in building and 

[14] B) solar panel installed on the roo f o f house [15].
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1.4 Classification of Solar Cells

Solar cells are usually classified using three main categories i.e. 1) first generation 2) 

second generation and 3) third generation solar cell.

1.4.1 The First Generation Solar Cells

First generation solar cells are the most commercially available solar cells, 

currently making up about 90% of the photovoltaic market [16, 17], First-generation 

technology consisted o f a single-junction solar cell based on silicon wafers including 

single crystal (c-Si) (fig. 1.4.A) or Poly-crystalline (p-Si) (fig. 1.4.B) semiconductors. 

First generation solar cells have high efficiencies e.g. single crystal silicon solar cells 

show power conversion efficiency up to 25% and poly-crystalline silicon shows power 

conversion efficiency up to 20% [18]. Although the first generation solar cells have 

quite high efficiencies, but its production cost is very high, e.g. it requires highly pure 

silicon wafers with thicknesses o f 200-250 |im which are accountable for a half o f the 

cost of first-generation PV devices [18, 19]. Therefore, the electricity production cost of 

first generation solar cells technology is very high compared to the fossil fuels e.g. solar 

buzz, an international solar energy research and consulting reported that the residential 

price per kilowatt-hour o f solar electricity in August 2010 was approximately 35 cents 

while electricity cost from coal power plants between 2 and 4 cents per kilowatt-hour 

[20].

A B

Figure 1.4: Shows A) single crystalline silicon solar cell [21] and B) Polycrystalline 

silicon solar cell [22].
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The Si solar cells are designed from two types o f doped semiconductor material, called 

"n-type" and "p-type" material as shown in Fig. 1.5 A. The place between these two 

doped semiconductor layers is called p-n junction as shown in Fig. 1.5. B. When Si is 

doped with phosphorous, (have one extra valence electron than Si) is used to give a 

negative charge to the layer is called "n-type" material. On the other hand, when Si 

doped with boron, (have one less valence electron than Si) is called "p-type" material. 

The light is absorbed by n-type side o f  Si cell and negative charges tlow out o f the 

electrode on the n-type side, through a load and perform useful work. The electrons 

then flow into the p-type side through external circuit, where they recombine with holes 

near the electrode [7].

A

• f t
•  Si M  Si M  Si •

t I t
•  Si M  Si M  Si •

t t t
•  Si M  Si « •  Si •

f  •  §
P u r r  silicon

§ • • 
f  Si • •  Si i t  Si •

•  Si M  Si M  Si f  

t i t
p-t)pf

• § •
•  Si t t  Si t t  Si •

* *
t  SI P M  Si •

I I I
•  Si t t  Si i t  Si •

t  •  •

n-t)pe

B

light source

eledron flow

electron
' p-n junction

p-typehole

Figure 1.5: A) P type and n type Si and B) general structural diagram Si (p-n junction) 

solar cell.
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1.4.2 Second Generation Solar Cells

Second-generation solar cells also known as thin film technology. The aim o f 

second generation solar technology was to develop inexpensive material and method to 

produce a low cost and efficient solar cell [19]. The second generation solar cells 

include amorphous-Si (a-Si), cadmium telluride (CdTe) and copper indium gallium 

selenide (CIGS) based devices. New manufacturing techniques such as vapour 

deposition and electroplating are advantageous as they reduce the need for processing 

solar cells at high temperatures. This technology uses only 1-10 jim o f active material 

and absorbs the solar spectrum much more efficiently [19]. The second generation solar 

cells show conversion efficiencies typically in a range o f  18-20%  [17], Although such 

conversion efficiencies have been able to meet the requirements for most uses in low 

power electrical appliances, the costs o f the materials and their manufacturing are still 

somewhat too high and therefore limit practical application o f these cells [17], 

Therefore, this technology needs more research work and development to produce 

efficient, more stable and inexpensive devices/ technology.

A B

Figure 1.6: Shows A) Amorphous silicon solar cell module [23] and B) Copper indium 

gallium selenide solar cell module [24],

1.4 .3 Third Generation Solar Cells

The high cost o f  the first and second generation solar cells has motivated the 

development o f third generation solar cells, based on new materials, structures and 

concepts [17]. Third generation solar cells was emerging as a novel PV-technology. 

Most o f  these cells are still in the research and development phase. All those solar cells

7



Chapter 1 Introduction

which are not directly related to a single p -n  junction are referred to as third-generation 

solar cell [25], There are several technologies in this generation include organic 

photovoltaics (OPVs) and dye-sensitized cells (DSSCs) etc. Organic photovoltaics use 

polymers for light absorption and dye-sensitized cells rely upon organic dyes or Ru 

bases dye. Both OPVs and DSSCs have relatively modest efficiencies; the highest 

recorded efficiencies are 8.3 % [26] and over 11 % [27] for OPV and DSSC 

respectively. However, the lack o f  chemical stability o f the polymer materials under 

long term sunlight is still a problem for OPV [17]. However the lifetime o f DSSCs has 

been demonstrated longer than 20 years in operating condition [28].

1.5 Dye Sensitized Solar Cell (DSSC)
1.5.1 Introduction to DSSC

The Dye sensitized solar cell (DSSC) is a type o f third generation solar cell 

which represents one o f the cheap potential options. For the first time a DSSC was 

developed by Gratzel et al. in 1991 [29], Since then DSSCs have been widely 

investigated because o f their potentially lower costs and simple m anufacturing process 

compared to silicon (Si) solar cells [30]. DSSCs has some other advantages over Si 

solar cells due to their unique electrochemistry and physics e.g. the change in the light 

incident angle has a very small effect on the power conversion efficiency o f DSSCs and 

the drop o f the power conversion efficiency between 20 ”C and 50 °C is negligible [31, 

32], So far, the highest reported power conversion efficiency for FTO/glass based 

DSSC ( 0.25 cm^) is 11.3% [2]. Although the power conversion efficiencies o f DSSCs 

are lower than that o f  classical crystalline silicon cells, but the theoretical power 

conversion efficiency o f the DSSC is expected to be over 20 %. Therefore, there is also 

a high potential for improvement in efficiency o f DSSCs [33]. Beside the above 

advantages, DSSC can also fabricate on TCO coated flexible plastic e.g. polyethylene 

terephthalate sheet coated with tin-doped indium oxide (PET-ITO) [34]. Plastic based 

DSSCs has advantages over FTO/glass based DSSCs, such as low m anufacturing cost, 

light weight, flexibility, transparency. Fig. 1.7 shows A) Flexible DSSC B) glass based 

DSSC. These features attracted an interest o f many research groups in recent years. 

The DSSC is also considered to be the most attractive alternative to silicon solar cells.
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Figure 1.7: A) Flexible DSSC [35] and B) Glass based  D SSC [36],

1.5.2 General Structure of DSSCs

D SSCs (F igure 1.8) generally  consist o f  three m ain parts i.e. 1) w orking 

electrode (W E): is a transparent conductive oxide (T C O ) coated glass w ith a 

photovoltaic layer such as m esoporous oxide (e.g. T i0 2 ) stained usually w ith an 

organom etallic dye, 2) C ounter electrode (CE) is again a TCO  glass coated w ith 

p latinum  (P t). T he tw o electrode o f DSSC are sealed by therm oplastic resin  film . 3) 

The gap betw een these tw o electrodes is filled with an electro ly te w hich contains an 

organic solvent (e.g. acetonitrile) w ith iodide/tri-iodide redox couple [29].

Electrohie

Figure 1.8: General structure o f  an assem bled DSSC.
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1.5.3 Main Part ofDSSC:

In this section will discuss each component and each part o f DSSC in more details to 

understand the ways to improve the power conversion efficiency and stability o f 

DSSCs.

1.5.3.1 Working Electrode (WE)

The WE also knew as a photoanode. WE mainly consist o f the following three 

components.

A) Transparent conductive oxide (TCO)/glass or PET

B) M esoporous oxide semiconductor materials

C) Photosensitizers (Dye)

A) Transparent Conducting Oxides (TCOs):

TCOs are both optically transparent and electrically conductive and mainly 

used in displays and in optoelectronics [37]. The indium tin oxide (ITO) [38], indium 

zinc oxide (IZO) [39], fluorine tin oxide (FTO) and antimony tin oxide (ATO) [40] are 

widely used as transparent conducting substrates. Traditionally, FTO deposited glass 

used as conducting substrate for W E as well as for CE in a DSSC. To obtain high 

DSSCs performance, the TCOs must have high conductivity, high transmittance, and 

high heat stability [41]. Among existing TCO materials, ITO has the highest 

transmittance in the visible range and the electrical conductivity [42] but the electrical 

conductivity o f  ITO substrate significantly decreases when it is sintered at high 

temperature over 400 °C [42, 43], which is required to remove organic components and 

to interconnect the Ti02 particles o f WE o f the DSSC [44], Therefore, ITO is not 

suitable for DSSCs application because its conductivity decreases at high temperature 

process, leading to significant reduction o f  power conversion efficiency o f  DSSCs [42], 

Beside the above issues the ITO has some other disadvantages such as it is high price o f 

indium metal. Also beside o f the high cost, indium resources are depleting at very fast 

rate. Therefore researchers are intensively searching for an alternative material [45]. 

Particularly attractive would be to replace TCOs with inexpensive carbon based 

material such as graphene due to its high conductivity, high chemical, and thermal 

stability [46, 47].
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B) Mesoporous Oxide Semiconductor Materials

T i02  is m ost w idely used m esoporous oxide m aterial in W E o f  DSSC. T i02 is 

a w ide band  gap sem iconductor with a gap o f  around 3.2 eV. A lthough other w ide­

band gap sem iconductor oxides such as ZnO, Sn02 and N b20s have also been 

em ployed bu t T i0 2  has been m aterial o f  choice [2] w ith advantageous properties such 

as it is cheap, abundant and low toxic. T he success o f  the T i02 m aterial has also been 

attributed to the fast electron injection from  the sensitizer to the T i02 (~  50 fs) and a 

m uch slow er reversal process [48]. T here are three com m on crystal structures o f  Ti02: 

anatase, ru tile and brookite but anatase structure is considered the m ost suitable for 

DSSCs applications as it provides a better device perform ance because o f  its broader 

band gap [49]. T i02 deposition  m ost com m only  involves preparation o f  a paste and its 

application by doctor-blade or screen prin ting  [50, 51]. A lternatively , the T i02  m ay be 

dispersed in a liquid m edium  and deposited  by spin or linear coating  [50]. A fter 

deposition, T i02 film  o f  W E (photoanode) is norm ally sintered at 450 °C to 500 "C, to 

allow  the rem oval o f  organic com pounds and to provide a necessary adhesion to the 

substrate. Furtherm ore this processing results in a netw ork o f  in terconnected  particles 

through w hich electrons can percolate. The thickness o f  the T i02  layer on TC O  glass is 

m ostly  in the range o f  10-14 |am. For high efficiency o f  D SSC it is necessary to 

produce the T i02  “double-layer” i.e. first layer consisting o f  nanocrystalline-T i02 

particle o f  around 20 nm  and second layer consisting  o f  nanocrystalline-T i02  around 

100 to 400 nm , w hich form  the transparent and the light-scattering layers o f  the W E 

respectively. DSSC perform ance is im proved by inclusion o f  a light scattering layer o f  

larger T i0 2  partic les w hich back scatter any light not absorbed by the active layer back 

through the cell resulting  in an increased light capture [52]. For exam ple, a W E 

com posed o f  entirely 23 nm  sized T i02  partic les is reported to show perform ance o f  

7.62 %. T his was increased to 8.95 % by additional use o f  scattering layer o f  particle 

size 100 nm  deposited  on top o f  the 23 nm  particle transparent layer [53]. H ow ever, to 

further im prove pow er conversion efficiency, reducing charge recom bination at these 

interfaces is critical. The m ost com m on and effective m ethods to reduce the back 

electron transfer involve treatm ent o f  the W E  substrate with a TiCU solution before 

T i0 2  paste printing (under layer) and again fo llow ing T i0 2  paste printing (over layer) in 

order to deposit a thin com pact layer o f  T i02  particles on the surfaces. The deposition 

o f  a com pact layer o f  T i02  by TiCU treatm ent is found to increase pow er-conversion
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efficiency compared to an untreated cell by ~24 %. Furthermore, interfacial adhesion 

between FTO and the nanoporous screen printed TiOi layer is also improved which 

increases both values the FF and Jsc [54].

Although high sintering temperature, Ti02 based WE give high performance 

DSSCs but it is expensive process and only suitable for TCO coated glass substrate. 

Therefore, several process and methods have been explored in the preparation o f low 

temperature WE (ITO/PET) for DSSCs. These methods include mechanical 

compression, hydrothermal necking and microwave sintering etc. Although the 

compression method in combination with ultraviolet U V -O 3 treatment has reported an 

efficiency o f 7.6% but integration o f such a process in large scale DSSC device 

fabrication remains challenging [55],

C) Photosensitizers (dyes)

Ti02 is a wide band gap semiconductor (around 3.2) that can absorb only UV 

light (<400 nm) [56]. This is not significant as the domain o f the UV light represents 

only a small part o f the sun emission spectrum. A strategy to overcome this problem is 

to use a photosensitizer (dye) that can absorb light in visible and IR range. 

Photosensitizer o f proper molecular structure is used to adsorb onto the T i02 surface 

which function is converting the maximum incident light into photocurrent. Therefore, 

photosensitizer is an essential component o f the DSSC. The photosensitizers (dyes) are 

also one o f the most expensive components o f the DSSCs but since its amount in the 

solution is very small, typically o f  the order lO''  ̂ M, therefore effect on the overall 

manufacturing costs o f the cell remains reasonably low. First o f  all the ideal sensitizer 

for DSSC should be able to absorb radiation across a broad spectrum. The second is 

that sensitizer molecules or particles must be small enough to enter the pores in the 

nanoporous semiconductor lattice. The third is that once inside the lattice, must be able 

to firmly bind to the Ti02 surface [57]. Furthermore ,it should be stable enough to
o

sustain at least 10 redox turnovers under illumination corresponding to about 20 years 

o f exposure to natural light [58]. So far, various metal complexes/ organometallic and 

organic dyes as well as quantum dots have been utilized as sensitizers in DSSC but 

most o f these requirements are met by some organometallic dyes such ruthenium 

complexes [59]. Figure 1.9 shows the chemical structure o f  three types o f Ru- 

complexes dyes i.e. Commonly known as N3, black dye and N719, currently applied 

sensitizers in DSSCs because o f broad adsorption spectra and rapid charge injection
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rates. T hey are readily available com m ercially  and show  exce llen t e ffic ien cy  lev e ls  up 

to 11% [60], M ost o f  these R u-com plexes dyes contains carboxylic group that has the 

ability to bind to T i02  surface by chem isorptions [61], R esearchers are trying to 

enhance the pow er conversion  effic ien c ies  o f  Ru dye-based  D S S C s by m odify  the 

structure o f  Ru com p lexes to ach ieve w ider absorption covering  the w h ole  v isib le  

region, including the near IR region, and/or ach ieve a higher m olar extinction  

coeffic ien t and stability [62],

COOH COOTBA

COOH COOHHOOC HOOC

Ru Ru

COOTBACOOH

COOH
N 3dye N719 dye

•COOTBATBAOOC

RuBlack dye

TBA = tetrabutytammorium cation

F igu re 1.9: The chem ical structures o f  the ruthenium -based d yes N 3 , N 7 1 9  and ‘black  

dye [59],

1.5.3.2 Counter Electrode

The counter electrodes (C E s) or cathode is an important com ponent o f  D S S C s, 

w hich traditionally con sists o f  platinum  (Pt) layer deposited  on TCO substrate. The 

fabrication o f  CE can be ach ieved  by dropping a solution  o f  a platinum  precursor 

(H 2 PtClf,) on the TCO coated g lass substrate w ith subsequent heat treatment to 4 0 0  °C  

for 15 m inutes [63]. The role o f  the counter electrode is to transfer electrons arriving  

from the external circuit back to the redox electrolyte and provide the reduction o f  the 

I'3  to r  in redox electro lytes, w here the Pt serves as an electrocatalyst [64] T hough, 

Pt/FTO w ere the best counter electrode m aterials used in D S S C s so  far because o f  its 

excellen t electrocatalytic activity and good  conductivity  but both these m aterials (Pt 

and TC O s) are very exp en sive. Therefore Pt/FTO based CE accounts for approxim ately
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25-35%  o f the overall price o f DSSCs. Another disadvantage o f  Pt is that it slowly 

degrades in IVIa’ medium [65]. Therefore it is extremely important to find new cost 

effective materials and approaches to replace the Pt and TCOs o f  CEs. The main 

requirements for a material to be used as an electrocatalyst in a DSSC are a low charge- 

transfer resistance and high exchange current densities for the reduction o f  the oxidized 

form o f the charge mediator. Furthermore, such materials must possess chemical and 

electrochemical stability in the electrolyte system used in the cell. Various other 

materials rather than Pt , have also been used as electrocatalysts in DSSCs including 

CNTs,[66] graphite,[67] graphene, [66, 68] GNPs + graphene oxide, [69] carbon 

black,[70] conducting polymer PEDOT; PSS [71] and PEDOT:PSS+ graphene. Carbon 

nanotubes, graphene (or graphene nanoplates) are particularly attractive as they can be 

produced at relatively large scale, have good electric conductivity and high surface 

area.[72], as well as excellent mechanical strength and chemical resistance [73, 74]. 

Conducting polymers such as microporous polyaniline have also been employed as the 

components for counter electrode [75] and a power conversion efficiency o f 7.1% has 

been achieved. In ideal case scenario a CE should be prepared with material which can 

act both as eletrocatalyst and conducting material, to replace the Pt and TCO o f CE 

[76]. In such an effort Lee et al. first time reported [76] TCO and Pt free CE for DSSC. 

They used conductive poly (3,4-alkylenedioxythiophene (PEDOT) films on a glass 

substrates as a counter electrode. They obtained in a power conversion efficiency o f  

5.08% compare to efficiency o f  5.88% with a Pt/FTO counter electrode bases DSSCs.

1.5.3.3 Electrolytes

The roles o f  the electrolytes are to provide electrons to regenerate the oxidized 

dyes to ground state.There are mainly four types o f  electrolytes employed in DSSCs so 

far as follow.

A) Organic solvent based electrolytes 

B) Solid state materials/electrolytes

C) Room temperature Ionic liquids (RTILs)

D) Quasi solid state electrolytes
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A) Organic Solvent based Electrolytes

O rganic solvent based electrolytes m ostly  consist o f  an organic solvent 

contain ing iodide/tri-iodide redox couple and additives. The reported results show s that 

each com ponent o f  these electrolyte plays a d ifferent role in the photovoltaic 

perform ance o f  D SSCs [77], The organic solvent is a basic com ponent in liquid 

electrolytes, it provides an environm ent/m edium  for iodide/tri-iodide ions dissolution 

and diffusion [77], The ideal solvent should have low cost for com m ercial purpose, low 

viscosity, low volatility , should not desorb the dyes and should be non-toxic. V arious 

kinds o f  organic solvent are used for the preparation o f  these kind o f  electro lyte such as 

acetonitrile (A CN), ethylene carbonate (EC), 3-m ethoxypropionitrile (M ePN ), 

p ropylene carbonate (PC), y b u ty ro lac to n e  (G B L), and N -m ethyl pyrrolidone (NM P) 

[78-83], A C N  has been show n to be the m ost successful and efficient organic solvent 

so far regarding the overall conversion efficiency, m ainly due to its low viscosity  (0.34 

cp, 25 °C [84], and capability  to d issolve organic com ponents and additives in the 

electrolytes. lodide/tri-iodide is the m ost efficient redox couple for regeneration o f  the 

oxidized dye so far em ployed but this redox couple is not suitable in som e cases due to 

its severe corrosion for m any sealing m aterials o f  D SSCs and the resulted  D SSC  is not 

stable for longer tim e [85], Therefore, various type o f  redox couples such as Br7Br2, 

SCN7SCN2, SeCN7SeCN2 bipyridine cobalt (III/II) com plexes have been investigated 

but these redox couples show ed low er pow er conversion efficiencies than the 

iodide/triiodide redox couple, ow ing to their energy unm atchable w ith sensitized dyes 

or their intrinsic low diffusion coefficients in electrolyte [33, 86, 87]. T here are also 

various kind o f  additives w hich w ere added to electrolytes such as 4-tert-butylpyrid ine, 

guanidinium  thiocyanate, and guanidinobutyric acid [88] etc. These additives can also 

adsorb on the T i0 2  surface sites w hich are not occupied by the m olecules dye to prevent 

recom bination, i.e. electron leakage from  the T i02 back to the electrolyte. Thus the 

addition o f  a small am ount o f  these additives in electrolytes can enhance the 

photovoltaic perform ance o f  DSSCs. In sum m ary o f  above discussion we can conclude 

that organic solvent based electrolyte containing iodide/tri-iodide redox couple show s 

high pow er conversion efficiency up to 11 %. H ow ever, organic solvent based 

electrolytes face som e problem s such as leakage and volatility  o f  the so lvent w hich 

affect the long term  perfom iance o f  DSSCs.
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B) Room Temperature Ionic liquids (RTILs or ILs):

The room-temperature ionic liquid (RTILs) are also called Ionic liquid (ILs). 

Ionic liquids (ILs) are molten salts made up o f an anion and an organic cation and were 

discovered in 1914 by Paul W alden [89], ILs can be both the source o f  iodide and the 

solvent itself due to its fluidic nature and can be used as electrolytes in dye sensitized 

solar cell [90, 91], For the first time IL was tested in DSSC as electrolyte by Grarzel et 

al. in 1996 because o f  its good chemical and thermal stability, negligible vapor 

pressure, non flammability, and high ionic conductivity [92, 93], Recently, growing 

attention has been paid to ILs especially those with 1,3-dialkylimidazolium cations due 

to their favorable properties [94], among the 1,3-dialkylimidazolium iodide 

compounds, l-m ethyl-3-propylimidazolium  iodide commonly known as PMIl ( Fig. 

1.10) has the lowest viscosity, and its liquid domain extends down to -55 °C [95]. 

However, pure ILs usually has higher viscosity than that o f organic solvent, which 

limits the iodide/triioide diffusion /transport speed and the reduction o f  oxidized dye, so 

the photovoltaic performance o f  these DSSCs is lower than organic solvents based 

electrolyte [96]. The viscosity o f highly viscous ILs can be lowered by mixing with 

low viscosity ILs. However, IL are still in the form o f liquid, so facing same sort o f 

problems o f sealing and leaking like organic solvent based electrolytes in DSSCs. Thus 

the resulted DSSC is not stable for long time. Furthermore the overall power 

conversion efficiencies o f ILs based electrolytes is lower than organic solvent based 

electrolytes/DSSCs. Therefore, researchers are investigating solid-state or quasi-solid- 

state electrolytes to replace liquid electrolytes o f DSSC, to develop stable and efficient

Figure 1.10: The chemical structure o f  1 M ethyl-3-propylimidazolium iodide (PMII)

DSSCs.

CH3

[97].
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C) Solid State Electrolytes

T here are m ainly two kinds o f  solid state electrolytes used in D SSCs so far 1) 

Hole transport m aterials (H T M s) and 2) Solid state electrolyte containing iod ide/tri­

iodide redox couple.

C.l Hole Transport Materials (HTMs)

T hese H TM s work as a m ediator (electrolyte) in DSSC w ithout the addition 

iodide/tri-iodide redox couple [77], The original state o f  the dye is subsequently  

restored by electron donation  from  the hole conductor in DSSCs. The hole conductor is 

regenerated  in turn at the counter electrode, and the circuit is com pleted via electron 

m igration through the external load [98]. Inorganic hole transport m aterials such as Cul 

was used as HTM  in DSSC and obtained pow er conversion efficiency o f  2.4 %. Beside 

the low er pow er conversion efficiency, the inorganic H TM s stability is quite poor, even 

worse than the traditional organic based DSSCs. O rganic m aterial such as Spiro- 

O M eT A D  used as HTM  in DSSC and achieved pow er conversion efficiency o f  3.2 %. 

O rganic or inorganic HTM  as a m ediator for D SSCs cannot satisfy the practical 

application either due to their low pow er conversion efficiencies or stability  issues.

C.l Solid State Electrolyte containing lodide/Tri-iodide redox couple

In this case a redox couple dispersed in solid state m aterial and used as solid 

state electro lytes in DSSC for exam ple Stergiopoulos et el d ispersed IVI’a redox couple 

into b inary  polyethylene oxide (PEO ) /T i02  nanoparticles m ixture [99]. The addition o f  

the titan ia  filler into PEO m atrix reduces the crystallinity  o f  the polym er and enhances 

the m obility  o f  the IVI's redox couple and increasing the pow er conversion efficiency up 

to 4.2% . The IVI's based solid state electrolyte show ed higher photovoltaic 

perform ance than that using H TM s is due to the fact that the V l \ ' i  can efficiently  

convert oxidized sensitizers to ground state [77]. This kind o f  solid state electrolyte 

show higher photovoltaic perform ance than H TM s is due to the fact that the IV r3 can 

efficiently  revivify oxidized dyes but still its efficiency is m uch low er than organic 

based electro lytes DSSC.

D) Quasi Solid State Electrolyte or Gel Electrolyte

The quasi-solid  state electrolyte, or gel state, is a particular state o f  m atter, 

neither liquid nor solid or conversely both liquid and solid [77]. The incorporation o f
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organic m aterials (polym er) or inorganic material (S i0 2 ) or com bination o f  both types  

o f  material either in organic so lven t based electrolyte or in ion ic liquids to so lid ify  them  

is called  quasi solid  sate electrolyte or gel electrolyte. M ichael Gratzel et al. reported 

for the first tim e the incorporation o f  nanoparticles (SiO?) into ion ic liquids based  

liquid electrolytes ach iev in g  7% o f  e ffic ien cy  w ith ionic liquids based liquid  

electrolytes and 7% effic ien cy  with S i0 2  nanoparticle based quasi so lid  state 

electrolytes [100], A fter this several type o f  materials e.g . m ethacrylate or 

polyv in y lid en e fuoride-co-hexafuoropropylene (P V D F-H FP), poly  ethylene oxide, 

PM M A  and carbon based material e.g. C N T, graphite and carbon black w ere 

incorporated in liquid electrolytes and used as quasi solid  state e lectrolytes in D SSC . 

Singh et al. [101], incorporated polyethylene ox id e  into ionic liquid (1 -ethyl 3- 

m ethylim idazolium  trifluorom ethanesulfonate) and further added N al and to this 

system  and achieved  pow er conversion  e ffic ien cy  o f  2.45% . Li et al. prepared a quasi­

so lid  e lectrolytes by using poly  (acrylonitrile-co-styrene) as polym er matrix, 

acetonitrile and tetrahydrofuran as binary organic m ixture solvent, N a l + I2 as 

electrolyte, graphite pow der and 1-m ethylim idazole as additives [102], T hey obtained  

pow er conversion e ffic ien cy  o f  3 . 16 % and 3.25%  w ith liquid electrolytes and quasi 

so lid  state e lectro ly tes/D S S C  respectively . The conversion o f  liquid electrolyte to gel or 

quasi so lid  state e lectrolytes has som e advantages, for exam ple, can stop the leakage  

and som e nanom aterials (e .g . C N T  or graphite) also increase the light conversion  

e ffic ien cy  o f  D SSC . Therefore, quasi-solid  state e lectro ly tes/D S S C s have received  

m uch attention and w id ely  investigated.

1.5.3.4 Sealing Materials of DSSC

Long-term  stability is a key parameter for any type o f  solar ce lls. To m eet this  

requirem ent, the cell m ust be intrinsically and extrinsically  stable under elevated  

temperature, cy c lic  changing tem peratures, exposure to hum idity and prolonged  

illum ination. Penetration o f  water and oxygen  and escape o f  so lvent iriolecules are 

typical exam ples for extrinsic factors [60]. The sealing material is needed to prevent the  

leakage o f  electrolyte and the evaporation o f  solvent. The sealing material should b e  

chem ically  and p h otochem ically  stable against the electrolytes com ponents such as 

iodine and the so lvent present in electrolytes. Surlyn (D u Pont),a copolym er o f  ethylene  

and acrylic, m eets these requirem ents [103]. The sealant frame place betw een  W E and
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CE and typically laminated together on a hot plate. Surlyn also acts as a spacer between 

WE and CE to prevent the cell from short circuiting. There is another method so-called 

glass frit technique, which could also be used but it requires high temperatures (400 

°C), that is likely to cause the degradation o f  dye. So in this case the dye adsorption is 

done after sealing but this techniques required several step and components for dye and 

electrolytes filling. Therefore, this method is not really suitable for a large scale 

production. Due to the direct relevance to the manufacturing o f  commercial products, 

little is published about sealing issues [104]. The intrinsic stability o f DSSC is related 

to test the thermal stability o f the sensitizer, the electrolyte and the Pt-coated counter 

electrode under International Electrotechnical Commission (lEC) test standards [105]. 

In this case the stability is not directly related to sealing materials but the DSSC should 

be perfectly closed/'sealed to find the intrinsic stability [60].

1.6 Operating Principles of DSSCs
This section describes the operating principles o f DSSCs. Dye-sensitized 

solar cell (DSSC) device physics is different from traditional p n junction type solar 

cells in many way. Figure 1.11 shows schematic energy diagram o f a DSSC. We can 

summarize the the photo conversion process o f a DSSC in following different steps 

[106].

h c n n i  IfTV e l

AA

HOMO

Figure 1.11: Schematic energy diagrams and operating principles o f  DSSC [107].

•  Sunlight enters through the working electrode o f a DSSC and the 

photosensitizers absorb the incident photon flux (hv).
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• The photosensitizers are excited from the ground state (S) to the excited 

state (S*), from where it inject, within femto seconds, an electron into the 

conduction band o f the Ti02, resulting in the oxidation o f the 

photosensitizer (S^).

• Injected electrons in the conduction band o f Ti02 are transported

between Ti02 nanoparticles with diffusion toward the back contact (TCO) 

and consequently reach the counter electrode through the external load 

and wiring.

• The oxidized sensitizers (S^) accept electrons from the I' ion redox 

electrolyte and regenerating the ground state o f sensitizers (S), and I' is 

oxidized to I's state.

• The I 3 diffuses toward the counter electrode where it is reduced to I" 

ions.

The chemical reactions going on in the DSSC can be summarized as follows.

( 1) S+hv ^  S* Photon absorption

(2) S* ----------► S^+e'(Ti02) electron injection

(3) S + r  ^  S + I'3 Regeneration o f photosensitizer

(4) I'3+ 2 e‘ ------- ► 3r  I'3 reduced to I'

Overall, electric power is generated without permanent chemical 

transformation. The performance o f a DSSC is predominantly based on four energy 

levels o f the component; the excited state (approximately LUMO) and the ground state 

(HOMO) o f the photosensitizer, the Fermi level o f the Ti02 electrode, which is located 

near the conduction-band level, and the redox potential o f the mediator (I in the 

electrolyte. The photocurrent obtained from a DSSC is determined by the energy 

difference between the HOMO and the LUMO o f the photosensitizer, analogous to the 

band gap, Eg, for inorganic semiconductor materials. The smaller the HOM O-LUM O 

energy gap, the larger the photocurrent w ill be because o f the utilization o f the long-
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wavelength region in the solar spectrum. The energy gap between the LUMO level and 

the conduction-band level o f  T i02, AEi, is important, and the energy level o f  the 

LUMO must be sufficiently negative with respect to the conduction band o f  T i02 to 

inject electrons effectively. In addition, substantial electronic coupling between the 

LUMO and the conduction band o f  T i02 also leads to effective electron injection. The 

HOMO level o f  the com plex must be sufficiently more positive than the redox potential 

o f  the F/1'3 redox mediator to accept electrons effectively (AEz). The energy gaps, AEi 

and AE2, must be larger than approximately 200 m V  as driving force for each o f  the 

electron-transfer reactions to take place with optimal efficiency [108], A series o f  

recombination reactions compete with the forward reactions in the DSSC. When 

electrons injected from the excited state o f  the dyes into the conduction band o f  the 

Ti02. The injected electrons have two possible recombination pathways, either reduce 

to I) the oxidized dye m olecules to ground state 2) or I's ion to f  ion [109], Such 

charge recombination leads to losses in both the short-circuit current (Jsc) and the open- 

circuit voltage (V oc), resulting in the decrease in efficiency o f  DSSC [110]. Various 

approach were introduced to reduce the possible charge recombination pathways 

occurring at the semiconductor/ dye/electrolyte interface such use o f  additives which 

have been co-adsorbed onto the semiconductor surface to improve the photovoltaic 

performance (Jsc and Voc) o f  DSSCs [1 10],

1.7 Introduction and Application of CNTs in DSSCs
1.7.1 Introduction to Carbon Nanotubes (CNTs)

The word carbon has been derived from Latin carbo meaning coal or charcoal 

[111]. Carbon as charcoal, soot and coal has been used since prehistoric times. For 

centuries, carbon was considered to have two crystalline allotropic forms i.e. diamond 

and graphite. However, in recent decades many more allotropes and fonns o f  carbon 

have been discovered such as wrapped CD buckyballs (fullerenes), the rolled ID  

nanotubes and 2D sheet o f  graphene [112]. The carbon atoms in diamond are arranged 

o f  sp  ̂ bonds (which arises from the m ixing o f  one s and three p orbitals). W hile carbon 

atoms in graphite, CNTs and graphene are arranged o f  sp  ̂ bonds, and the fourth 

electron in unhybidized Pz orbital allowed to be delocalized among all atoms. Carbon 

nanotubes (CNTs) have been discovered and characterized in 1991 by lijima from NEC
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laboratories [113]. CNTs are sheets o f  graphene rolled up as hollow cylinders. CNTs 

can be classified as 1) Single walled carbon nanotubes (SW CNTs) (Fig. 1.12.A) and 

multiwalled carbon nanotubes (MW CNT) (Fig. 1.12.B). A single walled carbon 

nanotube is a single rolled graphene sheet. The diameter o f  a SWCNT is between 0 .4-4  

nm [114]. M W CNTs, with several concentric shells (2-50 layers) [115]. M W CNTs can 

have diameters from 2 nm-100 nm and lengths o f  up to micrometers [116]. Based on 

the rolling up pattern o f graphene sheet there are three possible types o f  CNTs. Shown 

in Figure 1.13 A, B, C are the armchair, zigzag and chiral CNTs respectively. The 

structure o f SWCNTs strongly influences their electronic properties. SWCNTs are 

either electrically conductive or semiconducting. Two-thirds o f zigzag and chiral 

nanotubes behave like a semiconductor, whereas one-third o f these nanotubes (with 

different diameters), and all armchair nanotubes (independent o f diameter), have 

electrical conductivity as good as that o f  a metal [117]. Therefore, SW CNT is known to 

exhibit metallic or semiconducting property. This is, however, not the case for 

M W CNT which consist o f  two or more concentric rolled graphene sheets, all 

M W CNTs have metallic nature [118]. Because o f its large diameter, the shells o f an 

M W CNT would be conductive even if they are o f semiconducting chirality [116]. 

CNTs are unique nanoscale objects with the combined advantages of large surface area, 

high electrical conductivity, and chemical stability [119] that make them excellent 

candidates for a variety o f application.
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< ► < ►
1-2 nm 2-25 nm

Figure: 1.12.A) SWCNTS and B) MW CNTs [120],

A B C

F igure 1.13: SWCNTs type A) armchair, B) zigzag and C) chiral [121].
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1.7.2 Application of CNTs in DSSC

CNTs have found following application in DSSC so far.

1) As a electrocatalyst in CE

2) CNTs-Ti02 compositeAVE

3) As a filler in electrolytes

1) As a Electrocatalyst in CE

Several research groups reported CNTs as an electrocatalysts in CE for DSSC 

due to their rapid electron transfer kinetics, large surface area, and electrocatalytic 

activity toward tri-iodide reduction. Lee et al. reported that MW CNTs can be used as 

efficient electrocatalysts for tri-iodide reduction in DSSCs. They achieved power 

conversion efficiencies o f 7.67 % and 7.83 % with M W CNTs/FTO and Pt/FTO based 

CEs/DSSCs respectively [119]. Various CNTs based composites materials were also 

used as electrocatalysts in CE o f  the DSSC [122]. Yun et al. used M W CNTs and 

conducting polymer (PEDOT: PSS) composite as electrocatalysts in CE. The DSSC 

with MW CNT/PEDOT: PSS composite /FTO-CE showed power conversion efficiency 

o f  5.4 % compared to power conversion efficiency o f 7.1 % with Pt/FTO based CE 

[123]. They also reported that M W CNTs-PEDOT: PSS composite /CE shows good 

performance due to improvement in the electrical conductivity and catalytic activity 

than prisdne PEDOT: PSS film/CE.

2) CNTS-T1O 2 composite/W E

Several papers have reported an increase in power conversion efficiencies o f 

DSSCs by the incorporation o f  CNTs into Ti02 film o f the WE. Lee et al. reported that 

incorporation (0.1 wt %) M W CNTs into Ti02/W E increased power conversion 

efficiency from 4% to 5.02% [124], The value o f Jsc increased from 7.96 mA/cm^ to 

9.08 inA/cm^, Voc value increased from 761 mV to 781 mV and FF increased from 

0.68 to 0.70. The researchers found that the charge recombination between injected 

electrons and electron acceptors in the redox electrolyte, I's' was remarkably retarded. 

W eng et al. reported Ti02 and M W CNTs (0.3 wt %) nanocomposite WE for DSSC 

which was obtained by the modified acid-catalyzed sol-gel procedure [125], MW CNTs 

would improve the roughness factor (from 834 to 1267) o f the WE and the reduced
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charge recombination o f electron. However, a higher loading o f M W NTs causes light- 

harvesting competition that affects the light adsorption o f the dye-sensitizer, and 

consequently reduces the cell efficiency.

3) As a Filler in Electrolytes

CNT have also been incorporated in ionic liquid electrolytes to prepare gel or 

quasi solid state electrolytes. Usui et al. dispersed SW CNTs (1 wt %) and M W CNTs (1 

wt %) individually into l-ethyl-3-m ethylim idazolium  bis (trifluoromethylsulfonyl) 

imide (EM Im-TFSI) ionic liquid electrolyte by grinding [126], The resulted gel 

electrolytes o f CNTs- EMIm-TFSI shows increased in their viscosity as well as their 

electric conductivity also increased. The power conversion efficiencies were increased 

from 4.21 % (pure ionic liquid) to 4.60 % with SW CNTs and 4.79 % with M W CNTs 

based gel electrolyte-DSSCs. Ikeda et al. [127] fabricated quasi solid-state electrolytes 

by incorporation o f  SW CNTs (6.97 wt %) and MW CNTs (6.97 wt %) to the IL, 1,3- 

diethyleneoxide derivative o f imidazolium iodide and they obtained power conversion 

efficiencies o f 1.63% and 1.01% with SWCNTs and MW CNTs based quasi solid 

state/DSSCs respectively. The mixing yielded CN T-EO Im l composite in the form o f  a 

highly viscous black paste which is clay-like solid state and is free o f volatile 

components. They obtained power conversion efficiencies o f 1.63% and 1 % with 

SWCNTs and MW CNTs based quasi solid state electrolytes/DSSCs respectively. They 

found that SWCNTs works best over other kinds o f  carbon based quasi solid 

state/DSSC. By adsorption o f  oxygen in air, semiconducting SW CNT tends to exhibit 

p-type nature in conduction and current rectification [128, 129]. This would indicate 

that the SWCNTs can function like a hole conductor in junction with the surface o f 

dye-coated n-type Ti02. It has also been shown that SW CNTs also works as an efficient 

electrocatalyst in the CE o f the DSSC[130]. W hile MW CNTs has lack current 

rectification ability, back electron transfer (short-circuiting) matters at the surface o f 

carbon in contact with dye coated TiO?, which significantly reduce the Jsc value. This 

is assumed to be a main reason why SWCNTs enable to achieve relatively high 

performance in Jsc and Voc.
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1.8 Introduction and Application of Graphene in 

DSSCs
1.8.1 Introduction to Graphene

The remarkable properties o f graphene include high specific surface area 

[131], high mechanical strength, unparalleled thermal and electricity conductivity [132- 

134], Furthermore, it was reported that the production cost o f graphene in large 

quantities could be much lower than that o f CNTs [135], therefore graphene has 

emerged as a rapidly rising star in the field o f material science [136]. It is the thinnest 

known and the strongest ever measured material in the universe [137], Graphene 

(fig. 1.14 A) is a one-atom-thick planar sheet o f  sp bonded carbon atoms that are 

densely packed in a honeycomb crystal lattice [138]. Graphene is extracted from 

graphite while graphite consists o f layers o f carbon atoms arranged in a hexagonal 

lattice (1.14 B). Each carbon layer in graphite is bonded to a carbon layer above and a 

carbon layer below through van der W aals forces while each carbon atom is covalently 

bonded (sp^-bonded carbon) to three other atoms within each graphite layer. Graphene 

can be also considered as a basic building block for carbon nanomaterials o f all other 

dimensionalities including the wrapped OD buckyballs (fullerenes) the rolled ID 

nanotubes and the stacked 3D graphite [138].

A B
G ra p h ite  S tructure

0.14

\ a n  d e rW a ih  
bonds ■

Figure 1.14: A) Schematic structure o f graphite [139] and B) schematic structure o f 

graphene [140].
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Until now, several physical and chemical methods have been developed to produce 

individual graphene or chemically modified graphene. For example ‘The Scotch Tape 

M ethod’ which was developed in 2004 by a group o f researchers in the University o f 

M anchester [141]., remains to be the most popular and successful in producing single 

or few layers o f  graphene. Although graphene can be obtained by this method but the 

yield is extremely low [136]. Graphene can be synthesised by oxidization o f  graphite, 

followed by exfoliation in water, to give aqueous dispersions o f  graphene oxide (GO) 

[142]. GO faces some significant disadvantages such as GO is a poor electrical 

conductor [143]. The oxides can be removed by using reducing chemical agents [144] 

(such as hydrazine hydrate, dimethyl hydrazine and hydroquinone), and thermal 

reduction [143]. The reduction o f  GO results in graphene but it cannot remove many 

structural defects introduced by the oxidation process [143] making this material 

unsuitable for many applications. Therefore all these mentioned methods are not 

suitable for practical application either due to very low production or structural defects 

formation in graphene. Recently Khan et el [145] have developed a method to prepare 

graphene dispersions at high concentrations, up to 1.8 mg/ml, with yields o f  up to 4 wt 

% monolayers without oxidation and defect formation. This process relies on low- 

power sonication for long time. This method has some advantages such as low cost and 

simple preparation process make them a best choice for certain application. The 

graphene and graphened based material research is still in its relative infancy, and the 

application o f graphene has just begun. Thus, many properties o f graphene are not fully 

understood. Therefore diverse applications are yet to be explored [136].

1.8.2 Application of Graphene in DSSCs

Graphene have found following application in DSSC so far;

1) A s a  transparent electrode in WE

2) As catalyst in CE

1) Transparent Conductive ElectrodeAVE

Graphene might replace the TCO of WE in the DSSCs because graphene films 

shows excellent electrical conductance, reasonable transparency in both the visible and 

near-infrared regions, furthermore graphene shows high chemical and thermal 

stabilities [146]. Xuan et al. used exfoliated graphite oxide as starting material.
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followed with thermal reduction, they obtained a graphene film with a thickness o f 10 

nm with transparency o f higher than 70% and a conductivity o f 500 S cm '' [46], They 

used this transparent electrode as WE in DSSC, this was the first attempt to use 

graphene film to replace the FTO o f  the WE. Although the photovoltaic performances 

o f  this graphene-based WE was not as good as that o f the FTO-based W E (reference 

DSSC). However the authors suggested that there is still large room left for further 

improvement in the graphene based transparent electrode for WE o f  the DSSCs.

2) Graphene as Electrocatalyst in CE

Graphene was also expected to be a promising material for CE in DSSC due 

to its excellent electrical conductivity and good catalytic activity toward iodide-tri- 

iodide redox couple [147]. Therefore, several groups have explored graphene-based Pt 

free CEs for DSSCs. The power conversion efficiencies o f graphene based counter 

electrodes-DSSC vary from 0.7 to 6.8% as shown in Table 1.1. The variation in the 

power conversion efficiencies with graphene based CE is mainly due to the utilization 

o f different methods and techniques for graphene synthesis and graphene film 

preparation respectively. W. Zhang et al. reported graphene based CE for DSSC and 

they achieved power conversion efficiency of 6.8 % compared to the power conversion 

efficiency o f  7.59 % with standard Pt based CE/DSSC [148], Graphene nanosheets 

(GNs) were synthesized by a hydrazine reduction o f exfoliated graphene oxide and the 

GNs were dispersed in a mixture o f  terpineol and ethyl cellulose and deposited FTO 

glass substrate by screen-printed process, followed by annealing at various temperature 

in air. In this work the authors claimed that the annealing temperature used for the 

graphene-based counter electrode exhibited a remarkable effect on the performance o f 

DSSCs. They reported that optimized annealing temperature was 400 °C, at which the 

best power conversion efficiency (6.8%) was achieved. The researchers also found that 

there was a trade-off between enhancing the adhesion and increasing the electrical 

conductivity o f  the graphene film on the FTO glass substrate by the annealing treatment 

in air. When the annealing temperature was higher than 400 °C, the GNS film was 

easier to peel o ff from the FTO substrate due to the presence o f  fewer organic binders 

(terpineol and ethyl cellulose), which were burned out at high temperatures, causing a 

higher Ret in the CE o f the DSSC. Kaniyoor et al. also reported graphene based CE for 

DSSC where graphene was prepared by thermal reduction o f  graphite oxide. Graphene 

were dispersed in nafion and ethanol solution and deposited on FTO glass substrates by
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drop casting. They achieved power conversion efficiencies o f  about 2.82% and 3.4% 

with graphene based CE and Pt-based CE/ DSSCs respectively [68].

Table 1.1: Shows the published reports o f the photovoltaic parameters o f DSSCs 

fabricated with graphene based CE (grphene/TCO).

CE type
2

Jsc(mA/cm ) Voc(V) FF Efficiency% R ef

Graphene 16.98 0.747 0.53 6.98 [148]

Graphene 6.12 0.640 0.56 2.19 [149]

Graphene 5.60 0.700 0.60 2.30 [150]

Graphene 7.70 0.680 0.54 2.82 [68]

Graphene 6.42 0.700 0.16 0.74 [151]

Various graphene based composites were also used as electrolcatalyst in the 

CE o f  the DSSCs. Lee et al. used graphene/PEDOT composite as CE in DSSC. The 

DSSC with such a graphene/PEDOT composite counter electrode showed a power 

conversion efficiency o f 6.26%. The incorporation o f graphene into PEDOT increased 

the electrical conductivity as well as electrocatalytic activity o f  the composite 

film.[152] Bajai et al. deposited Pt nanoparticles on graphene layers and revealed that 

the amount o f  Pt loading had a remarkable influence on the efficiency o f the resulting 

DSSCs [153]. An optimal Pt loading (27.43%) was found. The DSSC with the 

optimized Pt/graphene counter electrode not only contained a lower amount o f Pt, but it 

also exhibited improved conversion efficiency. The efficiency improvement was 

attributed to the increase in the graphene sheet defects caused by Pi.

3) Graphene-TiOa Composite / WE

The performance enhancement o f DSSCs as a result o f  the graphene 

incorporation into Ti02 semiconductor was demonstrated by several groups [154-156]. 

Yang et al. reported chemically reduced graphene oxide-T iO i compositeAVE for 

working electrode in DSSC [155], They found that 0.6 wt%, the graphene incorporation 

in Ti0 2  layer led to a faster electron transport and a lower recombination, together with 

a higher light scattering. On the basis o f  these advantages, graphene-Ti02 composite 

based WE has shows increased in the short circuit current density by 45%  without
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sacrificing the open-circuit voltage and obtained the power conversion efficiency of 

6.97%, which was increased by 39%, compared to power conversion efficiency of 

5.01% with pure TiOz based WE/DSSC.

1.9 Aims and Objectives of Thesis
It is well established that the commercialisation o f  DSSCs requires 

improvement in three areas: power conversion efficiency, long-term stability, and low 

fabrication costs. Thus, the main goal o f this thesis is to improve the power conversion 

efficiencies and long term stabilities o f DSSCs by using low cost and easily available 

material. Traditionally DSSCs use organic solvent based electrolytes which gave higher 

power conversion efficiency up to 11 % but the use o f organic solvent based 

electrolytes has facing some serious issue o f stability which is limiting the long term 

perfonnance and practical use o f  DSSCs. Lee et al. reported incorporation o f SW CNTs 

in to binary ionic liquids and resulted quasi solid state electrolytes was tested in DSSC 

and they achieved the power conversion efficiency o f  3.49 % [157]. Although 

SW CNTs based quasi solid state in DSSC showed superior stability than organic based 

electrolyte based DSSC but SW CNTs is very expensive. So the challenge is to replace 

SW CNTs with low cost material. Hence one o f the objectives o f our work is to replace 

the SW CNTs o f IL bases quasi solid state electrolytes with low cost but effective 

material. Graphene was our choice material as it has remarkable properties including 

high specific surface area, thermal and electricity conductivity [132, 158-162]. 

Furthermore, it was reported that the production cost o f  graphene in large quantities 

could be much lower than that o f  CNTs. Graphene was prepared according to 

procedure developed by Khan et al. [145]. Therefore we plan to use graphene, 

SW CNTs and mixture o f SW CNTs plus graphene as additives (filler) to IL, l-propyl-3- 

m ethylimidazolium iodide (PM II) to make quasi solid state electrolytes for DSSCs.

Another objective o f  our work is exploring the mixture o f  ILs as potential 

electrolyte for DSSCs. We plan to use the low viscosity IL (EM ISCN) to mix it at 

various wt % with high viscosity IL (PMII) in order to find the opfimal binary IL 

combination for efficient DSSC. We aimed to develop new quasi solid state 

electrolytes, which could be prepared by the addition o f SWCNTs, graphene , hybrid 

SW CNTs+ graphene into optim ized binary IL. It is expected that dispersion o f various 

carbon based nanomaterials should improve in binary IL based quasi solid state
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electrolytes. A lso  w e anticipate that the enhanced d iffusion  and redox processes in new  

electro lytes and as a result the further im provem ent o f  pow er conversion  e ffic ien c ies  o f  

D SSC s.

There is another problem  w hich should be overcom e i.e. cost o f  CE o f  the 

D SSC . For exam ple, Pt based CE accounts for approxim ately 2 5 -3 5 %  o f  the overall 

price o f  D S S C s [163] and its high cost lim its the m ass production o f  D SSC s. Therefore 

it is extrem ely  important to find new  cost e ffectiv e  m aterials and approaches to replace 

the Pt o f  the CEs. Carbon based nanom aterials such as carbon nanotubes and graphene 

has been used as electrocatalyst materials in CE o f  the D S S C . H ow ever the pow er  

conversion  e ffic ien cy  o f  D S S C s using carbon nanom aterail based CEs has been found  

to be low er as com pared to Pt ones [164]. Furthermore, carbon based nanom aterials 

(C N T s or G N Ps) have a very low  adhesion to TCO and g lass substrate surfaces [165]. 

Thus, our aim is to address these issues by introducing and investigating com posite  

film s o f  C N T s, G N Ps type 3 and hybrid o f  C N T s + G N P type 3 plus PEDOT; PSS  

com posite  as electrocatalysts to replace Pt o f  the CE o f  the D SSC . It is expected  that 

the addition o f  PEDOT: PSS could  enhance the adhesion and electrocatalysts properties 

o f  these various carbon based com posite  film s.

Another objective o f  our work is to investigate various types o f  com p osite  

film s by addition o f  three types o f  G N Ps into PEDOT: PSS dispersion, w hich  should  

sim ultaneously  replace the Pt as w ell as TCO o f  the CEs o f  the D S S C s. It is w ell 

know n that an addition o f  organic solvents w ith high b o ilin g  point sign ificantly  

im proves the electrical conducfivity o f  PEDOT: PSS by up to 2 or 3 orders o f  

m agnitude [166-169]. Therefore, w e plan to add the N M P  (1 0  vol %) to PEDO T: PSS  

dispersions and then add various types o f  G N Ps to theses N M P  diluted d ispersions. W e  

b elieve , that the addition o f  N M P  to the PEDOT: PSS dispersion w ill also im prove the 

dispersion o f  G N Ps and as a result the com p osite  film s should show  enhanced  

conductive properties com pared to pure PEDOT: PSS film /C E .

T o further im prove the pow er conversion  e ffic ien cy  o f  D S S C , it is necessary  

to provide an effic ien t electron transport across the T i0 2  film  and to reduce or elim inate  

the charge carriers recom bination process. Therefore, our other aim to investigate the 

effect o f  G O  and G N P s type 2 onto the T i02  film  o f  the W E in order to enhance the 

pow er conversion  e ffic ien cy  o f  D SSC . It is expected  that the introduction o f  h igh ly  

electrically  conductive G N Ps into T i02  film /W E  should  reduce the charge  

recom bination at the T i0 2  nanoparticle-electrolyte interface due to a faster electron
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transport. Furthermore it is also expected that GNPs type 2 would also enhance the 

conductivity within T i0 2  nanoparticle film  and facilitate an electron transport between 

the T i02 and the FTO  substrate.

1.10 References

1. Agency, I.E.
2. Gratzel, M., Solar Energy Conversion by Dye-Sensitized Photovoltaic Cells. Inorganic 

Chemistry, 2005. 44(20): p. 6841-6851.
3. Joshi, P., et al.. Dye-sensitized solar cells based on low cost nanoscale carbon/T i02  

composite counter electrode. Energy & Environmental Science, 2009. 2(4): p. 426-429.
4. Kalowekamo, J. and E. Baker, Estimating the m anufacturing cost o f purely organic 

solar cells. Solar Energy, 2009. 83(8): p. 1224-1231.
5. httD://ww/w/.bu.edu/todav/2013/the-clim ate-crisis-breakina-the-fossil-fuel-habit/.
6. Jayakumar, D.P., Solar Energy Resource Assessment Handbook. APCTT, 09/2009.
7. Government, U.S., Basic Photovoltaic Principles and Methods, lar Energy Research 

Institute, 02/1992: p. SERI/SP-290-1448.

8. http ://coaitarfreeam erica.b loaspot.ie /2011/09/are-hot-tar-cities-increasina-our.htm l.
9. Gratzel, M., Photoelectrochemical cells. Nature 15 November 2001. 414: p. 338-344.
10. A.E. Becquerel, Comt. Rend. Acad. Sci., 1839. 9 A.E.(561-567).
11. Sick, F. and T. Erge, PHOTOVOLTAICS IN BUILDINGS A Design Handbook fo r  Architects 

and Engineers. International Energy Agency, Paris, France, 1996.
12. Easton R, V.M., M, Rev. Sci. Ins trum ., 1959. 30: p. 70-75
13. h ttp ://w w w .ep ia .o rg /fileadm in /use r upload/Publications/GMO 2013 -

Final PDF.pdf.
14. http://www.QreenDacks.ora/2012/09/26/sharp-see-throuah-solar-oanels-aenerates- 

power-on-alass/.
15. http ://w w w .cabre lli-e lectrica l.co .uk/solar-pv/.
16. Frederik C. Krebs, Polymeric Solar Cells: Materials, Design, M anufac­

ture. Lancaster, PA : Destech Publications, 2010.
17. Zhang, Q., et al.. Applications o f  ligh t scattering in dye-sensitized solar cells. Physical

Chemistry Chemical Physics, 2012. 14(43): p. 14982-14998.
18. Inorganic Photovoltaic Solar Cells: Silicon and Beyond. The Electrochemical Society 

Interface 2008. 4(17): p. 30-35.
19. Boreland, D.M.B.a.M., Photovoltaic technologies. Energy Policy, 2008. 36: p. 4390- 

4396.
20. URL, S.S., http://www.solarbuzz.com /index.asp,. 2010.

21. http ://w w w .solarce llideas.com /paae/124.
22. http://www.solarfeeds.com /polvcrvstalline-vs-m onocrvstalline-solar-m odules/.
23. http ://w w w .divtrade.com /ch ina/pd/2219443/Am orphous Silicon Solar Cell.html.
24. http://www.solarnovus.com/aat-solar-ships-cigs-m odules N1936.htm l.
25. Preat, J., D. Jacquemin, and E.A. Perpete, Towards new effic ient dye-sensitised solar 

cells. Energy & Environmental Science, 2010. 3(7): p. 891-904.

32



Chapter 1 Introduction

26. L. T. Dou, J. Yang, C. C. Chen, Y. J. He, S. Murase, and K.E. T. Moriarty, G. Li and 
Y., Tandem polymer solar cells featuring a spectrally matched low-bandgap polymer. 
Nature Photonics 2012. 6: p. 180-185.

27. Yella, A., et al., Porphyrin-Sensitized Solar Cells with Cobalt (ll/lll)-Based Redox 
Electrolyte Exceed 12 Percent Efficiency. Science, 2011. 334(6056): p. 629-634.

28. Gratzei, IVl., Dye-sensitized solar cells. J. Photochem. Photobiol., C, 2003. 4(2): p. 145- 
153.

29. O'Regan, B. and M. Gratzei, A low-cost, high-efficiency solar cell based on dye- 
sensitized colloidal Ti02 films. Nature, 1991. 353(6346): p. 737-740.

30. Gratzei, M., Photoelectrochemical cells. Nature, 2001. 414: p. 338-344.
31. Hanmin Tian, X.Y., Jiyuan Zhang, Wenfeng Duan3, Fenglan Tian and Tao Yu, The 

Influence o f Environmental Factors on DSSCsfor BIPV. Int. J. Electrochem. Sci.,, 2012.
7: p. 4686-4691.

32. Jung, H.S. and J.-K. Lee, Dye Sensitized Solar Cells fo r  Economically Viable Photovoltaic 
Systems. The Journal of Physical Chemistry Letters, 2013. 4(10): p. 1682-1693.

33. Nogueira, A.F., C. Longo, and M.A. De Paoli, Polymers in dye sensitized solar cells: 
overview and perspectives. Coordination Chemistry Reviews, 2004. 248(13-14): p. 
1455-1468.

34. Jean-Claude, T., et al., Low-temperature roll-to-roll coating procedure o f dye-sensitized 
solar cell photoelectrodes on flexible polymer-based substrates. Semiconductor 
Science and Technology, 2011. 26(4): p. 045007.

35. h t t D : / /w w w .D V -

tech.ora/news/lux research names top companies in printed flexible organic elec 
ironies.

36. http://www.celsias.com/article/alaae-technoloav-makes-solar-cells-3x-efficient/.
37. Hayashi, K., et al.. Light-induced conversion o f an insulating refractory oxide into a 

persistent electronic conductor. Nature, 2002. 419(6906)-. p. 462-465.
38. Tahar, R.B.H., et a!.. Tin doped indium oxide thin films: Electrical properties. Journal of 

Applied Physics, 1998. 83(5): p. 2631-2645.
39. Doh J G, H.J.S., Vittal R, Kang M G, Park N G and K.K. J, Enhancement o f Photocurrent 

and Photovoltage o f Dye-Sensitized Solar Cells with Ti02 Film Deposited on Indium Zinc 
Oxide Substrate. Chem. Mater., 2004.16(3): p. 493.

40. Goebbert C, N.R., Aegerter M A and S.H. K, Wet chemical deposition ofATO and ITO 
coatings using crystalline nanoparticles redispersable in solutions. Thin Solid Films, 
1999. 351(1-2): p. 79.

41. Ngamsinlapasathian, S., et al.. Doubled layered IT0/Sn02 conducting glass fo r  
substrate o f dye-sensitized solar cells. Solar Energy Materials and Solar Cells, 2006. 
90(14): p. 2129-2140.

42. Noh, J.H., et al., Functional Multilayered Transparent Conducting Oxide Thin Films fo r  
Photovoltaic Devices. The Journal of Physical Chemistry C, 2008. 113(3): p. 1083-1087.

43. Kawashima, T., et al., FTO/ITO double-layered transparent conductive oxide fo r dye- 
sensitized solar cells. Journal of Photochemistry and Photobiology A: Chemistry, 2004. 
164(1-3): p. 199-202.

44. Kawashima, T., et al., J. Photochem. Photobiol. A: Chem., 2004. 164(null): p. 199.
45. Hoel, C.A., et al., Transparent Conducting Oxides in the Zn0-ln203-Sn02 System. 

Chemistry of Materials, 2010. 22(12): p. 3569-3579.
46. Wang, X., L. Zhi, and K. Mullen, Transparent, Conductive Graphene Electrodes fo r  Dye- 

Sensitized Solar Cells. Nano Letters, 2007. 8(1): p. 323-327.
47. Wu, J., W. Pisula, and K. Mullen, Graphenes as Potential Material fo r  Electronics. 

Chemical Reviews, 2007.107(3): p. 718-747.

33



Chapter 1 Introduction

48. R. J. Ellingson, J.B.A., S. Ferrere, A. N. Ghosh, T. Lian, A. J. Nozik, Phys. Chem. Chem. 
Phys., 1999. 77.: p. 212.

49. Barbe, C.J., et al.. Nanocrystalline Titanium Oxide Electrodes fo r  Photovoltaic 
Applications. Journal of the American Ceramic Society, 1997. 80(12): p. 3157-3171.

50. Lee, K., et al.. Nanocrystalline TI02 thin film  electrodes fo r  dye-sensitized solar cell 
applications. JOM, 2009. 61(4): p. 52-57.

51. h ttD ://w w w .solaronix.com/documents/dve solar cells for real.pdf.
52. Hore, S., et al.. Influence o f scattering layers on efficiency o f dye-sensitized solar cells. 

Solar Energy Materials and Solar Cells, 2006. 90(9): p. 1176-1188.
53. Wang, Z.-S., et al.. Significant influence o f TI02 photoelectrode morphology on the 

energy conversion efficiency ofN719 dye-sensitized solar cell. Coordination Chemistry 
Reviews, 2004. 248(13-14): p. 1381-1389.

54. Choi, H., et al.. The effect o f TiCI4-treated TI02 compact layer on the performance o f 
dye-sensitized solar cell. Current Applied Physics, 2012. 12(3): p. 737-741.

55. Yune, J.H., et al., A study ofTiOZ binder-free paste prepared fo r low temperature dye- 
sensitized solar cells. Journal of Materials Research, 2013. 28(03): p. 488-496.

56. GUO Mei-Li, Z.X.-D.,, LIANG Chun-Tian,l, JIA Guo-Zhi„ Mechanism o f Visible 
Photoactivity o f F-Doped TI02. CHIN. PHYS. LETT., 2010. 27(5): p. 057103.

57. Fan-Tai Kong, S.-Y.D., and Kong-Jia Wang,, Review o f Recent Progress in Dye-Sensitized 
Solar Cells. Advances in OptoElectronics,, 2007: p. 13.

58. Hagfeldt, A. and M. Gratzel, Molecular Photovoltaics. Accounts of Chemical Research, 
2000. 33(5): p. 269-277.

59. Jin, Z., et al.. Efficient Electron Transfer Ruthenium Sensitizers fo r  Dye-Sensitized Solar 
Cells. The Journal of Physical Chemistry C, 2009.113(6): p. 2618-2623.

60. Kroon, F.O.L.a.J.M., Recent Advances in Dye-Sensitized Solar Cells. Advances in 
OptoElectronics. 2007: p. 10 pages.

61. Vlachopoulos, N., et al.. Very efficient visible light energy harvesting and conversion by 
spectral sensitization o f high surface area polycrystalline titanium dioxide films.
Journal of the American Chemical Society, 1988.110(4): p. 1216-1220.

62. Yen, Y.-S., et al.. Recent developments in molecule-based organic materials fo r  dye- 
sensitized solar cells. Journal of Materials Chemistry, 2012. 22(18): p. 8734-8747.

63. Ito, S., et al.. Fabrication o f thin film  dye sensitized solar cells with solar to electric 
power conversion efficiency over 10%. Thin Solid Films, 2008. 516(14): p. 4613-4619.

64. Kay, A. and M. Gratzel, Sol. Energy Mater. Sol. Cells, 1996. 44(null): p. 99.
65. Koo, B.-K., et al.. Seasoning effect o f dye-sensitized solar cells with different counter 

electrodes. Journal of Electroceramics, 2006.17(1): p. 79-82.
66. Kim, H., et al.. Fabrication and characterization o f carbon-based counter electrodes 

prepared by electrophoretic deposition fo r  dye-sensitized solar cells. Nanoscale 
Research Letters, 2012. 7(1): p. 1-4.

67. Sub-micrometer-sized graphite as a conducting and catalytic counter electrode fo r  
dye-sensitized solar cells. ACS Appl. Mater. Interfaces, 2011. 3(3): p. 857.

68. Kaniyoor, A. and S. Ramaprabhu, Thermally exfoliated graphene based counter 
electrode fo r low cost dye sensitized solar cells. Journal of Applied Physics, 2011. 
109(12): p. 124308-6.

69. Kavan, L., J.-H. Yum, and M. Graetzel, Optically Transparent Cathode fo r Co(lll/ll) 
Mediated Dye-Sensitized Solar Cells Based on Graphene Oxide. ACS Applied Materials 
& Interfaces, 2012. 4(12): p. 6999-7006.

70. Highly efficient dye-sensitized solar cells based on carbon black counter electrodes. J. 
Electrochem. See., 2006. 153(12): p. A2255.

34



Chapter 1 Introduction

71. Burschka, J., et al., Influence o f the counter electrode on the photovoltaic performance 
o f dye-sensitized solar cells using a disulfide/thiolate redox electrolyte. Energy & 
Environnnental Science, 2012. 5(3); p. 6089-6097.

72. Brennan, L.J., et al.. Carbon Nanomaterials fo r  Dye-Sensitized Solar Cell Applications: A 
Bright Future. Advanced Energy Materials, 2011.1(4): p. 472-485.

73. Das, T.K. and S. Prusty, Graphene-Based Polymer Composites and Their Applications. 
Polymer-Plastics Technology and Engineering, 2013. 52(4): p. 319-331.

74. Wu, Z., et al.. Transparent, Conductive Carbon Nanotube Films. Science, 2004. 
305(5688): p. 1273-1276.

75. Li, Q., et al.. Application o f microporous polyaniline counter electrode fo r  dye- 
sensitized solar cells. Electrochemistry Communications, 2008.10(9): p. 1299-1302.

76. Lee, K.S., et al.. Dye-sensitized solar cells w/ith Pt- and TCO-free counter electrodes. 
Chemical Communications, 2010. 46(25): p. 4505-4507.

77. Jihuai Wu, Z.L., Sanchun Hao, Pingjiang Li, Jianming Lin, Miaoliang Huang, Leqing Fang, 
and Yunfang Huang, Progress on the electrolytes fo r dye-sensitized solar cells Pure 
Appl. Chem., 2008.80(11): p. 2241-2258,.

78. Paek, S., et a!.. Molecular Engineering o f Efficient Organic Sensitizers Incorporating a 
Binary n-Conjugated Linker Unit fo r  Dye-Sensitized Solar Cells. The Journal of Physical 
Chemistry C, 2010.114(34): p. 14646-14653.

79. Wang, P., et al., Nat. Mater., 2003. 2(null): p. 402.
80. Kebede, Z. and S.-E. Lindquist, Donor-acceptor interaction between non-aqueous 

solvents and 12 to generate 1-3, and its implication in dye sensitized solar cells. Solar 
Energy Materials and Solar Cells, 1999. 57(3): p. 259-275.

81. Fukui, A., et al.. Effect o f a redox electrolyte in mixed solvents on the photovoltaic 
performance o f a dye-sensitized solar cell. Solar Energy Materials and Solar Ceils,
2006. 90(5): p. 649-658.

82. Hao, S., et al.. The influence o f acid treatment o f Ti02 porous film  electrode on 
photoelectric performance o f dye-sensitized solar cell. Solar Energy, 2004. 76(6): p. 
745-750.

83. Wu, J., et al.. Effect o f solvents in liquid electrolyte on the photovoltaic performance o f 
dye-sensitized solar cells. Journal of Power Sources, 2007. 173(1): p. 585-591.

84. Hagfeldt, A., et al., Dye-Sensitized Solar Cells. Chemical Reviews, 2010.110(11): p. 
6595-6663.

85. Toivola, M., F. Ahlskog, and P. Lund, Industrial sheet metals fo r  nanocrystalline dye- 
sensitized solar cell structures. Solar Energy Materials and Solar Cells, 2006. 90(17): p. 
2881-2893.

86. Wang, Z.-S., K. Sayama, and H. Sugihara, Efficient Eosin Y Dye-Sensitized Solar Cell 
Containing Br-/Br3- Electrolyte. The Journal of Physical Chemistry B, 2005.109(47): p. 
22449-22455.

87. Nusbaumer, H., et al., CoU(dbbip)22+ Complex Rivals Tri-iodide/lodide Redox Mediator 
in Dye-Sensitized Photovoltaic Cells. The Journal of Physical Chemistry B, 2001.
105(43): p. 10461-10464.

88. Zhang, I., et al.. Influence o f 4-Guanidinobutyric Acid as Coadsorbent in Reducing 
Recombination in Dye-Sensitized Solar Cells. The Journal of Physical Chemistry B, 2005. 
109(46): p. 21818-21824.

89. Rilo, E., et al.. Electrical Conductivity and Viscosity o f Aqueous Binary Mixtures o f 1- 
Alkyl-3-methyl Imidazolium Tetrafluoroborate a t Four Temperatures^. Journal of 
Chemical & Engineering Data, 2009. 55(2): p. 639-644.

90. Gorlov, M. and L. Kloo, Ionic liquid electrolytes fo r  dye-sensitized solar cells. Dalton 
Transactions, 2008(20): p. 2655-2666.

35



Chapter I Introduction

91. Jena, A., et al.. Dye Sensitized Solar Cells: A Review. Transactions of the Indian Ceramic 
Society, 2012. 71( 1): p. 1-16.

92. Matsumoto, H., et al.. The Application o f Room Temperature Molten Salt with Low 
Viscosity to the Electrolyte fo r  Dye-Sensitized Solar Cell. Chemistry Letters, 2001. 30(1): 
p. 26-27.

93. Wang, P., et al., A New Ionic Liquid Electrolyte Enhances the Conversion Efficiency o f 
Dye-Sensitized Solar Cells. The Journal of Physical Chemistry B, 2003.107(48): p. 
13280-13285.

94. Dupont, J., R.F. de Souza, and P.A.Z. Suarez, Ionic Liquid (Molten Salt) Phase 
Organometallic Catalysis. Chemical Reviews, 2002.102(10): p. 3667-3692.

95. Kawata, K.Z., S. M.; Gra tzel, M. and Molten Salts XIII. Electrochemical Society 
Proceedings PV 2002-19, 2002: p. 16.

96. Wang, P., et al., Charge Separation and Efficient Light Energy Conversion in Sensitized 
Mesoscopic Solar Cells Based on Binary Ionic Liquids. Journal of the American Chemical 
Society, 2005. 127(18): p. 6850-6856.

97. http://www.siamaaldrich.com/cataloa/oroduct/aldrich/49637?lana=en&reaion=IE.
98. Gratzel, M., Conversion o f sunlight to electric power by nanocrystalline dye-sensitized 

solar cells. Journal of Photochemistry and Photobiology A: Chemistry, 2004. 164(1-3): 
p. 3-14.

99. Stergiopoulos, T., et al.. Binary Polyethylene Oxide/Titania Solid-State Redox 
Electrolyte fo r  Highly Efficient Nanocrystalline TI02 Photoelectrochemical Cells. Nano 
Letters, 2002. 2(11): p. 1259-1261.

100. Wang, P., et al.. Gelation o f Ionic Liquid-Based Electrolytes with Silica Nanoparticles fo r  
Quasi-Solid-State Dye-Sensitized Solar Cells. Journal of the American Chemical Society, 
2003. 125(5): p. 1166-1167.

101. Singh, P.K., K.-W. Kim, and H.-W. Rhee, Development and characterization o f ionic 
liquid doped solid polymer electrolyte membranes fo r better efficiency. Synthetic 
Metals, 2009.159(15-16): p. 1538-1541.

102. Li, Q., et al.. Application o f polymer gel electrolyte with graphite powder in quasi-solid- 
state dye-sensitized solar cells. Polymer Composites, 2009. 30(11): p. 1687-1692.

103. Emery, K., Handbook o f Photovoltaic Science and Engineering edited by Luque, A. and 
Hegedus, S. 2003: p. 670-672.

104. Spath, M., et al.. Reproducible manufacturing o f dye-sensitized solar cells on a semi­
automated baseline. Progress in Photovoltaics: Research and Applications, 2003.
11(3): p. 207-220.

105. h tto://w w w . lee, ch/.
106. Gratzel, M., Perspectives fo r  dye-sensitized nanocrystalline solar cells. Progress in 

Photovoltaics: Research and Applications, 2000. 8(1): p. 171-185.
107. Arakawa, K.H.a.H., Dye-sensitized Solar Cells. National Institute of Advanced Industrial 

Science and Technology (AIST),Tsukuba, Japan

108. Kalyanasundaram, K. and M. Gratzel, Applications offunctionalized transition metal 
complexes in photonic and optoelectronic devices. Coordination Chemistry Reviews, 
1998. 177( 1): p. 347-414.

109. O'Regan, B., L. Xiaoe, and T. Ghaddar, Dye adsorption, desorption, and distribution in 
mesoporous TI02 films, and its effects on recombination losses in dye sensitized solar 
cells. Energy & Environmental Science, 2012. 5(5): p. 7203-7215.

110. Ren, X., et al., Effect o f Cations in Coadsorbate on Charge Recombination and 
Conduction Band Edge Movement in Dye-Sensitized Solar Cells. The Journal of Physical 
Chemistry C, 2010.114(15): p. 7190-7195.

36



Chapter 1 Introduction

111. Chapter 2 Micro-, Meso-, Macroporous Nanocast Carbons, in Nanocasting: A Versatile 
Strategy fo r  Creating Nanostructured Porous M aterials. 2009, Tlie Royal Society of 
Chemistry, p. 45-94.

112. Geim, A.K. and K.S. Novoselov, The rise o f  graphene. Nature Materials, 2007. 6(3): p. 
183-191.

113. lijima. S., Helical m icrotubules o f graphitic carbon. Nature, 1991. 354: p. 56.
114. Baughman, R.H., A.A. Zakhidov, and W.A. de Heer, Carbon N anotubes-the Route 

Toward Applications. Science, 2002. 297(5582): p. 787-792.
115. Synthesis, Properties, Functionalisation and Applications o f  Carbon Nanotubes: a 

State. CHEMISTRY & CHEMICAL TECHNOLOGY, 2010. 4(1): p. 35-45.
116. Hong, L., et al.. Circuit M odeling and Performance Analysis o f M ulti-W alled Carbon 

Nanotube Interconnects. Electron Devices, IEEE Transactions on, 2008. 55(6): p. 1328- 
1337.

117. P. Chen, J.L., and K. L. Tan, Carbon Nanotubes: A Future M ate ria l o f Life. lUBMB L ife ,, 
2000. 49: p. 105-108,.

118. Menon, M. and D. Srivastava, Carbon Nanotube "TJunctions": Nanoscale Metal- 
Semiconductor-Metal Contact Devices. Physical Review Letters, 1997. 79(22): p. 4453.

119. Lee, W.J., et al.. Efficient Dye-Sensitized Solar Cells w ith Catalytic M u ltiw a ll Carbon 
Nanotube Counter Electrodes. ACS Applied Materials & Interfaces, 2009.1(6): p. 1145- 
1149.

120. Reilly, R.M., Carbon Nanotubes: Potential Benefits and Risks o f Nanotechnology in 
Nuclear Medicine. Journal o f Nuclear Medicine, 2007. 48(7): p. 1039-1042.

121. Nanoscale physics. Lecture 17, Carbon based nano m ateria l II.
122. Fan, B., et al.. Conducting polymer/carbon nanotube composite as counter electrode o f  

dye-sensitized solar cells. Applied Physics Letters, 2008. 93(14): p. 143103-3.
123. Yun, D.-J., H. Ra, and S.-W. Rhee, Concentration effect o f  m ultiw alled carbon nanotube  

and poly(3, 4-ethylenedioxythiophene) polymerized w ith poly(4-styrenesulfonate) 
conjugated film  on the catalytic activity fo r  counter electrode in dye sensitized solar 
cells. Renewable Energy, 2013. 50(0): p. 692-700.

124. Lee, K.-M., et al.. Incorporating carbon nanotube in a low-tem perature fabrication  
process fo r  dye-sensitized Ti02 solar cells. Solar Energy Materials and Solar Cells, 2008. 
92(12): p. 1628-1633.

125. Yen, C.-Y., et al.. Preparation and properties o f a carbon nanotube-based  
nanocomposite photoanode fo r  dye-sensitized solar cells. Nanotechnology, 2008. 
19(37): p. 375305.

126. Usui, H., et al.. Improved dye-sensitized solar cells using ionic nanocomposite gel 
electrolytes. Journal o f Photochemistry and Photobiology A: Chemistry, 2004,164(1- 
3): p. 97-101.

127. Ikeda, N., K. Teshima, and T. Miyasaka, Conductive polymer-carbon-im idazolium  
composite: a simple means fo r  constructing solid-state dye-sensitized solar cells. 
Chemical Communications, 2006(16): p. 1733-1735.

128. Tans, S.J., A.R.M. Verschueren, and C. Dekker, Room-temperature transistor based on 
a single carbon nanotube. Nature, 1998. 393(6680): p. 49-52.

129. Derycke, V., et al.. Carbon Nanotube Inter- and Intram olecular Logic Gates. Nano 
Letters, 2001. 1(9): p. 453-456.

130. Suzuki, K., et al.. Application o f  Carbon Nanotubes to Counter Electrodes o f Dye- 
sensitized Solar Cells. Chemistry Letters, 2003. 32(1): p. 28-29.

131. Stoller, M.D., et al., Graphene-Based Ultracapacitors. Nano Letters, 2008. 8(10): p. 
3498-3502.

132. Balandin, A.A., et a!., Superior Thermal Conductivity o f Single-Layer Graphene. Nano 
Letters, 2008. 8(3): p. 902-907.

37



Chapter I Introduction

133. Bolotin, K.I., et al., Ultrahigh electron m ob ility  in suspended graphene. Solid State 
Comnnunications, 2008. 146(9-10): p. 351-355.

134. Novoselov, K.S., et al.. Two-dimensional gas o f massless Dirac ferm ions in graphene. 
Nature, 2005. 438(7065): p. 197-200.

135. Kaner, D.L.a.R.B., MATERIALS SCIENCE: Graphene-Based 2008. 320(Sciences): p. 1170- 
1171.

136. Chen, D., L. Tang, and J. Li, Graphene-based materials in electrochemistry. Chemical 
Society Reviews, 2010. 39(8): p. 3157-3180.

137. Geinn, A.K., Graphene: Status and Prospects.Sc\ence, 2009. 324: p. 1530.

138. Geim, A.K. and K.S. Novoselov, The rise o f  graphene. Nat Mater, 2007. 6(3): p. 183- 
191.

139. http ://w w w .substech.com /dokuw iki/doku.php7id-araph ite .
140. http ://prosoect.rsc.ora/b loas/cw /2011/06/30/araphene-aam es/.
141. K. S. Novoselov, A.K.G., S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. 

Grigorieva, and A. A. Firsov Electric Field Effect in A tom ically Thin Carbon Films.
Science. 306 p. 666-669.

142. Stankovich, S., et al.. Stable aqueous dispersions o f  graphitic nanoplatelets via the 
reduction o f  exfoliated graphite  oxide in the presence o f  poly(sodium 4- 
styrenesulfonate). Journal o f Materials Chemistry, 2006. 16(2): p. 155-158.

143. Stankovich, S., et al.. Synthesis o f graphene-based nanosheets via chemical reduction 
o f exfoliated graphite oxide. Carbon, 2007. 45(7): p. 1558-1565.

144. Park, S., et al.. Colloidal Suspensions o f Highly Reduced Graphene Oxide in a Wide 
Variety o f Organic Solvents. Nano Letters, 2009. 9(4): p. 1593-1597.

145. Khan, U., et al., High-Concentration Solvent Exfoliation o f  Graphene. Small, 2010. 6(7): 
p. 864-871.

146. Vollmer A, F.X., Wang X, Zhi U, Mu" lien K, Koch N, and R. JP, Electronic and structrura l 
properties o f graphene based transparent and conductive thin film  electrodes. Applied 
Physics A, 2009. 94: p. 1-4.

147. Wang, H. and Y.H. Hu, Graphene as a counter electrode m ateria l fo r  dye-sensitized 
solar cells. Energy & Environmental Science, 2012. 5(8): p. 8182-8188.

148. Zhang, D.W., et al.. Graphene-based counter electrode fo r  dye-sensitized solar cells. 
Carbon, 2011. 49(15): p. 5382-5388.

149. Hsieh, C.-T., B.-H. Yang, and J.-Y. Lin, One- and two-dimensional carbon nanomaterials 
as counter electrodes fo r  dye-sensitized solar cells. Carbon, 2011. 49(9): p. 3092-3097.

150. Choi, H., et al.. Electrophoretic graphene fo r  transparent counter electrodes in dye- 
sensitised solar cells. Electronics Letters, 2011.47(4): p. 281-283.

151. Wan, L., et al., Room-temperature fabrication  o f graphene film s on variable substrates 
and its use as counter electrodes fo r  dye-sensitized solar cells. Solid State Sciences, 
2011. 13(2): p. 468-475.

152. Lee, K.S., et al.. Flexible and Platinum-Free Dye-Sensitized Solar Cells w ith  Conducting- 
Polymer-Coated Graphene Counter Electrodes. ChemSusChem, 2012. 5(2): p. 379-382.

153. Bajpai, R., et al.. Graphene Supported Platinum Nanoparticle Counter-Electrode fo r  
Enhanced Performance o f Dye-Sensitized Solar Cells. ACS Applied Materials & 
Interfaces, 2011. 3(10): p. 3884-3889.

154. A-Young Kim, J.K., M in Young Kim, Seung Won Ha, Ngyen Thi Thuy Tien, and Misook 
Kang, Bull. Korean Chem. Soc. 2012, 2012. 33( 10 3355).

155. Yang, N., et al., Two-Dimensional Graphene Bridges Enhanced Photoinduced Charge 
Transport in Dye-Sensitized Solar Cells. ACS Nano, 2010. 4(2): p. 887-894.

38



Chapter 1 Introduction

156. Cheng, G., et al., Novel Preparation o f Anatase Ti02@Reduced Graphene Oxide 
Hybrids fo r  High-Performance Dye-Sensitized Solar Cells. ACS Applied Materials & 
Interfaces, 2013. 5(14); p. 6635-6642.

157. Lee, C.-P., et al., All-solid-state dye-sensitized solar cells incorporating SWCNTs and 
crystal g row th inhibitor. Journal o f Materials Chemistry, 2010. 20(18): p. 3619-3625.

158. Lee, C., et al., Measurennent o f the Elastic Properties and Intrinsic Strength o f  
M onolayer Graphene. Science, 2008. 321(5887): p. 385-388.

159. Novoselov, K.S., et al., Room-Temperature Quantum Hall Effect in Graphene. Science,
2007. 315(5817): p. 1379.

160. Novoselov, K.S., et al.. Electric Field Effect in A tom ically Thin Carbon Films. Science, 
2004. 306(5696): p. 666-669.

161. Bunch, J.S., et al.. Impermeable A tom ic Membranes from  Graphene Sheets. Nano 
Letters, 2008. 8(8): p. 2458-2462.

162. Hou, J., et al., Graphene-based electrochemical energy conversion and storage: fue l 
cells, supercapacitors and lith ium  ion batteries. Physical Chemistry Chemical Physics,
2011. 13(34): p. 15384-15402.

163. Jo-Lin Lana, b., Hsien-Ping Fengb , Tzu-Chien Weib,, H.-P.C. Chao Pengb , Wen-Hsiang 
Chenb,, and W.-C.H.a.C.-C.W. Ya-Huei Changb, Platinum Nanoparticles on Flexible 
Carbon Fiber Paper w ithou t Transparent Conducting Oxide Glass as Counter Electrode 
fo r  Dye-sensitized Solar Cells. Journal o f the Chinese Chemical Society, 2010. 57: p. 
1217-1220.

164. Xiao, Y., et al.. Pulse electropolymerization o f high performance PEDOT/MWCNT 
counter electrodes fo r  Pt-free dye-sensitized solar cells. Journal o f Materials Chemistry,
2012. 22(37): p. 19919-19925.

165. Optically Transparent Cathode fo r  C o(ll/lll) M ediated Dye-Sensitized Solar Cells Based 
on Graphene Oxide. ACS Applied Materials & Interfaces, 2012: p. 121126115754001.

166. Hsiao, Y.-S., et al., High-conductivity poly(3,4-ethylenedioxythiophene):poly(styrene  
sulfonate) film  fo r  use in ITO-free polymer solar cells. Journal o f Materials Chemistry,
2008. 18(48): p. 5948-5955.

167. Kim, J.Y., et al.. Enhancement o f electrical conductivity o f poly(3,4- 
ethylenedioxythiophene)/poly(4-styrenesulfonate) by a change o f solvents. Synthetic 
Metals, 2002.126(2-3): p. 311-316.

168. Ouyang, J.C., C. W.Chen, F. C.Xu, Q.Yang, Y., High-Conductivity Poly(3,4- 
ethylenedioxythiophene):Poly(styrene sulfonate) Film and Its Application in Polymer 
Optoelectronic Devices. Advanced Functional Materials, 2005.15(2): p. 203-208.

169. Jonsson, S.K.M., et al.. The effects o f  solvents on the m orphology and sheet resistance 
in poly (3,4-ethylenedioxythiophene)-poiystyrenesulfonic acid (PEDOT-PSS) film s. 
Synthetic Metals, 2003.139(1): p. 1-10.

39



Chapter 2 Experimental

Chapter 2: Experimental

2.1 Starting Materials

Powdered graphite was purchased from Branwell (Branwell natural graphite). 

l-M ethyl-3-propylimidazolium  iodide (PMII) and l-ethyl-3-m ethylim idazolium  

thiocyanate was purchased from lo-li-tec and used as received. Organic solvent based 

High Performance Electrolyte (HPE), Ti02 pastes, DSL 18 NR-T (average Ti02 

nanoparticle size 20 nm), Thermoplastic Sealant (25 |j,m) and dye (N-719) were 

purchased from Dyesol Ltd. Sealant/spacer (Meltonix 1170-60 series) and Ti-Nanoxide 

D paste (average Ti02 nanoparticle size 15-20 nm and 100 nm) were purchased from 

Solaronix SA. SW CNTs were supplied by Elicarb (SWCNT, PR 0925). N-M ethyl- 

pyrrolidone (NMP) was supplied by Sigma-Aldrich. Graphene nanoplatelets (GNPs) 

type 1, type 2 and type 3 was purchased from Cheap Tubes Inc, USA 

(www.cheaptubesinc.com ), with surface area: GNPs type 1 =50 m /g, GNPs 2 =100 

m l g  and GNPs type 3 =600-750 m 2/g, and diameter; GNPs 1 = 5(am, GNPs 2 = 5|j,m 

and GNPs 3= 2|am). M W CNTs were purchased from MER Corporation (Catalog # 

MRGC, have 8-30 graphene layers, 6-20 nm in diameter and 1-5 microns in length. 

PEDOT: PSS aqueous dispersion (Clevios PH 1000) was purchased from Heraeus 

Clevios GmbH. FTO/glass (~13 Q/sq) was purchased Sigma Aldrich. Guanidinium 

thiocyanate was purchased from Merck. Iodine (I2) was purchased Sigma Aldrich. 

W orking electrodes (Ti02 layer with -1 0  )im thickness), counter electrode (Pt coated) 

were purchased from Dyesol Ltd. W orking electrodes (Ti02 layer with -1 4  (j,m 

thickness), counter electrode (Pt coated) were purchased from Solarprint Ltd.

2.2 Experimental Details for Chapter 3
2.2.1 Preparation o f carbon based quasi solid state electrolytes

Graphene was prepared according to Khan et al procedure [1], Then the 

resulting graphene was placed into an oven at 60 °C for 48 hours to remove any trapped 

solvent left after ambient drying. The graphene samples were triturated in a vial and 

dried in an oven for 4 hours at 65 °C to remove the traces o f NM P if  any rem aining in 

graphene powders. After that the dried graphene powders was dispersed in the PMII as 

concentrations o f  1 %, 10 %, 15 %, 20 %, 25 %, 30 %, 35 % and 40 % by weight in 

glass vials. In all cases the graphene was added step by step in small quantities.
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follow ed by sonication for 30 m inutes. A fter each sonication a further sm all am ount o f  

graphene was added. This process w as repeated until the desired quantity o f  graphene 

pow der w as dispersed. A fter this, all sam ples w ere sonicated in the ultrasonic bath 

G rant X B 6 (200 W ) for further 4 hours in closed glass vial. A second type o f  quasi 

solid state electrolytes w ere prepared using SW CN Ts. SW C N Ts w ere d ispersed in 

PM II in quantities o f  1 % , 7 %, 10 % , 13 %  and 16 % by w eight in glass vials. Each 

sam ple w as sonicated by ultrasonic tip B andelin Sonopuls HD 2200 at 20%  pow er for 

10 m inutes. Then all sam ples w ere sonicated in the ultrasonic bath G rant X B 6 (200 W ) 

for further 4 hour in closed glass vials. Tw o kinds o f  graphene and SW C N Ts hybrid 

quasi solid state electrolytes w ere also prepared, one w ith 12 %  o f  graphene and 3 %  o f  

SW C N Ts by w eight w ere d ispersed in PM II. W hile second one w ith 12 %  SW C N Ts 

and 3 % graphene by w eight w ere d ispersed in PM II. Both type sam ples w ere sonicated 

by ultra sonic tip at 20 % pow er for 10 m inutes and then sonicated in ultrasonic bath 

Grant XB6 (200 W ) for further 8 hours.

2.2.2. Fabrication  o f  DSSCs

T i02  coated electrodes /W Es (dyesol Ltd) w ere sintered at 450 °C in an oxygen 

atm osphere in a furnace and cooled  to 80 “C, then soaked in 3 xlO'^ M solution o f  N 719 

(dye) in ethanol in a closed container at room  tem perature for 24 hours. A fter dye 

adsorption w hite T i02 film  becam e reddish as show n in Fig.2.1 A. D yed T i02  film s 

were w ashed w ith ethanol to rem ove the excess o f  dye w hich are not firm ly bound to 

the surfaces o f  Ti02, Then a 60 ^m  thick surlyn spacer (Sealant/spacer (M eltonix 1170- 

60 series) was coated around uncoated T i0 2  film and then various type o f  the quasi 

solid state electro lytes w ere sandw itched betw een the T i0 2  w orking electrode and 

platinum  counter electrode as show n figure Fig.2.1 C.

A B

Surlyn/spacer/ 
dved WE

Pt/FTO/glass
CE

Figure 2 .1 : P ictures o f  A) dyed W E with spacer, B) Pt/FTO - CE and C) A ssem bled 

DSSC.
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2.3 Experimental Details for Chapter 4

2.3.1 Preparation of binary ionic liquid based quasi solid state electrolyte for dye- 

sensitized solar cells

The EM ISCN at 10 wt%, 30 wt%, 50 wt% and 70 wt % was added separately 

to the PMII under sonication in ultrasonic bath Grant XB6 (200 W) for 30 minutes. 

Graphene was prepared according to the Khan et al method [1], The graphene (30 wt 

%), SW CNTs (7 wt% ) and hybrid SW CNTs (3 wt%) and graphene (12 wt ) were 

dispersed in binary IL (EMISC (30 wt %)/PM II ( 70 wt%) according to our previously 

published procedure [2], Guanidinium thiocyanate (GuSCN) at 0.05M , O.IM, 0.2 M 

were added to hybrid o f SW CNTs (3 wt%) and graphene (12 wt %) o f into binary 

IL(EMISCN 30 wt %/PMII) and sonicated for 3 hours in ultrasonic bath Grant XB6 

(200 W). The DSSCs with these various type binary IL and quasi solid state 

electrolytes) were fabricated according to procedure described in the section 2.2.2 (with 

Solarprint ltd WEs and CEs).

2 .4 Experimental Details for Chapter 5

2.4.1 Preparation of PEDOT: PSS-carbon nanom aterial com posites

The MW CNTs (at 66 wt % o f solid PEDOT: PSS content) and GNPs type 3 

(at 66 wt % o f solid PEDOT: PSS content) were added separately to two aqueous 

PEDOT: PSS dispersions. Both samples were diluted with 20 wt% o f deionised water 

(Millipore). Both samples were sonicated in closed glass vials for 24 hours in ultrasonic 

bath Grant XB6 (200 W). Also, three type o f hybrid samples o f GNPs type 3 and 

M W CNTs were prepared: Hybrid A, MW CNTs (at 22 wt % o f solid PEDOT: PSS 

content) + GNPs type 3 (at 44 wt% o f  solid PEDOT: PSS content) + aqueous PEDOT: 

PSS dispersion; Hybrid B, M W CNTs (at 33 wt% o f  solid PEDOT: PSS content) + 

GNPs type 3 (at 33 wt% o f solid PEDOT: PSS content) + aqueous PEDOT: PSS 

dispersion and Hybrid C, M W CNTs (at 44 wt % of solid PEDOT: PSS content) + 

GNPs type 3 ( at 22 % wt % o f solid PEDOT: PSS content) aqueous PEDOT: PSS 

dispersion. These hybrid sample were diluted with 20 wt% o f  deionised water and 

sonicated using the in ultrasonic bath Grant XB6 (200 W) in closed glass vials for 24 

hours.
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2.4.2 Fabrication of carbon based CEs

FTO coated glass was cut in small pieces ( 3 x 2  cm) and sonicated in 

deionised water (MiUipore) for 20 minutes and then sonicated in ethanol for further 20 

minutes in ultrasonic bath Grant XB6 (200 W). This was followed by heating in an 

oven at 80 “C to remove any residual solvent traces. After cleaning and drying, 

adhesive tape was applied on the all sides o f the conductive surface o f the FTO glass. 

The purpose o f  the tape was to avoid over flow and hold a certain volume o f liquid 

dispersion on each substrate.Various samples o f dispersions which were already 

prepared were applied on FTO glass with help o f a pipette and each FTO glass was 

covered with petri dish and left for 12 hours at room temperature to slowly evaporate 

the water from samples. After initial drying, the adhesive tape (3 M tape) was removed 

from each CE. Then these counter electrodes were heated at 80 °C  in a furnace for 10 

minutes and finally heated at 120 °C for a further 20 minutes. The film thickness o f  the 

composite film was controlled by squash tape or volume dropped. The thicknesses o f 

these were in the range o f 6 |im to 8 |im  measured by SEM cross sectional 

characterization. The DSSCs with these carbon based CEs and reference CE with 

standard Pt/FTO/glass were fabricated with WEs (Solarprint ltd) according to 

procedure mentioned in section 2.2.2.

2 .5 Experimental Details for Chapter 6

2.5.1 Preparation of Pt and TCO free CEs for DSSCs

The three aqueous PEDOT: PSS dispersions were diluted with 10 Vol%  of 

NMP and 20 Vol% o f  deionised water (Millipore). This was split into three equal parts 

and GNPs type 1, GNPs type 2, GNPs type 3 were added to each part at 66 wt %  of 

solid PEDOTiPSS content, to make three sample o f dispersions. Each sample was 

sonicated in closed glass vials for 3 hours the in ultrasonic bath Grant XB6 (200 W ) to 

make homogeneous dispersions. To prepare CE for above dispersion a non-conducting 

glass (NCG) substrate was used. The NCG was cleaned by sonicated in deionised water 

(Millipore) for 20 minutes and then sonicated in ethanol for further 20 minutes. This 

was followed by heating in an oven at 80 °C to remove any residual solvent traces. 

After cleaning, adhesive tape was applied on the all four edges o f  NCG substrate. 

Various samples o f dispersions which were already prepared were drop casted on the
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N C G  substrate using a pipette, then each sam ple w as covered w ith petri dish and left 

for 2 hours at room  temperature to stabilize. A fter that these G N P s based CEs w ere 

dried by heating at 80 °C in an oven  for 4 0  m inutes and finally heated at 120 °C for a 

further 20  m inutes to rem ove any residual solvent. The thickness o f  the com posite  film  

w as controlled by squash tape or volum e dropped. The th icknesses o f  these film s w ere  

in the range o f  15 )im to 20  jim m easured by SEM  cross sectional characterization. The 

D S S C s w ith these various G N P s based CEs and reference CE with standard 

Pt/FT O /glass w ere fabricated w ith W Es (Soiarprint ltd) according to procedure  

m entioned in section 2 .2 .2 .

2.6 Experimental Details for Chapter 7
2.6.1 Sample preparation

GO was prepared according to the m odified  H um m er’s process [3-5] and 

G N P s type 2 pow ders w as purchased from cheap tube. G N Ps type 2 pow ders w ere 

sintered at 400  °C for 30 m inutes. GO and G N Ps type 2 w as d ispersed separately in 

N M P at 1 m g/m l by sonication  in ultrasonic bath Grant X B 6  (200  W ) for 1 hour. T i02  

pastes, D SL  18 N R -T  and T i-N an oxid e D paste at 2:1 and diluted with ethanol (30  wt 

%) and sonicated for 4  hours. V arious w eights % ( 0 to 5 wt%) o f  GO dispersion and 

sintered G N P s type 2 dispersion separately added to already prepared diluted T i02  

paste m ixture and all sam ple w ere further sonicated for 4 hours. FTO glass (3 cm  x 2 

cm ) w as cleaned by sonication in deion ised  water (M illipore) for 20  m inutes and then it 

w as sonicated in ethanol for further 20  m inutes. This w as fo llow ed  by heating in an 

oven  at 80 “C to rem ove any residual solvent traces. A fter cleaning, adhesive tape 

(Scotch  m agic tape) w as applied on the all four edges o f  FTO g lass substrate. The 

purpose o f  the tape w as to avoid  over flow  and hold a certain volum e o f  T i0 2  paste on  

FTO glass substrate. W Es w ere left at room  temperature for tw o hours and then sintered  

at 4 5 0  °C in air for 1 hour and then coo led  to 80 °C. N o w  these G O  and G N Ps plus 

T i02  com p osite  film sAVEs and pure T i02,FilnV W E w ere soaked in 3 x lO'"' M  solution  

o f  N 7 1 9  (dye) in ethanol in a c lo sed  container at room  temperature for 24  hours. D yed  

T i0 2  film s w ere w ashed  with ethanol to rem ove the excess o f  dye w hich are not firm ly  

bound to the surfaces o f  T i0 2 .
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2.6.2 Fabrication of sealed DSSCs

For fabrication o f sealed DSSCs, CEs (Solaiprint ltd) were first drilled from 

non-conductive glass side to make a small hole and then washed with ethanol and dried 

in an oven at 80 °C. Then GO and GNPs type 2 plus Ti02 (dyed) composite filmsAVEs 

and drilled CEs were sealed with Surlyn (25 |im) by heating at 100 ”C. The organic 

electrolyte (HPE) was introduced through small hole in CE under vacuum with the 

following steps:

1. The sealed electrodes (WE +CE) placed in a glass desiccator and then few drops o f 

organic solvent based electrolyte were placed at the top o f small hole o f  the CE.

2. The desiccator was then swiftly closed up. The mechanical vacuum pump connecting 

to the desiccator was subsequently turned on.

3. As the air in the desiccator evacuated by vacuum pump, air bubbles appear in the 

electrolyte. This is an indication o f  air coming out from the space between the 

electrodes in the device.

4. After a few seconds, when there was no more bubbles coming out from the device, 

the vacuum pump was turned o ff  Air was slowly introduced back into the desiccators.

5. The small hole in the CEs was sealed with a piece cover glass and Surlyn (25 |am).

2.7 Characterisation Techniques

2.7.1 Thermogravimetric Analysis

All thermogravimetric analysis in this work was done using a Perkin Elmer 

Pyris 1 TGA set up. Each o f  the sample was heated from 30 °C to 900 °C at rate o f  10 

°C/min. In this technique, the mass o f a sample was m onitored as function o f 

temperature and plotted as a TGA curve and derivative TGA curve (DTGA) as shown 

in Fig. 2.2. TGA can be run under a range o f  atmospheres e.g. oxygen, nitrogen or other 

gas. TGA is commonly used to determine selected thermal characteristics o f  materials 

and content o f  some components that exhibit either mass loss or gain [6]. A m odem  

TGA instrument consists o f a number o f parts. W eight is monitored by a sensitive
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thermo balance. A digital recorder records variation in weight during a TGA run. A 

heating furnace made up of ceramic material which can withstand high temperature. 

Temperature is precisely controlled by a temperature programmer and a computer 

monitor displays the data. These components represented through a simple schematic 

diagram in Fig.2.3.B. Thermal stabilities of materials can be measured and compared 

under the required atmosphere.

Figigure.2.2: TGA and DTGA curves of CNTs, PEDOT, and CNT/PEDOT 

nanostructures [7].

Application of TGA:

• Oxidation or reduction of materials can be monitored using TGA.

• Life spans o f materials can be estimated with TGA.

• The presence o f volatile components in a sample can be determined from a

0 .7

CNT
PEDOT
CNT/PEDOT

-  100

100 2 0 0  300  4 00  500  6 0 0  700  8 0 0
Temperature (°C)

TGA.
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• TGA can be used for analysing the kinetic features o f all types o f weight loss or 

gain, either with a view to predictive studies, or to understand the controlling 

thennochemistry.

• It can be used to find the presence o f trapped solvent and the effect o f this 

solvent on thermal stability o f samples.

Furnace Sample holder

Temperature
sensor

Recorder

Balance controlRecording
balance

Atmosphere control

Furnace
temperature
programn^er

Figure 2.3: A) Perkin Elmer Pyris 1 TGA [8] and B) Schematic diagram o f a modem 

Thermogravimetric Analysis Instrument [9]
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2.7.2 Raman Spectroscopy

In our work Raman measurements were perfonned using Horiba Jobin Yvon 

LabRAM HR spectrometer with a 100 x objective lens and 633 nm laser excitation. 

Raman spectroscopy is a non-destructive, fast, characterising technique which is 

commonly used for the characterization o f carbonaceous materials, including 

distinguishing between graphene and graphite. Furthermore, it can provide valuable 

information about defects and stacking o f  the graphene layers [10], All allotropic fonns 

o f  carbon are active in Raman spectroscopy [11]. A Raman system typically consists o f 

four major components; 1) Excitation source (Laser). 2) Sample illumination system 

and light collection optics. 3) W avelength selector (Filter or Spectrophotometer) and 4) 

Detector (Photodiode array, CCD or PMT) [12], A sample is normally illuminated with 

a laser beam in the ultraviolet (UV), visible (Vis) or near infrared (NIR) range. 

Scattered light is collected with a lens and is sent through an interference filter or 

spectrophotom eter to obtain a Raman spectrum o f a sample.

Raman spectroscopy is a technique which relies on the inelastic scattering of 

laser light o f a sample. When monochromatic light interacts with a sample, the majority 

o f photons are elastically (Rayleigh) scattered. However a small portion (~1 in lO’ 

photons) is shifted in wavelength through interactions with the sample material. This is 

referred to as the Raman effect. During this process, the frequency o f  the photons is 

either shifted up or down in comparison with the frequency o f the incident light. The 

incident photons interact with the electric dipole o f the sample molecules causing a 

change in the molecules vibrational, rotational or electronic energy. Rayleigh scattering 

occurs if  the excited molecule returns back to its original vibrational state. If  the excited 

m olecule returns to a higher energy level, then the photon loses energy on interaction 

with the sample. This is known as Stokes Raman scattering. Similarly, Anti-Stokes 

scattering occurs when an excited molecule returns to a lower energy level, meaning 

the photon gains energy. The energy distribution gives us information on the chemical 

bonds present and is like a fingerprint o f  the material [13].

A Raman spectrum is a plot o f the intensity o f Raman scattered radiation as a 

function o f its frequency difference from the incident radiation (usually in units o f 

w avenum bers,cm ''). The main features in graphite /graphene Raman spectra are 

represented by the D, G and 2D or G ’ peaks as shown in figure 2.4 [14]. In graphene, 

the D peak occurs at ~  1350 cm '' and is associated with defects and also edge effects
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[15], In graphene, the G band occurs at around 1582 cm"' and this occurs because o f 

vibrations between neighbouring carbon atoms.

( c r i i i — 1  >

>3Lt

1 2 1

3“7oo 3oo<>

Figure 2.4: Raman spectra for graphite and graphene showing the G and G ’ bands

[16].

An up shift o f  5 cm '' occurs if  single layer graphene is present. Up shifts show a 1/n 

dependence where n is the number o f  graphene layers [16]. At 2700 cm ', the 2D band 

is present. This is also known as the G ’ band. This band is seen for all sp^ hybridised 

carbon materials. The 2D peak changes shape width and position with increasing 

number o f graphene layers [17], For graphene, only one G ’peak is seen here but for 

graphite two distinct peaks G ’ l and G ’2 will be present. For graphene, the intensity o f 

the 2D (or G ’) band is much larger than the G band with a ratio o f 4. This is in contrast 

with graphite in which the G band is larger than the 2D band (figure 2.4) which is also 

the case for nanotubes [16].
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2.7.3 Scanning Electron Microscopy (SEM)

SEM was perfonned using a Carl Zeiss Ultra Plus Field Emission Scanning 

Electron Microscope. Up to 8 conventional SEM samples can be mounted in the 

chamber at once in Carl Zeiss Ultra Plus Field Emission SEM. SEM can provide 

information on surface topography, crystalline structure, and chemical composition 

(EDX) o f samples [18, 19]. SEM benefits from a large depth o f  field so most o f  the 

specimen surface is simultaneously in focus whatever the surface roughness. Optical 

microscopes operating at high magnification have a very small depth o f Large 

specimens (200 mm diameter wafers, or even larger in specially adapted SEMs), SEM 

permits non-destructive evaluation o f the specimen (if it is conductive). Very short 

specimen preparation time (maybe only a few seconds) while the specimen is attached 

to a “stub” (specimen holder) [19]. SEM consists o f seven primary operational systems: 

vacuum, beam generation, beam manipulation, beam interaction, detection, signal 

processing, and display and record. The SEM is a type o f  electron microscope that 

images the sample surface by scanning it with a high-energy beam o f electrons in a 

raster scan pattern [20].

PE

Final Lens

--------------------►  SE3
--------------------►  BSE

^ SE1
BSE

BSE
SE2

Figure 2.5: The main types o f electrons that can be detected. They are split into several 

groups depending on their origin and their range.
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Figure 2.6: Carl Zeiss Ultra Plus Field Emission Scanning Electron M icroscope [21 ].

W hen the electron beam interacts with the sample, secondary electrons (SE), 

back scattered electrons (BSE), Auger electrons and X rays are produced, collected in 

various detectors and an image is produced [19]. Generally the most common or 

standard detection mode is SE imaging. Fig. 2.5 shows the main types o f  electrons that 

can be detected. When electrons are scattered from the inner core or from the electrons 

o f the sample, inelastic scattering occurs resulting in secondary electrons. These are 

low energy electrons (<50 eV). SEl electrons come from the spot centre, SE2 electrons 

undergo some scattering and these leave the sample further from the spot centre, SE3 

electrons are not generally used for imaging and these electrons come from 

backscattered electrons. Secondary electrons can be detected using the in-lens detector 

on this machine which is ideal for surface imaging. Electrons with energies higher than 

this are known as backscattered electrons. These occur from the elastic scattering o ff 

the sample at a much deeper range. The backscattered electron (BSE) detector is useful 

for seeing elemental contrast between different parts o f  a sample. Both secondary and 

backscattered electrons can be detected using the SE2 detector. The secondary electrons 

account for 90% o f the electrons with the backscattered electrons contributing to the 

rest. This detector can be used at a higher voltage range than the in-lens detector and is 

effective for looking at material contrast.
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2.7.4 Transmission Electron Microscopy (TEM)

The TEM samples were prepared by pipetting the dispersion o f graphene in 

NMP directly onto a holey or lacey carbon support mesh on a copper TEM grid. The 

grids were allowed to dry in air or dried in a vacuum oven, depending on the solvent 

used. Transmission electron microscopy was carried out using a Jeol 2100 TEM 

operated at 200 kV. The TEM machine consists o f an electron source, electromagnetic 

lens, and various apertures and a phosphor screen/CCD camera. The illumination 

system controls the incident beam on the sample, and is made up o f  a condenser, 

aperture and lens. These produce a parallel beam o f coherent electrons along the optic 

axis, to interact with the sample (fig.2.7) [22]. Upon interaction, the beam undergoes 

transmission or is either scattered elastically or inelastically.

Electron source

Gun crossover

;> Condenser 1 lens

Condenser crossover

Condenser 2 lens

Objective front 
focal plane

Upper objective lens

Parallel bea

Sample

F igure 2.7: Schematic o f  the illumination system in a TEM [23].

After the beam has passed through the sample, the objective aperture only allows the 

unscattered electrons to travel to the projection lens system, is m agnified and focused 

onto an imaging device, such as a photographic film, a fluorescent screen, or detected
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by a CCD camera. Bright field imaging is the most commonly used imaging technique 

and this mode was used for imaging these samples. The darker areas o f an image 

correspond to areas where fewer electrons could pass through and these areas 

correspond to a larger number o f  graphene layers [24]. TEM o f folding at the edges or 

within the free-hanging sheets gives the number o f layers by direct visualization [17].

2.7.5 Power Conversion Efficiency Measurements of DSSC 

2.7.5.1 Current-voltage (IV) curve measurements

Current-voltage (IV) curve measurements are the most frequently used 

characterization method to determine the photovoltaic device performance. The IV 

curve provides information about open circuit voltage (Voc), the short-circuit current 

(Isc) and the fill factor (FF) o f a solar cell. M easurements o f  I-V  curves were 

performed using a digital source meter (Keithley 2400) and a standard solar simulator 

(Oriel 92193).

Open Circuit Voltage (Voc)

The open circuit voltage (Voc) is the voltage across the solar cell when the cun'ent 

through the solar cell is zero and it is the maximum voltage available from the solar cell 

(V (at 1=0) = Voc). To read the open circuit voltage from the graph, locate the point on 

the voltage axis where the current is zero as shown fig.2.8.

Short Circuit Current (Isc)

The short circuit current (Isc) is the current through the solar cell when the voltage 

across the solar cell is zero cell (I (at V=0) = Isc). To read the short circuit current from 

the graph (fig2.8), locate the point on the current axis where the voltage is zero. Divide 

this current by the active area o f  the solar cell under test, to obtain the short current 

density, Jsc (mA/cm^).

Fill Factor (FF)

The FF is defined as the ratio o f  the maximum power point to the product o f  Voc and 

Isc. An ideal FF should have value o f 1, an ideal value 1 is not possible in a solar cell 

since resistive losses always exist. FF can also be interpreted graphically as the ratio o f
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the rectangular areas depicted in Fig.2.8. FF o f a DSSC can calculate according to the 

equation 1.

Power conversion efficiency (®/o ) (i])

The light or power conversion efficiency (%) (r|) is defined as the ratio o f  the

maximum electric power extracted to the radiation power incident on the solar cell 

surface. The power conversion efficiency o f a DSSC can calculate according equation 

2 .

Equation 1:

M axim um  pow er po in t Vmax Imax
FF = -----------------------------------o r -------------------

Voc Isc Voc Isc

Vmax =  Voltage at the m axim um  pow er.

Imax =  C urren t a t the  m axim um  pow er.

M aximum po w er o u tp u t or po in t =  Product of Vmax and Imax.

Equation 2:

Voc Isc FF
1

T| = The power conversion efficiency (%).

L = The light intensity o f the incident light.

Ac = The surface area o f  the cell.
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Figure 2.8: IV curve o f  a DSSC which showing the open circuit voltage (Voc), short 

circuit current (Isc), and the maximum power point (MPP).

2.7.S.2 Solar Simulator

Solar simulator is a device that provides illumination approximating 

natural sunlight. The purpose o f the solar simulator is to provide a controllable indoor 

test facility under laboratory conditions, used for the testing o f solar cells and other 

materials and devices. The solar simulator Oriel instruments model 92193 (fig.2.9) was 

used to measure the IV curves in this work. This instrument was equipped with a 1.5G 

air mass filter and 1300W Xenon lamp bulb and was calibrated with a silicon-based 

reference cell. Fig.2.10 shows diagram o f  an Oriel solar simulator instruments model 

92193.

Isc

Max m w e r point

Voc

200 400 600 800

voltage (mV)
Vm ax
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Figure 2.9: The solar sim ulator Oriel instrum ents m odel 92193.

COLLIM A TIN G
L E N S

W O R K IN G
PL A N E

X E N O N
LA M P

F igure 2.10: Schem atic diagram  o f  an Oriel Solar S im ulator m odel 92193 [25].

2.7 .6  Electrochemical Impedance Spectroscopy

Electrochem ical im pedance spectroscopy (EIS) analysis is a basic tool that 

provides deeper inform ation about charge transfer phenom ena in DSSC. EIS analysis 

has been w idely used to explore the reduction o f  I3 ions on CEs, and a w ell-supported  

equivalen t circuit [26]. The im pedance data is typically  presented as a N yquist plot. 

F ig .2.11 presents exam ples o f  N yquist plots [27]. G enerally , EIS spectra exhibit three
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sem icircles in the N yquist plot, w hich describes the different im pedances o f  DSSC 

[28], Each sem icircle can be assigned based  on the m odel circuits (equivalent circuit) 

for a DSSC. The first sem icircle o f  EIS spectra is attributed  to the im pedance o f  the 

charge transfer resistance at the counter electrode/electro ly te interface (R^) w hich is 

labelled as Z1 in fig. 2.11, the second sem icircle one ( labelled as Z 2) and the last 

tailing  one (labelled as Z3) are related  to charge transfer process at 

theT i02/dye/electro ly te interface (Rct2) and W arburg diffusion process o f  I7 I3' in the 

electrolyte (Rdiff) respectively  [29], The EIS experim ents can be conducted in dum m y 

cells or real D SSC by using a com puter-contro lled  potentiostat in the dark or under 

light intensity. The E lectrochem ical Im pedance spectroscopy was perform ed w ith  a 

potentiostat (A uto lab PG STA T128N  w ith FRA 2 m odule) (in chapter 5). 

E lectrochem ical im pedance spectroscopy (E IS) w as determ ined in the frequency range 

from  from  10 m H z to 65 kH z under 5 m W  /cm^ over an open circuit potential Voc. The 

equivalent circuit m odel used to interpret the EIS data.

120

■ P V D F H F P  
•  0  2 5  % Ti02 
^  0 .2 5  % G ra p h ite1 0 0 -
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Figure 2.11: N yquist plots o f  electrochem ical im pedance spectra (EIS) o f  DSSC [27].

2.7.7 Electrical Conductivity Measurement

For electrical conductiv ity  m easurem ent, silver paint w ere applied at both the 

end o f  each sam ple and then tw o piece o f  silver w ire w ere attached to each strip  w ith 

help o f  silver paint, to ensure proper flow  o f  current through sam ples. And the sam ples 

were left for few m inutes at room  tem perature to dry the silver paint. The sam ples w ere
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then connected to a Keithley 2400 source meter through silver wire to measure the IV 

curves o f each sample. The two-probe resistance was detennined under V bias = 0.1 to 

IV. The bulk conductivity o f  all samples was calculated according equation 3 .The 

electrical conductivity ( ) was then found as the inverse o f the product o f sheet

resistance R jand thickness (t) by using the Equation 3 [30],

Equation 3:

1
ode =

Rs t
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Chapter 3: Graphene, Carbon Nanotubes 

and Ionic liquid mixtures: Towards new 

Quasi Solid State Electrolytes for Dye 

Sensitised Solar Cells
3.1 Introduction

The roles o f the electrolyte is to provide electrons from CE to the WE o f the 

DSSC, in order to regenerate the oxidized dye to ground state [1], Therefore, the 

electrolyte is one o f the essential components o f the DSSC technology and its 

development is particularly important for further development and commercialisation o f 

DSSCs. In order to get high cell power conversion efficiencies, the electrolyte has to 

fulfil certain criteria including appropriate viscosity, high diffusion coefficient, high 

electrochemical and themial stability, low vapour pressure and ease o f  sealing [2, 3]. 

Traditional DSSC technology uses a volatile solvent based electrolyte [4, 5]. These 

electrolytes are characterized by low viscosities and high diffusion coefficients. 

However, the liquid electrolytes cause a number o f problems during manufacturing that 

limit their applications. The main problems include leakage o f electrolytes, corrosion o f 

cells over time, high temperature instability (outdoor conditions) and additional 

complexity in trying to contain liquids in a solar cell device during manufacturing [6-8]. 

These drawbacks, as well as the fact that the liquid electrolytes are quite aggressive and 

can permeate plastics, are serious obstacles for large-scale outdoor application o f 

DSSCs and their integration into flexible structures [9]. To resolve the above problems, 

alternative components such as Ionic liquids (ILs) have been investigated as a 

replacem ent for volatile organic solvent based electrolytes. ILs have good chemical and 

thermal stability, negligible vapour pressure, non flammability and high ionic 

conductivity [10]. However, the power conversion efficiencies obtained with ionic 

liquids at a full air mass (AM 1.5) solar irradiance have been much lower than those 

achieved with organic solvent-based electrolytes [11]. Very few examples are reported 

where reasonable power conversion efficiencies were obtained with ILs for example 

power conversion efficiency o f 7.2% were achieved for DSSC with binary ILs
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electrolytes i.e. l-propyl-3-methyl-imidazolium iodide (PMII) and l-ethyl-3-m ethyl- 

imidazolium tetracyanoborate (EM IB(CN) [12], M. Gratzel et al has also reported a 

solvent free electrolyte with mixture o f three types o f  ILs i.e. 1, 3-dimethylimidazolium 

iodide, l-ethyl-3-m ethylim idazolium  iodide and l-ethyl-3-m ethylim idazolium  

tetracyanoborate. They have demonstrated power conversion efficiency up to 8.2% in 

their work [13]. In summary, the use o f  ILs is still limited either due to low power 

conversion efficiency, sealing issues, or high costs. To address these issues, the 

development o f a new type o f  electrolyte is needed. Replacing the liquid electrolytes in 

the DSSCs with a solid or gel/quasi solid state electrolyte is expected to solve these 

problems [14]. The conversion o f a liquid electrolyte to a gel or quasi solid state 

electrolytes has some advantages, for example the quasi solid stets electrolytes can stop 

the leakage or flow o f  liquid electrolytes and some cases stop the leakage o f liquid 

electrolytes as well as increased the power conversion efficiencies o f  DSSCs. Therefore, 

gel/quasi-solid state electrolytes for DSSCs have received much attention and are 

widely investigated. Various approaches have been made to prepare gel/ quasi solid 

state electrolytes for DSSCs. For example Gratzel et al. [15] reported the incorporation 

o f nanoparticles o f Si02 (5 wt%) in to IL (PM II) and they achieved same power 

conversion efficiencies o f 7% for liquid electrolyte and corresponding quasi solid state 

electrolyte /DSSCs, this result shows that the presence o f Si02 has no adverse effect on 

the conversion efficiency and the only advantage these electrolytes are free o f  leakage. 

However there some papers reported about increased in power conversion efficiencies 

with incorporation o f various carbon based material in to ionic liquid 

electrolytes/DSSCs [16]. Lee et al. [17] reported a new promising quasi-solid state 

electrolyte for DSSCs, which was produced by utilizing an IL i.e. l-ethyl-3- 

methylimidazolium iodide (EMMI) and SW CNTs (10 wt %) as filler. This research 

resulted in a cell with a relatively high power conversion efficiency o f 1.88 % as 

compared to pure an IL (EMII) (0.41%). Ikeda et al [18] fabricated quasi solid-state 

electrolytes by incorporation o f SWCNTs (6.97 wt %) and M W CNTs (6.97 wt %) to 

the IL, 1,3-diethyleneoxide derivative o f imidazolium iodide and they obtained power 

conversion efficiencies o f L63% and 1.01% with SW CNTs and MW CNTs based quasi 

solid state/DSSCs respectively. Though these cells would have many advantages (as 

discussed above) the drawback would be high cost and availability o f  CNTs in large 

quantities. A cost effective alternative to CNTs will be graphene. Graphene is another
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material with remarkable properties including high specific surface area thermal and 

electricity conductivity [19-24], There are many ways o f  graphene preparation [25-27] 

but the most cost effective and scalable method o f  graphene preparation is developed by 

Khan et al. [28], in this method graphene can be derived from naturally occurring 

graphite which is readily available in nature with very low cost compare to CNTs. 

Graphene has another advantage compare to CNTs i.e. its large surface area, hence one 

would expect graphene based quasi solid state electrolytes would give better 

performance than CNTs. Further more because o f the 2D nature graphne could 

potentially make a better contact with Ti02 o f working electrode (WE) as well as to Pt 

o f  the counter electrode (CE) compare to curved CNTs and as a result electrons would 

transfer more efficiently from the CE toward the WE, resulting in higher power 

conversion efficiency. Therefore the use o f the graphene would not only make the IL to 

a gel or qusi state and will also improve power conversion efficiencies o f  the DSSCs. 

Though SW CNTs are expensive they were used as comparison or baseline to graphene. 

Graphene can be incorporated to many ILs however, in our work IL, l-propyl-3- 

methylimidazolium iodide (PMII) has been selected because amongst various types of 

/iodide salts that form room-temperature ionic liquids, 1- (PM II) has the lowest 

viscosity [13]. Also there are reports that the addition SW CNTs to graphene/graphite 

can have synergetic effect of various properties [29, 30]. Therefore, SWCNTs were also 

added to graphene/PM II. Our objectives were to develop cost effective quasi solid state 

electrolyte for DSSCs and evaluate whether the graphene and the resulting based quasi 

solid state electrolytes will show high efficiency and long-term stability that makes 

them commercially interesting for inexpensive applications. In this work we evaluate 

various mixtures o f  graphene and/or SW CNTs in ILs as potential quasi-solid state for 

the DSSCs.

3.2 Preparation of Graphene
Graphene was prepared according to the procedure outline by Khan et al 

(Figure 3.1) [28]. Graphite powder was added to N-methyl- pyrrolidone (NM P) at a 

concentration o f 3.3 mg ml ' in a 500 ml round bottomed flask. The dispersion was then 

sonicated for 60 hours. After sonication, the dispersion was transferred into vials and 

centrifuged at 1500 rpm for 45 m inutes (Hettich Universal 32). After centrifugation, the
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supernatant was carefully transferred to a glass bottle (500ml). The dispersion was 

vacuumed filtered onto a filter membrane (0.45jum). The resulting graphene film on 

filter membrane was left at room temperature for four hours and the filter membrane 

and film was then placed into a 60 °C oven for 48 hours to remove any trapped solvent 

left after ambient drying. After drying, graphene film was removed from membrane.

Exfoliation of Graphene

Ultra-sonication/energy Centrifugation

60 hrs 1500 rpm 
/45m ints

Vacuum filtration

supernatan t

Figure 3.1: Steps involved in graphene preparation.

3.3 Characterisation of Graphene

3.3.1 Transmission electron microscopy (TEM)

Graphene was prepared by solvent exfoliation according the procedure outline 

by Khan et al al. [28] as explained in section 3.2. The quality o f exfoliated graphene 

was examined using TEM. TEM analysis was employed to determine the typical 

thicknesses o f  the exfoliated graphene in dispersion. TEM o f  folding at the edges or 

within the free-hanging sheets gives the number o f  layers by direct visualization [31]. In 

TEM experiments a drop o f the diluted (by factor o f 30) dispersions o f graphene/NM P 

and graphene/PM II was dropped on a holey carbon grid (400 mesh). This type o f  TEM
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grid allowed flakes to be captured while the solvent was free to percolate through the 

membrane. The grid was then dried in a vacuum oven. As shown in figure 3.3 TEM 

images confirmed the exfoliation few layered graphene in dispersions (3 to 5 layers).

Figure 3.2: Representative TEM images o f graphene (A, B, C and D), represent 

m ultilayer (3 to 5 layers) o f graphene sheets, (after 60 hours o f  sonication).

3.3.2 Raman Spectroscopy

Further studies of the nature o f exfoliated graphene were performed using 

Raman spectroscopy. Raman spectroscopy is commonly used for the characterization of 

carbon nanomaterials such as graphite, graphene and CNTs etc [32]. This is a non 

destructive, fast, characterising technique which enables to determine the number o f 

graphene layers and their quality. In order to prepare the samples from graphene/NM P 

dispersion the solvent was removed and free standing films were obtained. Raman 

spectroscopy was done on both top, bottom sides o f films as well as on graphite powder 

for comparison. The main features in graphite/graphene Raman spectra are represented
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by the D, G and 2D peaks [33], The D peak, so called after defects, can be found -1350 

cm ''.The graphite powders displayed a small D band (~1330 cm'').

A  2 D
Top side

Bottom side

Graphite

1000 1500 2000 2500 3000

Raman Shift (cm‘ )

Figure 3.3: Raman spectra A) Top side B) Bottom side of graphene film and C) graphite 

powder.

The D band is indicative of defect or edges.The graphitic G peak located at ~ 1580 cm'' 

and 2D peak located at -2700 cm'' always observed in graphite samples [34]. The 

graphite’s 2D band (-2700 cm '') always have a shoulder at -2650 cm"' is 

representative of graphite [31]. While the absence of shoulder in 2D band of the film 

spectra represent the few layer graphene. Furthermore the shape and height /intensity of 

o f the 2D band can be used to distinguish between single and multilayered graphene in a 

sample. In monolayer graphene the 2D peak evolves to be roughly 4 times more intense 

than the G peak [31], Shown in Figure 3.3 C, Raman spectra of graphite powder showed 

negligible D peak. This suggests that there were no defects in the starting materials or 

due to bigger flake size o f graphite, while a shoulder was in 2D peak was observed as
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one would expect in graphite. Raman spectroscopy o f our films showed a large D peak 

which can either be due to the defect created during sonication o f the samples or most 

likely because o f smaller flakes i.e. edge effect [28]. The shape o f 2D peak spectra with 

no shoulder is consistent in all graphene film as shown in figure 3.3 A and B, which 

indicated the presence o f few layer thick graphene sheets in the film, thus we can also 

conclude from this Raman analysis that graphene sheets did not re-aggregate into 

graphitic stacking in the film.

3.3.3 Electrical Conductivity Measurement

The electrical conductivity o f  graphene film was measured using the two point 

probe method. Graphene film thickness was measured using a m icrometer screw gauge 

which was ~ 20 |u.m. Graphene film was cut up into five strips. Silver paint was applied 

to the each end o f the strip and then silver wire was used to connect with keithly model 

2400 source meter. The electrical conductivity o f five samples was determined and then 

calculated the average electrical conductivity, which was 110 S/cm. This study further 

confirmed that that graphene sheets did not re-aggregated into graphitic stacking as in 

the literature the electrical conductivity of graphene film in the range o f 72 to 381 

S/cm [35, 36] and the electrical conductivity o f  a graphite film is around 50 S/cm [37].

3.3.4 Scanning Electronic Microscopy (SEM)

SEM o f graphene films allowed us to see their morphology and arrangement in 

the films. W e have carried out SEM investigations both on the top and edge surfaces o f 

the films. The SEM images showed that these films consisted o f multiple layer o f 

graphene sheet in all cases. Representative images o f graphene films are shown in 

figure 3.4.
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Figure 3.4: SEM images o f  graphene, (A and B) top surface and (C and D) edge o f 

film.
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3.4. Preparation and Characterisation of DSSCs with 

new Quasi Solid State Electrolytes
3.4.1 Preparation of graphene based quasi solid state electrolytes 

and corresponding DSSCs

DSSCs consist o f many components and all parts effect the photovoltaic 

properties o f the cell. Various factors that affect the photovoltaic properties o f DSSCs 

are: (1) fabrication process (2) contamination and (3) humidity etc. It’s very important 

to keep all parameters and conditions constant for each experiment. However, in case o f 

graphene based quasi solid state electrolytes, more precaution is required because these 

graphene based electrolytes are highly conductive compared to pure ILs and there is a 

good chance that front working electrode and counter electrode can get short circuit 

using these electrolyte. Keeping this in mind this all uncoated FTO area was covered 

with an insulator (surlyn) 60 |im thick. Besides preventing short circuit, the spacer also 

has another advantage that it provides enough space between W Es and CEs to hold 

enough quantity o f quasi solid state electrolyte. It also serves to keep the constant space 

between two electrodes in each cell. Our quasi solid state/DSSC consisting o f  graphene 

and PMII can be represented schematically as shown in Figure 3.5. Graphene was 

dispersed in PMII in various amounts (wt %) as described in experimental section.

FTO coated glass

I  SunliflM I

Figure 3.5: Schematic illustration for the charge-transport processes o f  graphene-based 

quasi solid state DSSC.
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The addition o f  only 1 wt %  o f  graphene changes the co lour o f  PM II from 

yellow  to black. G raphene was dispersed very well in PM II therefore a sm all quantity o f  

g raphene changed the co lour o f  PM II. It was found that 1-15 w eight %  o f  graphene has 

alm ost no visib le effect on flow  o f  PM II but they can only m ake a gel like m aterial and 

and at 20-40 w t %  resulting  in quasi solid state electrolyte as show n in F igure 3.6. The 

role o f  PM II is to fill the m esoscopic interior o f  sensitised porous T i02 layer w here no 

space is available for graphene to occupy as well as PM II functions as a carrier m ediator 

betw een sensitised  porous T i02  and graphene. W e expected that this kind o f  quasi solid 

state electro lytes w ould create perfect contact betw een the sensitised  porous T i0 2  layer 

o f  the W E  and Pt o f  the CE o f  the DSSC.

F ig u re  3.6: P ictures o f  vials with the different o f  graphene wt %  in PM II, from  left to 

right the graphene (w t % ) increased in PM II.

3.4.2 Investigation of the Photovoltaic Performance of DSSCs with 

Graphene based Quasi solid state electrolytes/DSSCs

Table 3.1 presents a sum m ary o f  photovoltaic param eters including short-circuit 

current density  (Jsc), open circuit voltage (V oc), fill factor (FF) and pow er conversion 

efficiency % o f  quasi solid state electrolytes containing different am ounts (w t %) o f  

graphene and the reference DSSC with PM II only. The pow er conversion efficiency o f
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the reference D SSC  w ithout graphene w as found to be 0.16% . Initially w e tried to keep  

graphene at a low  concentration, sign ificantly  below  the percolation threshold. A fter the 

addition o f  1 to 10 wt % o f  graphene the pow er conversion effic ien c ies  o f  D SSC s  

increased very little (up to 0 .2  %). H ow ever the pow er conversion e ffic ien c ies  o f  

D S S C s increased sharply (up to 2.1% ) w hen 30 wt % o f  graphene w as added into PMII. 

At low  concentrations the graphene fiakes are aw ay from each other and do not provide  

su fficien t charge transfer. A s the concentration increased the graphene flakes com e  

closer  to each other i.e. above the percolation threshold and as a result fast electrons 

transferred from  the CE toward the W E, hence v iscou s quasi so lid  state electrolytes  

show  higher pow er conversion e ffic ien cy . The pow er conversion e ffic ien c ies  increased  

from 0 .1 6  % (w ithout graphene) to 2 .10  % with 30 wt % o f  graphene concentration. It is 

know n that the incorporation o f  a carbon based material in ILs m ake a direct link  

betw een counter electrode and w orking electrode, thus they reduced the physical 

diffusion  path o f  tri-iodide ion ( I 3  ) so called  extended electron transfer material 

(E E T M ) for exam ple SW C N T s etc [17]. The tri-iodide ion (I's) is reduced back to

iod ide ion (F) by Pt at the counter electrode (13'+  2 e ‘ ----- ► 31') o f  a D SSC . Therefore,

physical d iffusion  o f  tri-iodide ion in the electrolyte, as w ell as the charge transfer on 

the T C O -Pt/electrolyte interface are important parameters that influence the 

perfonnance o f  a D SSC  [38]. Therefore, it is expected  that incorporation o f  graphene in 

PMII also acts as an EETM  and the resulted quasi solid  state D S S C s w ould  m ore 

effic ien t than other carbon based material because o f  its high surface area. The increase  

o f  pow er conversion  effic ien cy  o f  the cell with graphene is attributed to the dual 

functions o f  graphene, i.e. m ediating charge transfer in the electrolyte and catalyzing the 

I'3  reduction. Further increase o f  graphene in PMII (35%  to 40%  w t %) had reduce the 

pow er conversion  e ffic ien c ies  o f  D SSC s. W hen the am ount o f  graphene w as increased  

up to 35 to 4 0  w t %,  the pow er conversion e ffic ien cies had decreased to 0 .59  % and 

0 .48  % respectively . This reduced pow er conversion e ffic ien cies are m ost likely  due to 

the reason that at 35 to 4 0  wt % graphene cannot be properly dispersed in PMII and thus 

hom ogeneity  o f  com posite electrolyte decreased and cannot provide enough PMII 

penetration into the sensitized  porous T i0 2  layer and inhibits the d iffusion  o f  I” and I 3 ’ 

ions in electrolyte.
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Table 3.1: The Photovoltaic parameters o f  the DSSCs with various carbon based quasi 

solid state electrolytes with three different type o f  WE.

Graphene 
content (wt

% )

Jsc
(mA/cm^)

Voc (V) FF Efficiency %

0 %
(onlyPMII) 0.37 0.575 0.64 0 .16± 0 .01

1% 0.85 0.507 0.30 0 .16± 0 .01

5% 0.74 0.56! 0.36 0 .18± 0 .01

10% 0.79 0.561 0.39 0.21 ± 0 .02

15% 3.91 0.538 0.31 0.79 ± 0 .02

20% 4.00 0.521 0.34 0.90 ± 0 .05

25% 4.80 0.535 0.37 1.20 ± 0 .06

30% 5.30 0.624 0.49 2 .1 0 ± 0 .1 0

35% 3.91 0.460 0.27 0.59 ± 0 .02

40% 3.52 0.464 0.24 0.48 ± 0.02

It can be noticed that Jsc o f DSSCs increased with increased the amount o f graphene 

(wt %) in PMII, which indicted that an increased amount o f  graphene also increased 

conductivity o f  PMII in quasi solid state DSSC. Kang et al [39] have described that Jsc
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is strongly dependent on the ionic conductivity o f the electrolyte. The highest FF (0.49) 

was obtained with 30 wt % o f graphene. This reflects that internal electric resistance o f 

DSSC also decreased with 30 wt % o f graphene based quasi solid state electrolyte. 

While Voc values also increased from 0.575 to 0.624 V at 30 wt % o f  graphene. W hile 

the value for Voc was decreased when the amount o f  graphene was increased to 35 to 

40 wt%, which shows that up to 30 wt % graphene provide enough PMII to penetrate in 

to TiOa layer and further increase o f  graphene wt % cannot provide enough PMII to 

penetrate into the sensitized porous Ti02 layer. It is believe that graphene based IL 

electrolyte is a facile and low-cost alternative to iodine-containing liquid and other 

quasi-solid electrolytes. In addition to promising photovoltaic parameters above this 

highly viscous electrolyte can hold together both electrodes and does not show any 

leakage even without sealing. Finally, this method o f quasi solid-state DSSC can be 

applied for large scale fabrication o f DSSC using the screen-printing method. We 

conclude on the basis o f above results that graphene is a promising material as a filler to 

solidify/gelify the PMII.

3.43 Thermogravimetricanalysis (TGA) of Graphene Based Quasi 

Solid State Electrolytes

Thermal stability o f graphene, PMII and the graphene (30 wt %) based quasi 

solid state electrolytes which gave the best result were selected for thermogravimetric 

analysis (TGA). The samples were heated from 26 °C temperature to 900 “C at a rate 10 

°C per minutes. TGA curves are plotted in Figure 3.7 A and derivative TGA (DTGA) 

curves are shown in Figure 3.7. B. The DTGA curve o f PMII (Figure 3.7 B .a) 

displayed three peaks in the region o f  55 °C, 302 °C, and 724 °C. There was a loss o f 

4.2 wt% at 55 “C. This initial loss is due to the presence o f moisture in the sample. Due 

to the hygroscopic nature o f the PMII, moisture may be absorbed during transferring o f 

the sample to the TGA pan. M ost o f  the weight was (85.80 wt %) lost at 302 °C. A 

further 9.85% weight was lost at 724 °C. Shown in Fig 3.7 B. b) is the DTGA curve o f 

graphene film. The absence o f peak in low temperature region (up to 250 °C ) indicates 

that there is almost no solvent trapped in film and film is suitable dry. Furthermore the 

curve revealed that graphene degradation begun at 650 °C and maximum weight lost 

occurred at 818 °C. Figure 3.7 B.c) shows the DTGA curve o f quasi solid state
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electrolytes which contain 30 % weight of graphene. This DTGA curve shows four 

peaks in the region of 52 °C, 302 °C, 575 °C and 659 °C. Initially 7.9 % weight was lost
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Figure 3.7: A) TGA curves of A.a), PMII, A.b) graphene and A.c) graphene (30 wt %) 

+ PMII quasi solid state electrolyte. B) DTGA curve of B.a) PMII, B.b) graphene and 

B.c) graphene (30 wt %) + PMII electrolyte.
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at 52 °C this can be attributed to the absorbed moisture. While 62.40 wt% was lost at 

302 °C. A further 24.48 % weight was lost at 575 ”C and 4.5 % weight was lost at 659 

°C. DTGA curves shows that around 22 wt % o f  graphene was present in quasi state 

electrolytes while 30 % weight o f graphene was actually added to PMII. TGA results 

shows that even our best electrolyte system is not perfectly homogenised. Therefore, we 

believe it is necessary somehow to improve our graphene dispersion in ILs. However 

this is a quite challenging task at this stage. Improving o f dispersion quality will 

certainly increase the DSSC power conversion efficiency further. Finally, from TGA 

analysis it is clear that graphene based quasi solid state electrolytes are quite stable even 

at high temperature (up to 300 ”C).

3.4.4 Investigation of the Photovoltaic performance of DSSCs with 

SWCNTs Based Quasi Solid State Electrolyte/DSSCs

SW NTs-PMII based electrolytes and corresponding DSSCs have been 

prepared similarly to graphene based ones, which have been described above section 

3.4.1. Table 3.2 present summary o f photovoltaic parameters including short-circuit 

current density (Jsc), open circuit voltage (Voc), fill factor (FF) and power conversion 

efficiency % of SW CNTs based quasi solid state electrolytes/DSSCs. It was found that 

I % wt o f  SW CNTs can make a viscous gel like material but cannot stop the flow o f  

PMII as no visible effect on flow of PMII been observed. It has previously been 

reported that SWCNTs form specific bucky gels with structured network in ionic 

liquids (SW CNTs gels o f ILs, which may be called “bucky gels o f ionic liquid) [40], 

Therefore the addition o f 1 % wt o f SWCNTs increased power conversion efficiency o f  

DSSCs from 0. 16 % to 0.25 % for PMII and quasi solid state electrolytes respectively. 

The dispersion o f 7 % wt o f SWCNTs in PMII produced a highly viscous black gel, the 

resulted gel was a quasi solid state electrolyte. This in quite different from the graphene 

based solid state electrolyte system where 10 % wt o f sample would still have lower 

viscosity as no visible effect on flow was observed as shown in figure 3.6. The highest 

power conversion efficiency (1.43%) was achieved with 7 % wt o f SW CNTs, which is 

an increase by the ~  9. This increase in power conversion efficiency can be explained
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by the fact that this high wt % and good dispersion SWCNTs provide very good 

electron transfer. The conductivity of PMII with SWCNTs increases hence a high Jsc 

(5.19 mA7cm^) was observed. The increase o f power conversion efficiency o f the cell 

with 7 wt % is also attributed to the dual functions o f SWCNTs, i.e. mediating charge 

transfer in the electrolyte and catalyzing the I3' reduction [17]. Furthermore, at 7 % wt 

o f SWCNTs, there is enough PMII in electrolyte system to penetrate into the sensitized 

porous Ti02 layer. However, further increase o f SWCNTS loading from 10-16 wt % 

produced an even more viscous gel, but 10 wt %, 13 wt %, 16 wt % of SWCNTs quasi 

state electrolytes gave power conversion efficiencies of 0.56 %, 0.46 % and 0.40 % 

respectively. This is most likely because the dispersion o f SWCNTs was not good at 

concentration above 7 wt % in PMII. The SWCNTs aggregates can easily be seen even 

by naked eye. That may be the reason that very low power efficiencies were obtained at 

higher loading o f SWCNTs (10 to 16 wt %). In addition perhaps at high loading 

SWCNTs quasi state electrolytes cannot provide sufficient PMII penetration into the 

sensitized porous Ti02 layer o f the WE of the DSSCs.

Table 3.2: The photovoltaic parameters o f the DSSCs with quasi solid state electrolytes 

containing different amounts of SWCNTs in PMII. Measured at 78 mW/cm‘. Cell 

active area: 0.8 cm^

SWCNT 
content (wt
%)

Jsc (mA/cm^) Voc (V) FF Efficiency %

0 %
(only PMII) 0.370 0.575 0.64 0.16± 0.01
1%

0.524 0.573 0.70 0.25± 0.01
7%

5.19 0.540 0.41 1.43± 0.13
10%

2.15 0.616 0.36 0.56± 0.02
13%

1.64 0.614 0.41 0.46± 0.02

16% 2.09 0.541 0.32 0.40± 0.02
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3.4.5 TGA of SWCNTs Based Quasi Solid State Electrolyte

For TGA study the most efficient quasi solid state electrolytes i.e. contained 7 

wt % o f  SW CNTs was selected and for comparison the TGA o f  SW CNTs was also 

perfomied.
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Figure 3.8: A) shows TGA curves o f A.a) PMII, A.b) SW CNT and A.c) SW CNTs (7 

wt %) + PMII quasi solid state electrolytes. B) Shows DTGA o f B.a) PMII, B.b) 

SW CNTs and B.c) SWCNTs (7%) + PMII quasi solid state electrolytes.
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Figure 3.8 B. b) shows the DTGA curve o f SW CNTs which indicate that maximum 

weight (97 %) was lost at 717 °C. Figure 3.8.B.c) shows the DTGA curve o f quasi solid 

state electrolytes which contained 7 wt % o f SWCNTs. There was an initial 2 % wt loss 

observed at 52 °C, which shows the presence o f  some absorbed solvents and m oisture in 

sample as have been discussed above 3.4.3. Then the main 77% wt was lost at 300 °C. 

Also 8 % wt loss was observed at 467 °C and 9 % wt was lost at 744 °C. The DTGA 

curve shows that around 15 % SW CNTs was present in this quasi solid state electrolyte 

while actually 7 % wt o f  SWCNTs was added. From TGA analysis it is clear that 

SW CNTs based quasi solid state electrolytes are also quite stable even at high 

temperature (300 ”C).

3.4.6 Investigation of the Photovoltaic Performance of DSSCs with 

Hybrid Graphene-SWCNTs/PMII Quasi Solid State Electrolyte

Two kinds o f hybrid quasi solid state electrolytes were produced with different 

graphene to SW CNTs ratio. Hybrid A consisted o f 3 wt % o f  graphene and 12 wt % of 

SW CNTs and Hybrid B consisted o f 3 wt % o f SW CNTs and 12 wt % o f graphene in 

PMIl. Table 3.3, summarizes photovoltaic parameters o f the DSSCs with hybrid 

graphene and SW CNTs based quasi solid state DSSCs. A highest power conversion 

efficiency o f 2.50% was obtained with 3 wt % o f SW CNT and 12 wt % o f graphene 

quasi state electrolytes/DSSC. This is remarkable increased in power conversion 

efficiency by the factor o f 15 increase compare to pure PMII. This increase is higher 

than both pure graphene- PMII or pure SWCNT- PMII based quasi state electrolytes. It 

is reported in literature that conductivity o f  graphite/graphene composite can be 

increased by addition o f  small quantities o f SW CNTs [37], That might be the reason in 

our case as well. These kinds o f  composite are more conducting than sample 1 and 

sample 2 hence this allows for faster electron transport through the electrolyte. This is 

further shown in the Jsc data obtained. The highest Jsc (7.32mA/cm^) which was higher 

than graphene (5.30 mA/cm^) and SW CN Ts(5.I9 mA/cm^) based quasi solid state 

electrolyte/DSSC as shown in Table I and Table 2 respectively. Therefore the ionic 

conductivity o f this particular electrolyte (hybrid B) is higher than all other types quasi 

solid state electrolytes prepared in this work. Figure 3.9 shows the representative JV
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curves o f  three best efficient quasi solid state o f each type sample and reference (PMII) 

DSSCs which were fabricated in this work.

Table 3.3: The photovoltaic parameters o f the DSSCs with quasi solid state electrolytes

containing different amounts o f graphene and SWCNTS in PMII. Measured at 78
2 2 mW /cm . Cell active area: 0.8 cm

SWCNT/Graphene 
weight content %

Jsc
(mA/cm^)

Voc (V) FF Efficiency %

0 (only PMII) 0.370 0.575 0.64 0 .16± 0 .01

SW CNT (3 %)
+ Graphene (12%) 

(Hybrid B)
7.32 0.594 0.44 2 .5 0 ± 0 .I0

SW CNT (12%) + 
Graphene (3%) 
(Hybrid A)

4.66 0.561 0.43 1 .39± 0 .10
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Figure 3.9: The photovoltaic (J-V ) curves o f the DSSCs with A) hybrid B, B) 

Graphene (30 wt %), C) SW CNTs (7 wt %) and D) PMII only.
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3.4.7 TGA of Hybrid Graphene-SWCNTs-PMII Quasi Solid State 

Electrolyte
TGA o f hybrid B based quasi solid state electrolytes (Fig 3.10.) showed four 

peaks in the region o f 53 “C, 299 °C and 484 °C and 588 “C. Initially 4.3 % wt was lost 

at 55 °C this can be attributed to absorbed solvents and moisture as discussed in 

previous sections. A
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Fig 3.10: A) Shows TGA curves o f A.a) PMII, A.b) SW CNTs, A.c) graphene and A.d) 

hybrid B. B) shows DTGA o f B.a) PMII, B.b) graphene B.c) SW CNTs and B.d) hybrid 

B.
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There was 76 % wt loss was recorded at 299 “C, a further 14 % wt loss at 484 °C anc 6 

% wt was lost at 588 °C. The DTGA curve shows that around 18 wt % grapheme 

+SWCNTs were present in this electrolytes system while actually 15 wt % graphene (12 

wt %) +SWCNTs (3 wt %) were added in to PMII. The TGA study shows that these 

kinds of quasi solid are more homogeneous than SWCNTs and graphene based quasi 

solid state electrolytes. These stable at high thennal condition because all their 

components and composite were stable up to 300 “C.

3.4.8 Investigation of the Photovoltaic Performance of Pt free 

CE/DSSC with Quasi Solid State Electrolytes 

(only FTO/glass)
Four identical FTO/glass (3 cm x 2 cm) was washed with DI water and then 

washed with ethanol and dried at 80 °C in a oven then used us as Pt free-CE in DSSC 

with three best formulations of quasi solid electrolyte i.e. with Graphene (30 wt%) 

+PMII, SWCNTs (7wt%) 4 PMII and SWCNTs (3wt%) + Graphene (12 

wt%)+PMII=hybrid B and for comparison two references DSSCs were also fabricated 

with 1) pure PMII with Pt/FTO- CE and 2) pure PMII without Pt , only FTO/glass-CE 

as shown in Table 3.4. The power conversion efficiency of 0.01 % was achieved with 

pure PMII without Pt/FTO -CE/DSSC and 0.16 % of power conversion efficiency was 

obtained with pure PMII with Pt/FTO-CE/DSSC. This power conversion efficiency is 

higher by factor of 2.28 than PMII with Pt free CE-DSSC. This increase in power 

conversion efficiency is attributed to catalytic activity o f the Pt for the reduction of tri­

iodide ion on the FTO/glass-CE/DSSC. This result shows that Voc is more or less 

independent of Pt as Voc value was slightly decreased from 0.575V to 520 V. In 

contrast, both FF and Jsc show strong dependence on the Pt of the CE as FF decrease 

from 0.65 to 0.07 and Jsc decreases from 0.387 mA/cm? to 0.230 mA/cm^. The pov/er 

conversion efficiency o f Pt free CE with graphene based quasi solid state /DSSC 

increased from 0.07 % (without Pt/CE with only PMII) to 0.92%. This result confirmed 

that graphene act as EETM in quasi solid state DSSC as increase was seen in Jsc (2.68 

mA/cm^) and FF (0.50). Similarly, the power conversion efficiency of Pt free CE with 

SWCNTs based quasi solid state DSSC increased to 0.70% due to improvement in Jsc
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(2.94mA/cm^) and FF (33). However the highest power conversion efficiency o f  Pt free 

CE was obtained with hybrid B quasi solid state electrolyte/ DSSC. The highest Jsc 

value (3.56mA/cm^) obtained with hybrid B quasi solid state electrolytes/DSSC, this 

shows that this electrolytes is more catalytic active and more conductive than all other 

quasi solid state/ DSSCs which are tested in this work. In conclusion, all three carbons 

based quasi solid state/DSSCs shows a great increase in conversion efficiencies than 

pure PMII with Pt/FTO and Pt free CE/DSSCs. However, these power conversion 

efficiencies are lower than those which were obtained with carbon based quasi solid 

state electrolytes with Pt/FTO CE/DSSCs as discussed in early sections, as the quasi 

solid state electrolytes are in loosely sandwich between WE and CE o f  the DSSC while 

Pt is firmly attached to FTO surface. Therefore, it is expected that electron efficiently 

transfer to carbon based quasi solid electrolytes and thus shows excellent performance 

the presence o f the Pt in CEs/ DSSCs. These results confirmed the importance o f  carbon 

based material in ILs and confirmed that these carbon based materials work as EETM in 

ILs in DSSCs, therefore photovoltaic parameter o f DSSC increased than pure PMII with 

Pt/FTO CE and pure PMII without Pt CE (only FTO)/DSSCs. Figure 3.11 shows the JV 

curves o f Pt free CE/DSSCs which were fabricated in this work.

Table 3.4: The photovoltaic parameters o f the DSSCs with quasi solid state electrolytes 

with Pt free CE/DSSCs. M easured at 78 mW/cm^. Cell active area: 0.8 cm^

Electrolytes Type CE type Jsc
(mA/cm^)

Voc (V) FF Efficiency %

only PMII Pt/FTO 0.370 0.575 0.64 0 .16± 0 .01

Only PMII FTO 0.230 0.520 0.07 0.01 ±0.01

Graphene+PMII FTO 2.68 0.532 0.50 0.92 ±0.01

SW CNTs +PMII FTO 2.94 0.565 0.33 0.70 ±0.01

Hybrid B FTO 3.56 0.521 0.50 1.18 ±0.01
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F ig u re  3 .11: The photovoltaic (J -V ) curves o f  the D SSCs with 1) Pure PM II w ithout Pt 

free CE, 2) G raphene (30 wt % ) quasi state electrolyte w ithout Pt free CE, 3) SW CN Ts 

(7 wt % ) quasi state electro lyte w ithout Pt free CE, 4) hybrid B w ithout Pt free CE and 

5) PM II with P t/C E/D SSC s.

3.4.9 Iodine (I2) effect on the Photovoltaic Performance of 

DSSCs with Quasi Solid State Electrolyte
It is w ell-know n that I2 exists in the electrolyte contain ing iodide in the form 

o f  polyiodides such as Is 'o r  Is' (eq 1) [41]. An efficient transport/diffusion o f  I' and I 3 ' 

ion in the electro lyte is necessary  for a good perform ance o f  the DSSC because the 

oxidized state o f  the dye (dye*) should be regenerated by I' ion efficiently  after the 

electrons from  the excited  state o f  the dye are injected into the conduction band o f  T i0 2  

under illum ination (eq 2). M eanw hile, the electrons accum ulated at the counter 

electrode by the external circuit w ill lead to concentration over potentials for the 

electro lyte at the electrode and loss o f  energy o f  the D SSC if  the electrons are not 

transferred  by Is’ efficiently  (eq 3).
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r  + I2 ► I3' ~ h  I5 (in electrolyte) (1)

3 r  + 2 dye* — ► I3' +2 dye (at dyed/TiOa electrode) (2)

3 r  + 2 e '  — ► (atEETM ) (3)

It has been previously reported that the introduction o f  I2 into liquid or gel electrolytes 

could increase the conductivity o f  the electrolyte [41-44], Therefore, in this study, three 

best fonnulations were selected from each type quasi solid electrolyte i.e. with 

Graphene (30 wt%) + PMII, SW CNTs(7wt% )+PMII and SW CNTs (3wt%) + Graphene 

(12 wt%)+PMII 0.1 wt % o f  Iodine (I2 ) was added to each sample as shown in Table 

3.5. The tests demonstrated that the addition o f  I2 resulted in the decrease o f  the power 

conversion efficiency in all cases mainly due to the decreased Voc and Jsc values with 

the addition I2 (0.1 wt %). This study and other reported work [6 , 17, 45] suggested that 

the iodide anion in IL based carbon based quasi solid state electrolyte/DSSCs, can 

provide sufficient Y for the regeneration o f  the oxidized dye under illumination (eq 2) F 

in turn oxidizes to I3 ' which can be reduced back to I' at the EETM (eq 3). Therefore, 

the addition o f  I2 can increase concentration o f  polyiodides in the porous dye-coated  

Ti0 2  layer and thus it can facilitate recombination o f  injected conduction band electrons 

with poly iodides [6 , 17]. Furthermore, addition the I2 content also enhances light 

absorption even in the visible range [41]. This decreases the light-harvesting o f  dye 

m olecules [41].These results demonstrate that theses carbon based quasi solid state 

electrolytes works most effectively without the addition l2 due to above reasons. Figure 

3.12 shows the JV curves o f  DSSCs which were fabricated in this work.
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Table 3. 5: The photovoltaic parameters o f the DSSCs with quasi solid state 

electrolytes with addition o f 0.1 wt % o f iodine (I2 ). M easured at 78 mW/cm^. Cell 

active area: 0.8 cm^

Electrolytes

type

Jsc
(mA7cm^)

Voc (V) FF Efficiency
%

Graphene+PM II 4.38 0.596 0.31 1.06 ± 0.01

SWCNTs+PM11 3.45 0.559 0.38 0.90 ± 0 .09

Graphene+SW CNTs

+PM II
4.14 0.569 0.4 1.16± 0.10
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Figure 3.12: The photovoltaic (J-V ) curves o f the DSSCs with addition o f  0.1 wt% of 

Iodine(l2) 1) Graphene (30 wt %) quasi state electrolyte, 2) SW CNTs (7 wt%) quasi 

state electrolyte and 3) hybrid B quasi solid state electrolytes/DSSCs.
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3.4.10 Comparative Stability Study of quasi solid sate 

DSSCs
To investigate the stability o f  the quasi solid sate DSSCs, the three best and 

most efficient quasi solid state DSSCs were selected from each type o f  sample. In 

addition one reference DSSC was also fabricated with PMII only. These four DSSCs 

(open cell) were stored in a desiccator. Figure 3.13 shows a summai'y o f  the stability o f

quasi solid state electrolytes used in DSSCs. The J-V curves o f  the all DSSCs were 

measured at intervals o f 120 hours for 1000 hours. It was noticed that the cell efficiency 

in all cases was decreased after five days and then stabilized for some period o f  time. 

This was followed by another gradual decrease as shown in Figure 3.13.These results 

indicate that the overall power conversion efficiencies o f the quasi solid state electrolyte 

with SWCNTs 2) graphene and 3) hybrid B were decreased from 1.43% to 1.02 %, 

2.10%  to 1.61%) and 2.50 % to 1.55% respectively after 1000 hours.
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F igure  3.13: Stability studies o f DSSCs with various electrolytes o f 1) graphene-based, 

2) SW CNT-based, 3) hybrid B based and 4) reference DSSCs (PMII only).
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The pow er e ffic ien cy  o f  the reference cell m ade with PMII w as in itially increased after 

120 hours, this m ight be due to the deeper penetration o f  PMII into T i02  o f  W E but then 

gradually decreased and reached to 0 .5 0  % after 1000 hours. A m ong all the various 

types quasi solid  state D SSC  the graphene based based D S S C s w as the m ost stable. One 

reason for the stability cou ld  be that graphene m akes a protective layer over the dyed  

Ti02  layer. The 2 D structure o f  graphene firm ly adheres to T i02  layer and thus protects 

the dyed T i02  and PMII from m oisture/ hum idity and other contam inations. From the 

first g lance apparently it looks like the D SSC  m ade using pure PMII is m ore stable than 

the rest. H ow ever it is clear that even  at 1000 hours o f  aging all the nano-carbon filled  

electrolyte sam ples still have m uch higher pow er conversion effic ien c ies  that o f  only  

PMII at the sam e aging level.

3.5 Conclusions

In conclusion  this part o f  work resulted in the developm ent o f  new  electrolytes  

for D SSC s. Series o f  quasi so lid  state electrolytes w ere prepared by the incorporation  

o f  (1) graphene or (2) SW C N T s or (3 ) a com bination o f  SW C N T s+graphene into PMII. 

U sing these new  electrolytes sign ificant increases in pow er conversion e ffic ien c ies o f  

D SSC s w ere achieved  com paring to pure PMII. The m axim um  pow er conversion  

effic ien cy  in graphene based quasi state electrolytes w as 2 .1 0  %. This is an increase o f  a 

factor o f  13 (an increase from  0.16% ). W hile in case o f  SW C N T s based quasi state 

electrolytes the pow er conversion  e ffic ien cy  show ed an increase from 0 .1 6  to 1.43% . 

H ow ever, the best pow er conversion  e ffic ien cy  o f  2.50%  (an increase by a factor o f  

- 1 5 )  ach ieved  w hen SW C N T s (3 w t %) and graphene (12 w t %) w ere m ixed in PMII 

(hybrid B). The incorporation o f  carbon based nanom ateriasl has enhanced the D SSC  

pow er conversion  effic ien cy , apparently due to an im proved electron transfer from the 

counter electrode to the PMII (ILs) resulting in reduced charge diffusion length i.e. new  

electrolytes serve as an extended  electron transfer material (EETM ). It w as established  

that carbon nanom aterials serve sim ultaneously  both as charge transporter in the ILs and  

as an electrocatalyst for the electrochem ical reduction o f  I3". It w as a lso  dem onstrated

86



C hapter 3 G raphene. Carbon N anotubes and Ionic liquid m ixtures; Tow ards new  

Q uasi Solid State E lectrolytes for Dye Sensitised Solar C ells

that D SSC  can be constructed w ithout Pt w ith a m oderate efficiency (1.16% ) as 

graphene and C N T  can act as an electrocatalyst in hybrid  B quasi solid state 

electro ly tes/D SSC s. The ag ing/stability  study revealed that these quasi solid state 

D SSCs cells still posses the h igher efficiencies than pure PM II D SSC  under sam e 

condition. At all processing stages the quality o f  dispersions w ere m onitored by  various 

characterization techniques. TEM  revealed the fonnation  o f  exfoliated  graphene. Ram an 

data suggests the presence o f  few layered graphene even in dry form  in the film s. The 

therm al stability o f  each com ponent in the quasi solid state electrolyte and the best 

efficient quasi solid state electrolyte o f  each sam ple w ere characterized  by a 

thennograv im etric  analyzer (TG A ). TG A  studies dem onstrated  that these electro lytes 

have high thennal stability  up to 300 °C.  This research provides an useful approach for 

the fabrication o f  the stable quasi solid state electro lytes and corresponding D SSCs. It is 

believed that that further optim ization o f  these quasi solid state electro lytes as well as 

photovoltaic cell optim ization will enable to get h igher pow er conversion efficiencies 

for cost-effective production o f  DSSCs.
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Chapter 4: Development of Binary Ionic liquid Based 

Quasi Solid State Electrolyte for Dye Sensitized Solar 

Cells

4.1 Introduction
Ionic liquids (IL) can serve as both iodide ion source and solvent and therefore can  

be used as e lectrolytes in dye sensitized  solar cell (D S S C s) [1, 2], ILs exhib it low  vapour 

pressure and better stability than organic so lvent based electrolytes [2], H ow ever, the pow er  

conversion e ffic ien c ies  obtained with ILs at a full air m ass (A M  1.5) solar irradiance have  

been much low er than those ach ieved  with organic solvent-based  electrolytes [3], The use o f  

ILs is still lim ited either due to low  pow er conversion  e ffic ien cy , sealing issu es, or high costs. 

Therefore, the focus o f  research on D S S C s has shifted recently from those based on liquid  

electrolytes to quasi so lid -state electrolytes [4]. ILs based im idazolium  salt has been w id ely  

used as so lvent and iodide source o f  electrolyte for the fabrication o f  D S S C s but 

unfortunately pure im idazolium  ion ic liquids containing I7 I3' redox coup le have high  

viscosity  as com pared to the vo latile  organic solvent based electrolytes, w hich suppresses the 

diffusion o f  redox ions, hence show  low er pow er conversion  e ffic ien cy  [5]. The v iscosity  o f  

highly  v iscou s IL can be low ered by m ixing  them w ith low  v iscosity  IL [6], A s a result the 

diffusion  o f  I7 I3' redox couple increases, resulting in an im proved D SSC  perform ance [7]. 

This kind o f  system s is generally called  binary IL electrolyte. Binary IL electrolyte, usually  

com posed  o f  an im idazolium  iod ide and another IL w ith relatively low  v iscosity , exhibited  

high pow er-conversion  e ffic ien cies . The IL l-m ethyl-3-propylim idazolium  iod ide (PM II) 

w hich show s an appreciable conductivity o f  0 .58  m S cm'' at room tem perature, to further 

increase this value, a net decrease o f  its high v iscosity  (1 0 0 0  cP at 25 ”C) [8 ] is necessary; for 

this purpose, PMII is usually m ixed  with alkyl substituted im idazolium -based ion ic  liquids o f  

m uch low er v isco sities  that em ploy  anions other than iodide such as fluorous-free  

tetracyanoborate [B (C N ) 3]', dicyanam ide [N (C N )2]' and tricyanom ethanide [C (C N )3]‘ (w ith  

v iscosities  low er than 25 cP at 25 °C [9-11], In order to reduce the fluidity o f  IL-based  

electrolytes, various m aterials are dispersed into o f  IL to produce gel or quasi-solid-state  

electrolytes for D SSC  to increase their robustness and stability o f  the D SSC . Chen et al. [4] 

reported the preparation o f  quasi so lid  solid-state electro lyte  by m ixing  polyaniline-loaded  

carbon black (P A C B ) (11.1 wt% ) into PMII and m ixture o f  PMII and 1-ethyl-3-
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m ethylim idazolium  thiocyanate (E M ISC N ) at volum e ratio 35 /65 . They achieved  power  

conversion  effic ien c ies  o f  5.81%  w ith PM II+PA C B based quasi so lid  solid-state electrolyte  

and 6 .15 % with binary IL (PM M I+E M ISC N ) +P A C B  quasi so lid  solid-state electrolytes  

com pared to pow er conversion  e ffic ien cy  o f  0 .18  % with m ixture o f  binary ILs w ithout the 

addition o f  P A C B . T hey b elieved  that the pow er conversion e ffic ien cy  w as increased because  

PA C B  acting as an extended electron transfer surface (E E T S) that reduced the diffusion  

length for I' and I3' ions in the electrolyte, and also  sim ultaneously serves as a charge- 

transporter and a catalyst for Is' reduction. The pow er conversion  e ffic ien cy  w as further 

increased w ith the addition o f  E M ISC N , this increase w as attributed to the less v iscou s nature 

o f  the E M ISC N , w hich provided better penetration o f  the com posite  electrolyte into T i02  

film AVE and also show ed better conductivity  o f  the electrolyte for I' and I 3 ' ions.

In our previous chapter 3 w e  reported the developm ent o f  various types o f  quasi solid  

state electro lytes by the incorporation of: (1) graphene or (2) SW C N T s or (3 ) hybrid  

SW C N T s + graphene into PMII [3], U sin g  these new  quasi solid  state electrolytes significant 

increases in pow er conversion  e ffic ien c ies  o f  D SSC s w ere ach ieved  com paring to pure PMII. 

H ow ever, PMII has very high v isco sity  (1 0 0 0  cP at 25 “C), therefore w e expected  that the 

addition o f  low  v iscosity  IL E M ISC N  (25 cP at 21 °C) to our previously reported quasi solid  

state form ulations could  increase the dispersion o f  SW C N T s or graphene or hybrid 

SW C N T s+  graphene in b inaiy  ILs and d iffusion  rates and result in the further im provem ent 

o f  pow er conversion  e ffic ien c ies  o f  quasi so lid  state based D SSC s.

4.2 Preparation of Binary Ionic liquid Based Quasi Solid State 

Electrolyte for DSSC
The E M ISC N  various w t % w as added separately to the PMII and then The graphene  

(3 0  w t %), SW C N T s (7 wt% ) and hybrid SW C N T s (3 wt% ) plus graphene (12 w t %) w ere  

dispersed into optim ized  binary IL as explained in experim ental chapter 2.

4.3 TGA of hybrid Graphene-SWCNTs in Binary IL Based Quasi 

Solid state Electrolyte
Thermal stability o f  hybrid graphene-SW C N T s-binary quasi so lid  state electro lyte  w as  

investigated  by TG A . T G A  curves are plotted in Figure 4 .1 .A  and derivative T G A  (D T G A )
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curves are shown in F ig .4 .1. B. The DTGA curve o f hybrid graphene-SW CNTs-binary quasi 

solid state electrolyte which contain 3 wt% of SWCNTs o f and 12 wt% o f  graphene shows 

three peaks in the region o f 55 °C, 301°C, 610 °C. Initially around 1.50 % wt was lost at 52 

“C, this can be attributed to the absorbed moisture. W hile around 82 % wt was lost at 302 °C 

due to the thermal decomposition o f ILs. A further 14 % wt was lost at 610 °C. DTGA 

curves shows that around 12.62 wt% o f graphene+SW CNts was present in quasi state 

electrolytes actually 15 wt % graphene (12 wt%) +SW CNTs (3 wt%) were added in to binary 

ILs. Thus the TGA study showed that the hybrid graphene-SW CNTs-binary quasi solid state 

electrolytes are stable up to 300 °C.

200 400 600 800 10000

Temperature (°C)

Figure 4,1: A, TGA curve A) and B) DTGA curve o f hybrid SW CNTs (3 wt %) + graphene 

(12 wt %) into binary IL.

4.4 Investigation of the Photovoltaic Parameters of the DSSCs 

with various Combinations (w/w) of Binary IL Based DSSC

Table 4.1 summarises the photovoltaic parameters i.e. open-circuit voltage (Voc), 

short-circuit current density (Jsc), fill factor (FF), and power conversion efficiencies o f all 

DSSCs which were fabricated using different wt% o f  EM ISCN into PMII. DSSC fabricated 

with the pure PMII showed power conversion efficiency o f 0.47 %. The power conversion 

efficiency was increased from 0.47 % (only PMII) to 0.78 % with the addition o f 10 wt% o f
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EMISCN into PMII. The power conversion efficiency was further increased to 1.40 % after 

the addition o f  30 wt % o f EMISCN into PMII. However the power conversion efficiency

Table 4.1: The photovoltaic parameters o f the DSSCs fabricated with different wt% o f 

EMISCN into PMII. M easured at 100 mW/cm^, Cell active area: 0.8/cm^.

EM ISCN/PM II 
(w/w ratio)

Voc
(mV)

Jsc
(mA/cm^)

FF Efficiency
%

0/100 640 2.82 0.26 0.47 ± 0.02

10/90 680 3.83 0.30 0.78 ± 0.04

30/70 680 4.93 0.41 1.40 ± 0 .08

50/50 660 4.75 0.40 1.25 ± 0 .06

70/30 670 3.65 0.38 0.92 ± 0 .05

100/0 520 1.78 0.31 0.29 ± 0 .02

6

4

2

0
0 200 400 600 800 1000

voltage (mV)

Figure 4.2: Representative photovoltaic (J-V ) curves o f 1) PMII, 2) Binary IL (30/70) and 

EMISCN.
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dropped from 1.40 % (E M ISC  30  wt%  /PM II) to 1.25 % and 0 .92  % after the addition o f  50  

wt% and 70  w t % o f  E M ISC N  into PMII respectively . The Jsc value w as increased from 2.86  

m A /cm ‘ to 3 .83 mA/cm ^, 4 .93  mA/cm ^, 4 .75  mA/cm^and 3.65 mA/cm^ w ith addition o f  10 

wt% and 30  wt%, 50 wt and 70 wt% EM ISC N  into PMII respectively . The h ighest Jsc value  

(4 .93  m A/cm^) w as obtained w ith the addition o f  30  wt% o f  E M ISC N  into PMII 

dem onstrating that this particular binary IL com bination has better ion ic  conductiv ity  than all 

others binary IL w hich w ere prepared in this work. Furthermore the increase in Jsc values  

show ed that the addition o f  all wt % E M ISC N  into PMII increased their ion ic  conductivity  o f  

all binary IL. The FF values w ere also increased from 0 .26  to 0 .30 . 0 .4 1 , 0 .4 0  and 0 .38  with  

addition o f  10 wt%, 30  wt%, 50 wt% and 70 wt% o f  EM ISC N  into PMII respectively . The 

V oc values have also raised from  640 m V  to 680  m V , 680  m V , 660  m V  and 670  m V  with  

addition o f  10 wt%, 30 wt% , 50 wt% and 70 wt% o f  EM ISC N  into PMII respectively . These  

results dem onstrated that the addition o f  low er w eight % (30  wt% ) o f  EM ISC N  into PMII 

gave the best result. This can be attributed to the less v iscou s nature o f  the E M ISC N  (25 cP 

at 21 °C) than only PMII (1 0 0 0  cP at 20  °C), w hich provides better penetration o f  the binary 

IL into T i0 2  film /W E  and also better conductivity o f  the electrolyte and d iffusion  o f  I' and 

I3' ions. The advantages o f  EM ISC N  with regard to the im provem ent o f  the apparent 

diffusion coeffic ien ts and with regard to faster d iffusion  rates have been also  reported [4, 12]. 

H ow ever, when the com position  o f  EM ISC N  increased to 50 wt% and 70 wt% into PMII 

then pow er conversion e ffic ien cy  start to decrease go in g  b elow  one for the binary IL w hich  

contained 30 wt% o f  E M ISC N  into PMII. This m ight be due to the increase o f  the 

probability o f  electron capture resulting in an increased recom bination rate [13].

4.5 Investigation of the Photovoltaic Parameters of the DSSCs 

with incorporation of various Carbon Based Material into Binary 

IL Electrolyte

The best binary IL com bination o f  E M ISC N  (3 0  wt% ) into PMII w as selected  for 

further investigations. Three types o f  binary IL based quasi so lid  electro lytes w ere prepared 

by the addition SW C N T s (7 wt% ), graphene (30  wt %) and hybrid o f  SW C N T s (3 wt% ) plus
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graphene (12w t% ) sim ilarly as described in the chapter 3 [3]. Table 7 .2  sum m arises the 

photovoltaic parameters i.e. V oc, Jsc, FF, and pow er conversion effic ien c ies o f  all D SSC s 

w hich  w ere fabricated using binary IL based quasi so lid  state electro lytes/D S SC . D SSC  

fabricated with the on ly  binary ILs show  pow er conversion e ffic ien cy  o f  1.40 %. H ow ever  

pow er conversion  effic ien c ies  w as increased to 2 .04  %, 2.24%  and 3.07%  with addition o f  

SW C N T , graphene and hybrid graphene + SW C N T s into binary IL respectively . The 

incorporation o f  carbon based nanom aterial has enhanced the D SSC  pow er conversion  

effic ien cy , due to an im proved electron transfer from the counter electrode to the binary IL 

resulting in reduced charge d iffusion length i.e. serve as an extended electron transfer 

material (E E T M ). It w as previously  established that carbon nanom aterials can serve 

sim ultaneously  both as charge transporter in the ILs and as an electrocatalyst for the 

electroch em ical reduction o f  I3' [3, 4 , 14], The pow er conversion  e ffic ien c ies o f  all three type 

quasi so lid  state w ere m ainly im proved due to increase in Jsc and FF values than pure binary 

IL based D SSC . The Jsc value w as increased from 4 .93  mA/cm^ to 7 .36  mA/cm^, 7.85  

m A/cm^ and 8 .22  mA/cm^ after the addition o f  SW C N T s, graphene and hybrid graphene plus 

SW C N T s into binary IL respectively . The increased in Jsc value show s that the addition o f  

SW C N T s, graphene and hybrid graphene + SW C N T s increased the ionic conductivity o f  the 

binary IL. The highest Jsc values w as obtained with hybrid o f  graphene plus SW C N T s into 

binary ILs, this show s this particular quasi solid  state electrolytes has highest ionic  

conductiv ity  than SW C N T s and graphene based binary IL quasi so lid  state 

electro ly tes/D S S C s. The FF value w as a lso  increased from 0.41 to 0 .45 , 0 .47  and 0 .58  after 

the addition o f  SW C N T s, graphene and hybrid SW C N T s plus graphene into binary IL 

respectively . This reflects the fact that internal electric resistance w as also decreased with  

addition o f  SW C N T s, graphene and hybrid graphene and SW C N T s into binary IL. The V oc  

va lu es o f  600  m V , 640  m V  and 0 .6 4 0  m V  w ere achieved  with addition o f  SW C N T s, 

graphene and hybrid o f  graphene plus SW C N T s into binary IL respectively. O verall the 

addition o f  SW C N T s, graphene and hybrid o f  graphene plus SW C N T s into binary IL did not 

affect too m uch the V o c  values o f  D SSC s com pared to V oc value o f  680  m V  for the pure 

binary IL /D SSC .
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Table 4.2; The photovoltaic parameters o f the DSSCs with SW CNTs, graphene and hybrid o f 

graphene plus SWCNTs into binary IL bas quasi solid state electrolytes. M easured at 100 

mW/cm^, Cell active area: 0.8/cm^.

Electrolytes type Voc
(mV)

Jsc
(mA/cm^)

FF Efficiency
%

EM ISCN/PM II=A 680 4.93 0.41 1.40 ± 0 .08

A+ SWCNTs 600 7.36 0.45 2.04 ± 0 .10

A+graphene 600 7.85 0.47 2.24 ± 0 .10

A+graphene+
SWCNTs

640 8.22 0.58 3.07 ±0.11

10

8

6
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2

0
0 200 400 600 800 1000
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Figure 4.3: The photovoltaic (J-V ) curves o f 1) Binary IL (30/70=A), 2) A+ graphene,3) A+ 

SW CNTs+graphene and 4) A+ SW CNTs based binary IL quasi solid state electrolytes 

DSSCs.
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4.6 Investigation of the Photovoltaic Parameters of the DSSCs 

with various Molar Concentration of Guanidinium Thiocyanate 

into Hybrid SWCNTs-Graphene Based binary IL quasi solid state 

electrolyte

It has been previously  reported that the introduction o f  guanidinium  thiocyanate 

(G u S C N ) into ion ic liquid electrolyte im proved the photovoltaic perform ance o f  D SSC s [13, 

15]. It w as reported that G uSC N  cations are adsorbed together with the dye m olecules  

facilitating the form ation o f  a com pact m onolayer. This m onolayer o f  G uSC N  cations and 

dye m o lecu les prevents the recom bination causing a surface passivation effect and positive  

shift in T i0 2  conduction band probably increasing the injection e ffic ien cy  o f  the excited  dye  

m o lecu les  [9, 16, 17]. For this study, hybrid quasi so lid  o f  state electrolytes w hich contained  

SW C N T s plus graphene o f  into binary IL w ere selected  because this com bination gave the 

best photovoltaic perfonnance as d iscussed  in the section 4 .4 . 0 .05M , O.IM , 0 .2M  o f  G uSC N  

w as added separately to these quasi so lid  state e lectrolytes sam ples (Table 4 .3). The pow er  

conversion  e ffic ien c ies  w ere increased from 3.07  % to 3 .60  % with the addition o f  0.05  M o f  

G uSC N  to hybrid quasi so lid  state electrolyte. The pow er conversion effic ien cy  w as 

im proved m ainly due to the increase in Jsc value 8 .22 mA/cm^ to 8 .89  mA/cm^ and V oc  from  

650  m V  to 680  m V  after the addition o f  0 .05M  G uSC N  to hybrid quasi solid  state electrolyte. 

H ow ever, the pow er conversion  e ffic ien c ies  reduced from 3.07%  to 2.86%  and 2 .19  % with  

addition o f  IM  and 2M  o f  G uSC N  into hybrid quasi solid  state electrolyte. The pow er  

conversion  e ffic ien c ies  w ere decreased m ainly due the reduction o f  Jsc values from 8.22  

m A/cm ^ to 8 .05 mA/cm^ to 6 .88  mA/cm ^, V oc  w as also decreased from 650 m V  to 600  m V  

and 6 0 0  m V  with the addition o f  IM  and 2M  o f  G uSC N  into hybrid quasi solid  state 

electro lyte  respectively . T his m ight be explained by the decrease in photon absorption by  

dye m olecu les after the addition o f  IM  and 2M  o f  G uSC N  [13]. The FF values w ere little 

increased from 0.58  to 0 .5 9  and 0 .5 9  w ith addition o f  0 .05M  and IM  o f  G uSC N  to hybrid 

quasi so lid  state electrolyte. H ow ever the FF value w as further reduced to 0 .54  with addition  

o f  2M  o f  G uSC N  to hybrid quasi solid  state electrolyte.

98



Chapter 4 Development o f Binary Ionic liquid Based Quasi Solid State Electrolyte

for Dye Sensitized Solar Cells 

Table 4.3: The photovoltaic parameters o f the DSSCs with hybrid graphene-SW CNTs in 

binary IL based quasi solid state electrolytes using different compositions o f GuSCN. 

M easured at 100 mW/cm^. Cell active area: 0.8/cm^.

M olarity of 
GuSCN (M)

Voc
(mV)

Jsc
(mA/cm^)

FF Efficiency
%

0 650 8.22 0.58 3.07 ± 0.11
0.05 680 8.90 0.59 3.60 ± O.IO
1 600 8.05 0.59 2.86 ± 0.08
2 600 6.78 0.54 2.19 ± 0.08
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0
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Figure 4.4: The photovoltaic (J-V ) curves o f hybrid SW CNTs-graphene based binary IL 

quasi solid state electrolyte/DSSCs which contained 1) OM 2) 0.05M, 3) IM and 4) 2M o f 

GuSCN.

4.7 Conclusion
In summary, dye sensitized solar cells (DSSCs) were fabricated using various 

combinations (W/W) o f EMISCN and PMII (binary IL electrolytes). We have demonstrated
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that the DSSC with binary IL electrolytes consisting o f  30 wt% o f  EMISCN and 70 wt% o f 

PMII gave the best power conversion efficiency. The power conversion efficiency was 

increased from 0.47% (PMII) to 1.40 % with binary IL/DSSC. This is around 197 % increase 

comparing with pure PMII based DSSCs. We believe that in this case the increase in power 

conversion efficiency can be attributed to the addition o f low viscosity IL EM ISCN, that 

resulted in an increase o f  the diffusion rate and therefore in the raise o f the Voc and Jsc 

values was observed with optimized binary IL based DSSC [13], Quasi solid state 

electrolytes were also fabricated by the addition o f graphene, SW CNTs and hybrid SWCNTs 

plus graphene into optimized binary IL electrolytes similarly to the work described in chapter 

3. The use o f these new electrolytes enabled us to achieve increases in the power conversion 

efficiencies: from 1.40% (optimized binary IL) to 2.04% and 2.24% and 3.07% with addition 

o f  SW CNTs, graphene and hybrid SWCNTs + graphene into binary IL/DSSCs respectively. 

In this case the power conversion efficiencies were increased around 45% (with addition 

SW CNTs), 60% (with addition graphene) and 119% (with addition o f hybrid SW CNTs+ 

graphene) comparing to those for pure optimized binary IL-DSSCs. The incorporation o f 

carbon based nanomaterias has enhanced the DSSC power conversion efficiency, apparently 

due to an improved electron transfer from the counter electrode to the binary IL resulting in 

reduced charge diffusion length. In this case carbon nanomaterials served as extended 

electron transfer materials (EETMs). As it was mentioned in the previous chapter 3 carbon 

nanomaterials can serve simultaneously both as charge transporter in the ILs and as an 

electrocatalyst for the electrochemical reduction o f la’ [3, 4, 14]. In addition the effect o f 

addition o f various concentrations o f GuSCN into the best quasi solid state electrolytes i.e. 

hybrid o f SW CNTs plus graphene into binary IL was studied. It was found that the addition 

o f  0.05M o f  GuSCN into binary IL gave the best power conversion efficiency (3.60%). The 

power conversion efficiencies increased around 17% over hybrid SW CNT+graphene based 

binary IL/quasi solid state electrolytes/DSSC. This might be explained by the more efficient 

surface passivation preventing electron recombination reactions at the TiOa/dye/electrolyte 

interface. TGA studies demonstrated that these electrolytes have relatively high thermal 

stability up to 300 °C. It is believed that that further optimization o f these quasi solid state 

electrolytes as well as photovoltaic cell optimization should potentially allow to achieve 

higher power conversion efficiencies and cost-effective production o f DSSCs.
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Chapter 5: Development of Carbon Based 

Counter Electrode for Dye Sensitized Solar Cells

5.1 Introduction

Traditionally the counter electrode (CE) in DSSCs is a TCO substrate coated 

with Pt. The gap between the two electrodes is filled with an electrolyte which contains 

an organic solvent with the iodide/tri-iodide (IVh') redox couple [1]. The Pt deposited 

TCO substrate has been widely used as the standard counter electrode (CE) for DSSCs 

[2] but both these materials (Pt and TCOs) are very expensive. Therefore Pt based CE 

accounts for approximately 25-35%  o f  the overall price o f  DSSCs [3]. It is extremely 

important to find new cost effective materials and approaches to replace the Pt and 

TCOs o f  CEs o f  the DSSCs. Various other materials rather than Pt, have also been used 

as electrocatalysts in DSSCs so far such as CNTs, [4] graphite, [5] graphene, [4, 6] 

GNPs + graphene oxide, [7] carbon black, [8] conducting polymer PEDOT: PSS [9] 

and PEDOT:PSS+ graphene. Carbon nanotubes, graphene or graphene nanoplates are 

particularly attractive o f these materials as they can be produced at large scale, have 

good electric conductivity and high surface area [10], and in addition excellent 

mechanical strength and chemical resistance [11, 12]. These properties make them very 

attractive for use in CEs o f  the DSCCs. However the power conversion efficiency o f 

DSSCs using CNT based CEs has been found to be lower as compared to Pt ones [13]. 

Therefore, various approaches have been used to increase the catalytic activity of 

carbon based nanomaterials such as a hybrid composite o f  M oS2-graphene nanosheet 

(GNS) which was used as a CE in DSSC [14]. These studies enabled to achieve power 

conversion efficiencies o f 4.15 %, 2.68 %, 5.81 % and 6.24 % with M 0 S2 , GNS, hybrid 

M 0 S2 plus GNS composite CEs and standard Pt based CE/DSSCs respectively. There 

has been also a report o f a graphene and M W CNTs composite CE/ DSSC, [15] in 

which the authors reported that they achieved a higher power conversion efficiency 

with the composite CE (7.55%) compared to graphene (4.62%) and MW CNTs (6.62%) 

alone as a CE/DSSC but still lower than the Pt/CE (8.8 %) standard DSSC. One other 

challenge in use o f  such materials in CE is their good and homogeneous dispersion o f 

in a system. Generally, MW CNTs or GNPs are insoluble and non-dispersible in water
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[16, 17]. Two approaches are commonly used to disperse the CNTs or GNPs in a 

solvent 1) covalent or 2) non covalent approach. The non covalent approach for the 

dispersion o f CNT or GNPs allows the retention o f  their good electrical properties as in 

this case the ;r-electron cloud in the carbon ring does not change. S u rfa c ta n ts  and 

p o ly m e rs  are  w id e ly  used  fo r C N T s and G N Ps d isp e rs io n  v ia  the  non 

c o v a le n t a p p ro a c h  [18], T hese  m a te ria ls  ad so rb  on to  the  G N Ps and  C N Ts 

su rfa c e , re n d e r in g  them  so lu b le  in aq u eo u s o r o rg an ic  so lv e n ts  [18]. 

Surfactants are usually used to enhance CNTs dispersion in aqueous media [19-21] and 

thus dispersion with high volume fractions could be prepared but surfactants can also 

impart unwanted properties to a composite [22, 23], For example most o f the 

surfactants are insulating in nature, upon deposition from liquid dispersions, 

s u rfa c ta n t  b e co m es tra p p e d  b e tw een  the  C N T s or G N Ps p a r t ic le s /f la k e s  and 

as a re su lt  the resultant composite may have reduced electrical conductivity [24]. One 

o f  other hurdle to overcome to use these material in CE, is that carbon based 

nanomaterials (CNTs or GNPs) have a very low adhesion to TCO and glass substrate 

surfaces [25], As a result weakly adhered CNTs/GNPs may easily detach from the TCO 

or glass substrate as they contact with electrolyte in DSSCs. To address these two 

issues i.e. good dispersion and good adhesion a novel approach was adopted. It is well 

know that some polymers have very good adhesion properties. Also polymer in solution 

can bind to nanoparticles and can exfoliate and stabilize carbon nanomaterials [13, 26, 

27]. The down side is most o f  the common polymer are insulating in nature, which will 

again reduce electrical conductivity. This implies that ideally one would need a 

system/polymer which not only disperse these nanomaterials but also does not reduce 

electrical properties o f the system. If  we look at polymer list there certain conjugated 

polymers which are electrically conducting e.g. PEDOTS: PSS etc. PEDOT: PSS has 

received ever-accelerating interest from scientists throughout the world due to its high 

conductivity, electrochemical stability, and catalytic ability [28]. This polymer is 

commonly available in liquid dispersion. CNT or graphene can be dispersed effectively 

in it [13, 26]. This implies that it can serve all the purposes we need i.e. as an adhesive 

material and as a dispersant/stabilizer for CNTs and GNPs. Furthermore it is well 

established that by addition o f CNTs or graphene to polymer it is not only mechanically 

reinforces the system but also significantly enhance the electrical and catalytic 

properties o f the composite film comparing to original pristine polymer [13, 26].
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Therefore in this work we use PEDOT: PSS as matrix, dispersant/stabilizer for 

CNTs and GNPs to improve the adhesion and enhance mechanical properties o f  the 

composite film. This chapter not only describes the use o f  these materials as 

electrocatalysts with strong adhesion properties but importantly it has been shown that 

CE can prepare without FTO. W e also report our studies o f these new hybrid carbon 

based nanomaterials as CEs in DSSCs.

5.2.1 Preparation of dispersions of carbon nanomaterials in PEDOT-

First o f  all, concentration o f PEDOT: PSS in aqueous dispersion was 

determined by filtering 3 g o f PEDOT: PSS aqueous dispersions through a nylon 

membrane which was then dried in an oven (120 °C) for an hour. The filtered mass o f 

PEDOT: PSS was measured by careful weighing the filter membrane (Ohaus Discovery 

Analytical balance), which was 1.10 wt%. After this the M W CNTs GNPs and hybrid of 

these two nanomaterail (at 66wt% o f solid PEDOT: PSS content) were added to 

aqueous PEDOT: PSS suspension and various type o f carbon based CE were fabricated 

after that various type DSSCs were fabricated with these new carbon based CEs and 

reference Pt based CE as explained in experimental section (fig.5.1 Represented 

schematically the carbon based CE /DSSC).

5.2. New Pt -free CE for DSSCs

PSS

FTO eh ss  

IlO;

ONP--PCDOI PSS itU».

Figure 5.1: Represented schematically the carbon based CE /DSSC.
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5.2.2 Scanning Electron Microscopy of CEs

SEM of the selected hybrid materials was perfonned to characterise tie 

morphology o f the films for CEs. SEM was carried out to invesfigate selected CEs: tie 

hybrid C based CE and for comparison GNPs powder and PEDOT: PSS films. These 

images are used primarily to determine structural information for hybrid film and to 

understand the distribution of MWCNTs and GNP in hybrid C-CE. Fig.5.2 panels A 

and B show representative SEM images of the PEDOT: PSS CE, panels C and D shew 

images of GNPs powder 3 and panels E and F show the SEM images of hybrid-C-CE. 

According SEM investigation, the MWCNTs were well dispersed, as single tube can ?e 

seen in Fig.5.2 E and F and suggesting that GNPs interconnection with the MWCNTs 

in hybrid C-CE.

Figure 5.2: Representative SEM im ages o f  A and B-PEDOT: PSS/CE, C and D- 

GNPs powders, and E and F—hybrid C-CE.
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5.2.3 Raman Spectroscopy of Carbon Based Composites for CEs
The distribution and confonnation o f  GNPs/M W CNTs in PEDOT: PSS in 

the film were further characterized by Raman spectroscopy. Raman spectroscopy is a 

non destructive, fast, characterising technique which is commonly used for the 

characterization o f carbonaceous materials, especially distinguishing between graphene 

and graphite. All allotropic forms o f  carbon are active in Raman spectroscopy [29]. 

Raman spectra o f graphitic materials was investigated for almost 47 years , even before 

the discovery o f  graphene [30, 31]. Thus Raman spectroscopy can identify a single 

layer and few (less than five) layers o f graphene flakes [32]. Raman spectra for graphite 

powder, GNPs powder, M W CNTs powder, hybrid B-CE, and hybrid C-CE are shown 

Fig.5.3 A, B, C, D and E respectively. Raman spectra (Fig.5.3.A) o f graphite powder 

showed negligible D peak. W hile a shoulder in the 2D peak was observed at 

-2650  cm”' is representative o f  graphite [33]. Raman spectra (Fig.5.3.B) o f  GNPs 

powder showed a large D peak at -1330  cm"', which can either be due to the defect or 

most likely because o f the presence o f smaller flakes, i.e. edge effect [34, 35]. The 

shape o f 2D peak spectra without any shoulder as shown in Fig.5.3. B confirmed that 

these are few layer thick graphene flakes. Furthermore from the intensity o f the 2D can 

be used to distinguish single and multilayered graphene in a sample. In monolayer 

graphene the 2D peak evolves to be roughly 4 times more intense than the G peak [31, 

33][31, 33][31, 33][31, 33][31, 33][31, 33, The intensity o f the 2D peak in Fig.5.3.B 

shows that these GNPs consist 4 to 5 layers o f  graphene sheets. Fig.5.3.C shows Raman 

spectra o f  the pristine MV/CNTs. The main features o f  the M W CNTs Raman spectra 

are represented by three peaks [36] at D (-1332  cm '')  and G (-1580  cm"') and 2D 

(-2643cm “' ) bands as shown in Fig. 5.3.C. Fig.5.3.D and E shows the Raman spectra 

o f hybrid B-CE and hybrid C-CE respectively. In fig.5.3.D, the 2D band confirmed the 

presence few layer thick graphene nanosheets in hybrid C-CE. W hile the D band in Fig. 

5.3.D is more intense than the G band in 5.3.B and 5.3.C, this is possibly due small 

flake or edge effect or might some defect or to the combined effect o f GNPs and 

MW CNTs in the nanocomposite film (hybrid C-CE).
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F ig u re  5.3: R am an spectra; (A) G raphite pow ders (B) G N Ps pow ders (C) M W C N Ts 

pow ders, (D) B- hybrid CE and (E) C -hybrid CE.

5.2.4 TGA Analysis of Materials for CEs

The therm al stability o f  hybrid C com posite sam ple was also investigated by 

TG A  and com pared w ith the TG A  o f  a PEDOT: PSS dried film , G N Ps pow ders and 

M W C N Ts pow ders. D erivative Therm ogravim etric analysis (D TG A ) curves are p lotted  

in figure 5.4. D TG A  curve o f  hybrid  C com posite sam ple (F ig .5.4.A) displayed 4 peaks 

in the region o f  50 °C to 852 °C. D TG A curve o f  hybrid com posite C sam ple show s 

initial 5 % wt was lost betw een 50 “C and 163 °C. This initial loss is due to the 

presence o f  w ater/solvent content in the film, sim ilar to already published reported  for a 

P E D O T -P S S  dried film  [37] and also sim ilar to D TG A o f  pure PEDOT: PSS dried film  

as show n in Fig. 5.4.D. T he second peak o f  wt loss (13.16 % wt) was betw een 258 °C 

and 437 “C and third wt loss (15,13% ) was betw een 527 and 627 °C  are consistent w ith 

the
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Figure 5.4: DTGA  o f  A) hybrid C com posite o f  G N Ps (22w t %) and M W C N Ts (44 

w t% ) in PEDOT; PSS, B) M W C N Ts pow ders, C) G N Ps pow ders and D) dried 

PEDOT: PSS film.

degradation o f  PEDOT: PSS in the hybrid com posite film [38]. The further wt loss 

(61.44% ) was betw een 631°C to 852°C. This wt loss show s the degradation o f  G N Ps 

and M W C N Ts as the D TG A  o f G N Ps (Fig. 5.4 C) and M W C N T s (Fig. 5.4 B) show ing 

m axim um  degradation at 733 “C and 863 °C  respectively. These results dem onstrated 

that G N Ps and M W C N T s sam ples are highly therm al stable either in pow der form or in 

com posite form  and confirm ed the presence o f  G N Ps and M W C N Ts in hybrid 

com posite o f  G N Ps and M W C N T s in PED O TS; PSS
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5.2.5 Electrical Conductivity Measurements

For electrical conductivity measurements corresponding films were prepared : I) 

pure/Fristine FEDOT: PSS, II) GNFs (66 wt% o f solid content o f FEDOT:PSS) plus 

FEDOT: FSS composite. III) M W CNTs (66 wt%) plus FEDOT: FSS composite, IV) 

hybrid A: GNFs(44 wt%) and M W CNTs (22 wt%) plus FEDOT: FSS composite, V) 

hybrid B: GNFs (33 wt%) and M W CNTs (33 wt%) plus FEDOT: PSS and VI) hybrid 

C with GNFs (22 wt%) and M W CNTs (44 wt%) plus PEDOT: FSS composite. 

Electrical measurements were perfom ied by two point probe method. From each film, 

three identical samples were selected and used for electrical measurements and then 

calculated the average electrical conductivity as shown in Fig.5.5. Pristine FEDOT: 

FSS film shows conductivities in the range o f 10-1000 S/m [45-47], This reveals that 

untreated FEDOT PSS would not be a good candidate for use in CE o f the DSSC. 

Various approaches were used to increase the conductivity o f PEDOT: PSS including 

the addition o f polar organic compound with high boiling point, such as ethylene glycol 

(EG) or dimethyl sulfoxide (DMSO), into PEDOT:FSS aqueous solution [48-50], 

However in this work we only diluted the aqueous FEDOT: FSS solution with 

deionised water and none o f  the above solvent was added to our samples. The 

conductivity enhancement o f PEDOT: PSS film was totally depend on the addition o f 

GNFs, M W CNTs and hybrid o f these two materials. The average values o f  electrical 

conductivity was found to be 211 S/m, 933 S/m, 1170 S/m, 2060 S/m, 1840 S/m and 

1350 S/m, for samples I, II, III, IV, V, and VI respectively (Fig, 5.5). Due to the high 

surface area and high electrical conductivity o f MW CNTs network [13] in FEDOT: 

PSS composite showed increased electrical conductivity by a factor o f 4.5 (an increase 

from 211 S/m o f pure FEDOT: PSS. Similarly the GNFs addition in to PEDOT: PSS 

film also show increase in conductivity by factor o f 3.4. These results confirmed the 

addition o f MW CNTs or GNFs to FEDOT: PSS increased the power conversion 

efficiencies o f DSSCs due to improvement in electrical conductivity o f PEDOT: FSS 

films. Furthennore these results suggest that M W CNTs-PEDOT composite films were 

more electrical conductive than GNPs-PEDOT: FSS composite films, therefore, should 

show high photovoltaic performance in DSSC than pure FEDOT: PSS film. Hybrid 

composite film A showed little increased in electrical conductivity (1350 S/m) 

compared to GNPs-PEDOT: PSS composite (933 S/m) and MW CNTs composite (1170
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S/m) films. Hybrid B showed increases in electrical conductivity by factor o f  7.7 

compared to pure PEDOT: PSS film. However hybrid composite C showed the highest 

electrical conductivity compared to all composite films which were prepared in this 

work, it was increased by factor o f  8.7 compared pure PEDOT: PSS film. These results 

suggest that the addition o f lower wt % o f GNPs showed increased the electrical 

conductivity in hybrid films. This reveals that due to its high electrical conductivity o f 

the hybrid C composite o f  GNP and MW CNTs/PEDOT: PSS/CE should demonstrate 

higher power conversion efficiency in DSSC.

2 5 0 0 -

2000

1000

1 2 3 4 5 6

Composite type

Figure 5.5: The electrical conductivity o f  I) PEDOT: PSS film; II) GNPs ( 66 wt%) + 

PEDOT:PSS composite film; III) M W CNTs(66 wt%) + PEDOT:PSS composite film, 

IV) Hybrid C: MW CNTs (44wt%) + GNPs(22 wt%)/PEDOT:PSS film, V) Hybrid B: 

MWCNTs (33 wt%)+ GNPs(33 wt%)/PEDOT:PSS film and VI) Hybrid A: MW CNTs 

(22wt%) + GNPs (44 wt%)/PEDOT:PSS film.
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5.2.6 Investigation of the Photovoltaic Performance of DSSCs 

with various Carbon Based CE/DSSC
The CE is an essential part o f a DSSC and the quality o f CE greatly 

influences the performance o f  a DSSC. The roles o f the counter electrode are to transfer 

electrons arriving from the external circuit back to the redox electrolyte (performed by 

the Pt and TCO) and to catalyze the reduction o f the h ' to F in the electrolytes where 

the Pt serves as the catalyst, (h ' + 2 e' —> 3F) [39] and thus completes the cycle o f 

operation o f the cell. High catalytic ability, excellent electrical conductivity, and high 

corrosion resistance are indispensable for the functioning o f a good CE in DSSC [40]. 

The photocurrent density-voltage (J-V ) characteristics o f the DSSCs with various 

carbon nanomaterial based composite CEs which were obtained through the use o f 

GNPs, M W CNTs and hybrid o f these two material in PEDOT: PSS are shown in 

fig.5.6 and the corresponding photovoltaic parameters including short-circuit current 

density (Jsc), open circuit voltage (Voc), fill factor (FF) and power conversion 

efficiency are shown in Table 5.1. Two kinds o f  reference cells were fabricated; one 

with standard Pt/FTO/CE based DSSC and the second kind with PEDOT: PSS/FTO/CE 

based DSSC. The DSSC with the conventional Pt/FTO/CE showed a power conversion 

efficiency o f 3.90 %. Due to the high sheet resistance and the poor catalytic activity of 

the pure PEDOT: PSS the DSSC with PEDOT: PSS /CE showed a lower power 

conversion o f 2.32 %. The addition o f M W CNTs (66 wt %) to PEDOT: PSS-CE, 

power conversion efficiencies improved from 2.32 % to 2.81 %. This power conversion 

efficiency was improved mainly due to increases in FF value from 0.34 (pure PEDOT) 

to 0.39 and Voc value from 0.710 to 0.760 V. This result shows that addition o f 

MW CNTs to PEDOT: PSS could increased the conductivity and catalytic activity of 

the CE [26]. Another DSSC which was prepared with GNPs (66 wt %) plus PEDOT: 

PSS/CE demonstrated small increases in power conversion efficiencies from 2.32% to 

2.53 % compared to M W CNTs (66 wt %) to PEDOT: PSS-CE. The power conversion 

efficiency was improved mainly due increases in Jsc value from 9.63 mA/cm" (pure 

PEDOT) to 9.82 mA/cm^ and Voc value from 0.710 V to 0.770 V. W hile almost the 

same FF o f  0.33 (pure PEDOT: PSS=0.34) was achieved with GNPs (66 wt %) plus 

PEDOT: PSS composite /CE. This result shows that addition o f GNPs to PEDOT: PSS 

also increased the conductivity and catalytic activity o f  the CE. These results 

demonstrated that M W CNTs-PEDOT: PSS composite /CE showed increase in FF and
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Voc values while GNPs-PEDOT: PSS composite /CE displayed increase in Jsc and 

Voc o f the DSSCs. On the basis o f these results, we decide to investigate the hybrid 

nanocomposite o f  these two nanomaterial at various wt % in PEDOT: PSS composite 

films. Previously it was also reported that by combining 2D graphene and ID CNT, a 

synergistic effect in conductivity can be established due to its structural arrangements 

[41,42],
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Figure 5.6: Photovoltaic (J-V ) curves of: 1) standard reference Pt-CE; 2) PEDOT: 

PSS-CE, 3) MWCNTS+ PEDOT-CE, 4) GNPs +PEDOT-CE; 5) A-hybrid -C E , 6) B- 

hybrid -C E  and 7 C-hybrid-CE/DSSC.

It has been reported that hybrids composite o f pristine single walled carbon nanotubes 

and pristine, unoxidised graphene /graphite, display electrical conductivity that are 

better than those o f either nanotube only or graphene only films [42], It would be more 

interesting and potentially more rewarding to study mixtures o f pristine MW CNTs and 

pristine GNPs in PEDOT: PSS composite films and use as CEs in DSSCs. This would 

allow the study o f the synergistic effects o f these nano-carbon hybrid materials in CE o f 

the DSSCs. So, next the three types o f  hybrid CEs consisting o f  mixture o f GNPs and 

MWCNTS in PEDOT: PSS solution (hybrids A, B and C) were prepared and tested in 

completed DSSCs. Due to the high wt% o f  GNPs (44 wt %) in the hybrid A-CE, it
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shows a similar power conversion efficiency (2.47%), FF (0.34), Jsc (9.74 mA/cm to 

DCCS with GNPs/PEDOT based CE. This indicates that in hybrid A, the high wt % of 

GNPs did not produce any synergistic effect as no photovoltaic parameter o f DSSC was 

increased. Hybrid B-CE showed increases in power conversion efficiencies from 2.32 

% to 3.20 %. The power conversion efficiency increased due to the improvement in FF 

value from 0.32 to 0.48. These results demonstrated that synergistic effect was 

obtained by nanohybrid material in hybrid B-CE, this suggest the electrical 

conductivity was increased of hybrid B-CE. However, Jsc was slightly decreased from 

9.63 to 8.65 mA/cm , this indicates that there is good chance to further improve the 

catalytic activity of these nano hybrid based

Table 5.1: The Photovoltaic param eters o f  the DSSCs with various types o f  CEs
2 2 with FTO. M easured at 100 mW  cm ' . Cell active area: 0.8 cm .

CE type Jsc

(mA/cm^)

Voc

(V)

FF Efficiency

%

Pt/FTO/glass 13.21 0.671 0.44 3.90 ±0.13

PED O T:PSS/FTO/glass 9.63 0.710 0.34 2.32 ±0.10

M W CN Ts (66 w t% ) + 

PED O T:PSS/FTO /glass

9.38 0.760 0.39 2.81 ±0.10

G N P s(66w t% ) + 

PED O T;PSS/FTO /glass

9.82 0.770 0.33 2.53 ±0.12

A hybrid/FTO /glass 9.74 0.730 0.34 2.47 ±0.13

B hybrid/FTO /glass 8.61 0.760 0.48 3.20 ±0.11

C hybrid/FTO /glass 11.35 0.703 0.51 4 .10± 0 .15
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CE/DSSC. Hybrid C-CE showed a pow er conversion efficiency o f  4.10 %. This 

pow er conversion efficiency is higher than all the CEs which were prepared in 

this w ork while also m arginally higher than the Pt/CE based DSSC, which were 

prepared by us using open cell fabrication approach. Hybrid C-CE dem onstrated 

increases in the FF from 0.34 (pure PEDOT) to 0.51. Jsc value also im proved 

from 9.32 mA/cm'^ (pure PEDOT) to 11.32 mA/cm^ This shows that catalytic 

activity also increases than all other CEs which were prepared in this work. 

Hybrid C -C E showed that the addition o f  a low er ratio o f  GNPs (22 wt %) to 

M W CN TS into PEDOT; PSS gave an im proved result because the sm aller 

quantity o f  GNPs m ight be exfoliated and dispersed very well in solution and 

upon deposition on a substrate, the GNPs and M W CNTs properly interconnect to 

each other and increase the conductivity o f  the hybrid C—CE and reduce charge 

transfer resistance. In addition there is a catalytic activity increase due to raise o f 

available active surface areas for reduction o f  Is’ to I' in nanographene-M W CN T 

com posite/CE. Overall the addition o f  GNPs or M W CNTs and m ixture o f  these 

two nanom aterials into PEDOT: PSS CE/ DSSC did not significantly affect the 

Voc value o f  DSSCs. Pure PED OT/CE showed V o c  o f 0.710 V. W hile A, B and 

C hybrid CEs show Voc o f  0.730 V, 0.760 V and 0.703 V respectively.

5.2.7 Hybrid C-CE with FTO tested with different 

Electrolytes system in DSSCs
For further study the best performing hybrid C materials was selected and 

deposited on FTO glass substrate and used as CEs in DSSCs. The system was tested 

with three different electrolytes system i.e. 1) conventional organic based electrolytes 

(HPE), 2) ionic liquid electrolytes (PMII) 3) Carbon nanomaterials quasi state 

electrolyte (SWCNTs(3 wt%) + graphene (12 wt%) /PMII), which was described in the 

Chapter 3. Table 5.2 summarises the photovoltaic parameters of C hybrid/CE-DSSCs 

with these various type electrolytes systems. Shown in Fig.5.7 the photocurrent 

density-voltage (J-V  corves) characteristics o f the DSSCs. The ionic liquid electrolytes 

(PMII) based DSSC with C hybrid CE showed power conversion efficiency o f only 

0.38% with a low value off FF (0.26) but Jsc (2.65m/cm^) and Voc (0.640 V) values 

were good in comparison to published works, usually pure PMII based DSSC with
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standard Pt/CE shows power conversion efficiency around 0.60 % with FF value of 

0.38 [43, 44], Quasi solid state electrolyte with C hybrid CE DSSC showed a power 

conversion efficiency o f 1.88 %. The efficiency was increased due to increase in Jsc 

value from 2.26 mA/cm^ to 7.96 mA/cm^ and FF value increased from 0.26 to 0.40. 

However Voc was decreased from 0.640 to 0.560 V. Hybrid C CE DSSC with organic 

solvent based electrolytes demonstrated a quite high power conversion efficiency of 

4 .10% .

T able5.2: T he pho tovo lta ic  param eters o f  the D SSC s w ith  various type
•y

elec tro ly tes system  w ith  C hybrid  CEs w ith FTO . M easured  at 100 m W /cm  . 
Cell active area: 0.8 cm^

CE Electrolyte type Jsc(mA/citi^) Voc (V) FF Efficiency

%

C hybrid/FTO OSE 11.35 0.703 0.51 4 .1 0 ± 0 .1 5

C hybrid/FTO PMII 2.26 0.640 0.26 0.38 ±0.01

C hybrid/FTO QSE 7.96 0.560 0.40 1.88± 0.10
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Figure 5.7: The photovoltaic (J-V ) curves o f hybrid-C/FTO glass: 1) Organic solvent 

based electrolytes, 2) Quasi solid state electrolyte 3) Ionic liquid electrolyte (PMII).
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O ver all the pow er conversion e ffic ien cy  o f  hybrid C with quasi so lid  state electrolytes  

w as im proved by factor o f  3 .94  from pure ion ic liquid electrolyte (PM II) but low er than 

hybrid C C E /D SSC s with organic so lvent based electrolyte by factor o f  2 .22 . The  

reason m ost likely  associated  w ith the fact that organic solvent based electrolytes could  

easily  penetrate in the m esoporous T i02  layer o f  W E due their low  v iscosity . Therefore, 

the C hybrid CE w ith organic solvent based electrolytes can show  better perform ance 

than PMII and quasi so lid  state based D S S C s. H ow ever in overall these results 

dem onstrated that there is good  chance that hybrid o f  M W C N T s and G N P s into 

PEDOT: PSS com posite  could replace Pt o f  the CEs either w ith organic based  

electrolytes or quasi solid  state electrolytes D SSC s.

5.2.8 EIS Studies of DSCCs with Selected CEs
E lectrochem ical im pedance spectroscopy (E IS) analysis is a basic tool that 

provides detailed inform ation about charge transfer phenom ena in D SSC . EIS analysis  

has been w id ely  used to explore the reduction o f  l 3‘ ions on CEs, and a w ell-supported  

equivalent circuit [45]. G enerally, EIS spectra exhibit three sem icircles in the N yquist  

plot, w hich describes the different im pedances o f  D SSC  [46]. Each sem icircle  can be  

assigned based on the m odel circuits (equivalent circuit) for D SSC . The first sem icircle  

o f  EIS spectra is attributed to the im pedance o f  the charge transfer resistance at the 

counter electrode/electrolyte interface (Rci), the second sem icircle on e and the last 

tailing one are related to charge transfer process at the T i02 /d ye/e lectro ly te  interface  

(Rct2) and W arburg d iffusion  process o f  I7 I3' in the electrolyte (Rdirr) respectively  [47] 

W e also perform ed electrochem ical im pedance spectroscopic (EIS) studies using the 

reference Pt/CE, PED O T/C E, A  hybrid, B hybrid and C hybrid C E s in D SSC s as 

show n in figure 5 .8 .II and equivalent circuit w as used for fitting the EIS data as show n  

in figure 5.8.1. A  low  Ret corresponds to a high exchange current density, w hich is 

essential for a D SSC  with good  perform ance [48]. The first sem icircle o f  F ig 5 .8 .II.A  

show s an Ret value o f  109 Q  for the PED O T/C E. F ig .5 .8 .II.B  sh ow s an Rd value o f  

75 Q for hybrid A  CE. This dem onstrates that the addition o f  G N Ps + M W C N T S  

decreases the Re, value o f  the CE /D S S C . F igure.5 .8 .II.C displays the Ret value o f  

hybrid B C E /D SSC  reduced to 2 .92  Q . F ig .4 .8 .II.D  show s that the R̂ t value is further 

reduced to 2 .3 3 Q  for the hybrid C CE. This value is low er than the Ret values o f  all the
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CEs which were fabricated in this work while also slightly lower than Rd value o f 

Pt/CE/DSSC (Rci=3.86 i l )  as shown in fig 6.II.E. EIS investigation confirmed that due 

to the low Ret value o f hybrid C this gave higher power conversion efficiency. The 

lower Ret value o f hybrid C-CE shows that there are less losses at the 

electrolyte/counter electrode interface than all the CEs tested in this work. Due to the 

lower Ret value o f the hybrid C-CE it gave a higher FF (0.51) than all the other CEs 

tested in DSSCs. Therefore, the hybrid C-CE/D SSC shows a slightly improved 

performance compared to the Pt /CE-DSSC. From the Ret value we can find the 

exchange current density (Jo) o f the CE according to equation 1 below [49],

Equation 1:
RT

Jo ==-------
’ n F R c t

where R is the universal gas constant, T is the absolute temperature, F is the Faraday 

constant and n is the stoichiometric number o f electrons involved in the reaction ( n = 2 

for the reaction l3>  2e = 31'). For the higher perfonnance o f DSSCs a higher exchange 

current density is required. DSSC with the hybrid C based CE showed an exchange 

current density o f  11.07 H/cm^ while the one with Pt standard CE demonstrated an 

exchange current density o f  6.68 Q/cm^
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Figure 5.8: shows I) the equivalent circuit and II) Nyquist plots for A) pure 

PEDOT/CE, B) A hybrid-CE, C) B-hybrid-CE, D) C-hybrid-CE and E) Pt standard 

CE / DSSCs.
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5.2.9 The Photovoltaic Performance of Pt and FTO free 

CE with Selected Carbon Based Materials
Selected Pt and FTO free CEs have been fabricated by drop casting of 

PEDOT/PPS mixtures with carbon nanomaterials on glass substrates. 

Corresponding DSSCs have been fabricated and tested. Table 5.3 summarises 

photovoltaic parameters o f DSSCs with Pt and FTO free CEs which were 

fabricated in this work and the photocurrent density-voltage (J-V ) characteristics 

o f the DSSCs are shown in Fig.5.9. The hybrid C material was chosen for the 

fabrication for Pt and FTO free CE, on a non conducting glass substrate because 

the hybrid C has demonstrated the highest conductivity and highest power 

conversion efficiency on FTO substrate/CE with the organic solvent based 

electrolyte as discussed in above sections. For comparison pristine GNPs and 

pristine PEDOT; PSS were deposited non conducting glass substrate and used as 

Pt and FTO free CE in DSSC. These three types of Pt and FTO free CEs were 

tested with organic solvent based electrolytes in complete DSSC. Pristine 

PEDOT: PSS/CE/DSSC showed poor photovoltaic performance due the fact 

pristine PEDOT: PSS has much lower, electrical conductivity. The lower power 

conversion efficiency o f 0.11 % can be attributed to lower values o f Jsc (0.686 

mA/cm^) and Voc (0.400 V). The Pt and FTO free CE with pristine GNPs type 3 

demonstrated a Jsc o f 2.46 mA/cm^, Voc of 0.600 V, FF of 0.34 and a power 

conversion efficiency o f 0.71 %. The hybrid C CE DSSC (without FTO) 

demonstrated a power conversion efficiency o f 2.48 %. The power conversion 

efficiency was increases comparing to pristine PEDOT: PSS and GNPs based 

CEs due to the improvement in Jsc (8.27 mA/cm^), Voc (0.640 V) and FF (0.47). 

The performance o f the hybrid C-CE without FTO is inferior compared to the 

hybrid C-CE with FTO but these results are still very promising and potentially 

after further optimisation it is highly likely that this hybrid material could 

potentially replace both Pt and TCO components o f the CE in DSSC in the 

future.
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Table 5.3: The photovoltaic parameters o f the DSSCs with C hybrid CE on glass 

substrate without FTO. Measured at 100 mW/cm^. Cell active area: 0.8 cm^.

CE type Jsc (mA/cm) Voc (V) FF Efficiency %

C hybrid/Glass 8.275 0.640 0.47 2.48 ±0.13

PEDOT:PSS/glass 0.686 0.400 0.40 0.11 ±0.01

GNPs/ glass 2.66 0.790 0.34 0.71 ±0.05

10

8
•  •

6

4

2

0
0.0 0.2 0.4 0.6 0.8 1.0

Voltage (V)

Figure 5.9: The photovoltaic (J-V) curves of: 1) C hybrid/glass/CE, 2) PEDOT: PSS- 

glass/CE, 3- and GNPs/CE.
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5.3 Conclusions
In the present work we have demonstrated the synergistic effect o f hybrid GNPs 

and M W CNTs with PEDOT: PSS media in counter electrodes for DSSCs. Various 

kinds o f  counter electrodes/DSSCs were prepared by the dispersion of: 1) GNPs, 2) 

MW CNTs and 3) a various combination o f  MW CNTs and GNPs into PEDOT: PSS 

aqueous dispersions. Various kinds o f  counter electrodes for DSSCs were prepared by a 

simple drop cast method. This study demonstrated that the addition o f  GNPs to 

MW CNTs composite increased the electrical conductivity and reduced the Ret o f the 

CE/DSSC. As result some CEs such as hybrid C FTO/CE demonstrated a higher power 

conversion efficiency o f 4.10% , which was even higher than the standard Pt/CE DSSC. 

While the similar Pt and FTO free CE showed a power conversion o f 2.48 % with the 

same material combination which was used for hybrid C composite CE with FTO. The 

power conversion effciency o f  Pt and FTO free CE was 36 % and 39 % lower than 

standard Pt/FTO/CE and hybrid C CE (with FTO) DSSC respectively. Furthermore, the 

hybrid CEs with FTO also tested in complete DSSCs with various type electrolytes 

system i.e. organic based electrolytes, ionic liquid electrolyte (PMII) and quasi solid 

state electrolyte. Hybrid-C-FTO/CE- DSSC with Quasi solid state electrolyte and ionic 

liquid electrolyte demonstrated power conversion efficiencies o f 1.88 % and 0.38 % 

respectively. Both these value are comparable to already published work [43, 44]. This 

work shows that hybrid composite o f GNPs and MW CNTs in PEDOT: PSS can be 

used as efficient catalysts in CE/DSSCs especially with organic based electrolyte. Thus, 

the hybrid C-CE can be used as effective metal-free counter electrodes to replace Pt in 

high-performance DSSCs. The thermal stability o f hybrid C composite sample was also 

investigated by TGA analysis and for comparison the TGA o f a PEDOT: PSS dried 

film, GNPs powder and M W CNTs powder, were also performed. The TGA study show 

that GNPs and M W CNTs samples are highly thennal stable either in powder form or in 

composite film. SEM was carried out to investigate the hybrid C based CE and for 

comparison SEM o f GNPs powder and PEDOT: PSS film was also performed. W hich 

suggest that GNPs interconnection with the MW CNTs in hybrid C-CE. We must notice 

that all values o f power conversion efficiencies have been achieved for DSSCs, which 

were produced using the “open cell” method. This fabrication technique normally 

results in solar cells with lower efficiency than sealed DSSC. Therefore, we believe that 

further optimization o f  the carbon based hybrid CE and corresponding photovoltaic cell
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fabrication will enable to achieve higher power conversion efficiencies on glass 

substrate without Pt and FTO layers. We also expect that the conversion efficiency o f 

CE could be further potentially increased by the addition o f organic solvent (e.g. 

DMSO or EG) to the carbon based aqueous PEDOT: PSS dispersions.
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Chapter 6: Development of Pt and TCO 

free Counter Electrodes for Dye Sensitized 

Solar Cells

6.1 Introduction

The Pt deposited TCO substrate is widely used as the standard counter 

electrode (CE) for DSSCs [1], However it has been reported that the Pt coated TCO-CE 

is the most expensive component in a DSSC [2, 3] and its high cost limits the mass 

production o f DSSCs. The development o f  a cost-effective counter electrode should 

simultaneously replace the Pt as well as TCO o f the CEs o f the DSSCs [4]. It is 

important to develop new low-cost CEs using materials that are simultaneously 

abundant, non toxic and enabling production o f relatively high power conversion 

efficiency in DSSCs. An ideal CE should have high electrical conductivity and high 

electrocatalytic activity towards the iodide/tri-iodide redox reaction ( r / I ’s). Furthermore 

these CE materials should be chemically stable in the electrolyte systems used in 

DSSCs. There are few reports where they completely replace Pt as well as the TCO of 

CEs o f the DSSCs with various materials [4-6]. For example Veerappan et al. used 

graphite film to make Pt and FTO free CE. They showed power conversion efficiencies 

o f  5.0 % and 6.8 % with graphite/glass based CE and with standard Pt/FTO/glass- 

CE/DSSCs respectively [7]. Lee et al. used conducting polymer PEDOT as a Pt and 

FTO free CE, they achieved power conversion efficiencies o f 5.08 % and 5.88% with 

PEDOT/glass-CE and Pt/FTO/glass-CE/DSSCs respectively [5]. Similarly Zhang et al. 

also reported TCO and Pt-free CE, they used PEDOT: PSS film as conductive substrate 

and electro deposited PEDOT layer as the electrocatalytic layer (PEDOT/PEDOT: 

PSS/glass), showed a high power conversion efficiency o f 8.33%, which was 

comparable to that o f the standard Pt/FTO/glass-CE/DSSC (8.75%) [8]. Recently Jiang 

eta al. [9] reported a graphene and Pt/graphene based TCO and Pt free CEs/DSSCs, 

they achieved power conversion efficiencies o f 2.16% (with graphene/glass) and 6.09 

% (Pt/graphene/glass) compared to 5.76 % with standard Pt/FTO/glass-CE/DSSCs.
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T hese studies show  that graphene film /paper has su fficien t electrical conductivity to 

replace the TCO  o f  the CE o f  the D SSC  but its electrocatalytic activity is much low er  

than Pt.

There are reports on high-perform ance and low  platinum  loading Pt/Carbon 

black CE [10] and Graphene-Pt/ITO CE w ith sign ificantly  reduced Pt loading and  

enhanced charge transfer [11], w hich have been used in D SSC s. H ow ever, ultim ately  

Pt free CEs are necessary to ach ieve a sign ificant cost reduction. Cruz et al. have  

prepared stand-alone graphene-based CEs for D S S C s by spray deposition  and chem ical 

reduction o f  GO, fo llow ed  by thermal annealing under an inert atm osphere. This work  

resulted in transparent electrodes w ith transm ittance higher than 80% , w hich have been  

used to produce D S S C s w ith energy conversion  e ffic ien cy  o f  2.64%  [12]. A nother Pt- 

free CE w as produced from vertically-aligned  carbon nanotube forests. The use o f  this 

CE enabled to fabricate D SSC s with relatively high e ffic ien cy  o f  5 .2  % w hich w as 

clo se  to the pow er conversion  e ffic ien cy  (6 .6  %) o f  the sim ilar Pt based ce lls  [13].

In this work w e used three different type o f  graphene nano-platelet (G N Ps) 

based Pt and TCO free CEs for D SSC s. A lthough pure graphene (unoxid ised  and defect 

free graphene) is an attractive material due to it is good  electrical conductivity, thermal 

stability and high surface area [14, 15] but it still m ay p ossess a lim ited number o f  

active sites for I' 3  electrocatalysis [16]. W e expect that the addition o f  an electrically  

conductive polym er i.e. PEDOT: PSS to G N Ps film  should result in an increase o f  the 

electrical conductivity as w ell as electrocatalytic activity o f  the Pt and FTO free 

C E s/D S S C s [17]. It is w ell know n that an addition o f  organic solvents w ith high boiling  

point, such as ethylene g lyco l (EG ) D im ethyl su lfox id e  (D M SO ), and N -M eth yl-2-  

pyrrolidone (N M P ) etc, sign ificantly  im proves the electrical conductivity o f  PEDOT: 

PSS by up to 2 or 3 orders o f  m agnitude [18-21], A m on g these various organic 

solvents, N M P  has low er v isco sity  (1 .7  cP) com pared to v iscosity  o f  EG (16 .9  cP) and 

D M SO  (1 .99  cP). Therefore, in this work w e added the N M P  (10  vol %) to PEDOT: 

PSS dispersions and then added various type o f  G N Ps to theses dispersions. W e  

believe , that addition o f  N M P  to the PEDOT: PSS dispersion w ill also enhance the 

dispersion o f  G N Ps and as a result the com p osite  film /C E  w ill show  enhanced in 

electrical conductivity com pared to N M P  doped PEDOT: PSS film /C E. T hese various 

types o f  G N Ps plus N M P  doped PEDOT: PSS com posite  film s w ere deposited  on non-
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conducting glass substrates by simple drop casting method. Their performances were 

compared with standard Pt/FTO/glass-CE/DSSC under the same conditions. In 

addition, we investigated the adhesion o f the more efficient GNPs plus NM P dopjd 

PEDOT: PSS composite film/CE and compared it with the pure NMP doped PEDOT; 

PSS film. In this chapter we report the new GNPs based composite materials, whi:h 

can simultaneously act as an electrocatalyst for I3' reduction and charge transport 

material in CE / DSSC.

6.2 Preparation and Characterisation of Pt and TCO 

free CEs for DSSCs
6.2.1 Preparation of GNPs Based CEs

Three aqueous PEDOT: PSS dispersions were diluted with 10 vol% o f NMP 

and 20 vol% o f deionised water (Millipore). This was divided into three equal pars. 

GNPs type 1, GNPs type 2, GNPs type 3 was added to each part at 66 wt% o f  solid 

PEDOT: PSS content, to make three dispersions. After that various types o f DSSCs 

were fabricated with this new carbon based CEs and reference Pt based CE as 

explained in experimental section.

6.2.2 Raman Spectroscopy

Raman spectroscopy has historically played an important role in the structural 

characterization o f  graphitic materials, in particular providing valuable infonnation 

about defects and stacking o f the graphene layers [22]. Initially Raman spectroscopy of 

GNPs type 1, GNPs type 2 and GNPs type 3 powders was done as well as on graphite 

powders for comparison (figure 6.1). Raman spectroscopy can clearly distinguish a 

single layer, few layers thick graphene and unexfoliated graphite [23]. The main 

features in graphite/graphene Raman spectra are represented by the D, G and 2D peaks 

[24]. The graphitic G peak located at ~ 1580 cm"' and 2D peak located at -2 700  cm’' 

are always observed in graphite samples [25]. The graphite’s 2D band (-2700 cm ') 

always have a shoulder at -2650  cm '' is representative o f graphite [23] as shown figure 

6.1. A. The graphite powders displayed a small D band (-1330 cm"'). The D band is 

indicative o f  defect or edges. The ratio o f the intensity o f the D band, (-1300 cm ')  to
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that o f the G band (-1580  cm cm '') band usually indicates the structure, size, and 

defects o f the carbon material [7, 26, 27], Figure 6.1.A,B and C shows Raman spectra 

o f GNP type 1, GNPs type 2 and GNP type 3 respectively , all three type GNPs 

powders showed a large D peak compared to the D peak o f  graphite (Fig.6.1.A) which 

can either be due to the defect or most likely because o f smaller flakes i.e. edge effect. 

ID/IG ratio was measured as shows in Table 6.1. One would expected that smaller flake 

(GNPs type 3) would show higher ID/IG ratio than large flakes GNPs (type 2 and 

GNPs type 1) [26], However, the ID/IG ratio o f  GNPs type 3 powder was (0.40) sim.ilar 

to GNPs type 1 powder (0.40) and little higher than GNPs type 2 powders (0.34). This 

suggests that GNPs type 1 and type 2 might have some defect or might have some edge 

functional groups. The shape o f the 2D peak spectra with no shoulder is consistent for 

all three types o f GNPs powder as shown in figure 6.1 B,C, and D. This indicates the 

presence o f  few layer thick graphene flakes in all three types o f powders. In conclusion 

the Raman spectroscopy analysis confinned that all three types o f GNPs are few layer 

thick graphene flakes.

Table 6.1: Intensity ratios for D and G band (calculated from corresponding Raman 

spectra.

Pow der type ID /IG

Graphite powder ( Reference) 0.02

GNPs type 1 0.40

GNPs type 2 0.34

GNPs type 3 0.40
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Figure 6.1: Raman spectra o f powder (A) Graphite powders, B) GNPs type 1 powders, 

C) GNPs type 2 powders and D) GNPs type 3 powders.

6.2.3 Scanning Electron Microscopy of GNPs type 2 with NMP Doped 

FEDOT: PSS Composite film/CE

SEM was done on the best performance sample i.e. GNPs type 2 with NMP 

doped PEDOT: PSS composite film/CE. SEM was performed to investigate the 

morphology o f the GNPs type 2 plus NMP doped composite film/CE. SEM of the 

surface as well as o f fractured edge composite film/CE was also performed. Fig.6.2 

panels A and B show representative SEM images o f the surface and panels C, D, E and 

F show o f fracture edge o f GNPs type 2 plus NMP doped PEDOT:PSS composite 

film/CE. In both surface and fracture images o f GNPs plus NMP doped PEDOT: PSS,
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SEM investigation reveals, that GNPs were homogeneously dispersed suggesting that 

GNPs are interconnected in composite film/CE.

2D13

FiwNnrw < ONPpO«

Figure 6.2: R epresen tative  SEM  im ages o f  G N Ps type 2 plus PED O T: PSS 

com posite  film /C E , A and B show s SEM  im ages o f  surface. C, D , E and E show s 

o f  fractured  edge o f  com posite  film /C E.
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6.2.4 Thermogravimetric Analysis (TGA) of GNPs type 2 with 

PEDOT: PSS composite film/ CEs
The thermal stability o f  GNPs type 2 powders, pure PEDOT: PSS film and 

GNPs type 2 plus NM P doped PEDO: PSS composite film was investigated by TGA. 

Figure 6.3.A shows Derivative TGA (DTGA) curves and figure 6.3 B shows TGA 

curves.
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T e m p e r a t u r e
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(/}W
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T e m p e r a t u r e  °C

Figure 6.3: A. shows DTGA curves o f  A.I) GNPs type 2 powder, A.II) pure PEDOT; 

PSS film and A.III) GNPs type 2 + NM P doped PEDOT: PSS composite film/CE. B 

shows TGA curves o f  B.I) GNPs type 2 powder, B.II) PEDOT: PSS film and B.III) 

GNPs type2+ NM P doped PEDOT: PSS composite film/CE.
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DTGA (6.3.A.I) curve o f  GNP type 2 powder demonstrated an initial weight loss o f  14 

% between 390°C and 581°C, suggesting the removal o f some functional groups [28- 

30], further weight loss between 587 °C to 881 °C can be attributed to the degradation 

o f  GNPs. DTGA curve (Fig.6.3.A .Ill) o f  GNPs type 2 plus NM P doped PEDO: PSS 

composite film showed initial 6 % wt was lost between 30 °C to 162 °C. This initial 

loss is due to the presence o f  some organic solvent and water in the film, similarly to 

publish reported for PEDOT: PSS film [31, 32] and also sim ilar to DTGA o f pure 

PEDOT: PSS film as shown in figure 6.3.A,II. The second wt lost (8.4%) between 

296°C to 419 °C and third wt lost (28.47%) between 419 °C to 596 °C are revealing the 

degradation o f PEDOT: PSS. Further weight loss (50 wt %) between 607 “C to 881 °C 

is revealing the degradation o f GNPs type 2 as DTGA curve ( fig.6.3.A.I) o f pure GNP 

type 2 powder shows maximum degradation at 733°C. TGA curve showed that the 

GNPs type 2 plus PEDOT: PSS composite film (Fig.5.5.B .Ill) is thermally more stable 

than that PEDOT: PSS dried film (Fig.6.3.B.II), as degradation o f PEDOT: PSS started 

in GNPs type 2 plus NM P doped composite film at 296 °C while is 19 °C higher than 

that degradation o f PEDOT: PSS film (277°C) [32]

6.2.5 Electrical Conductivity Measurement

The electrical conductivity was measured using the two point probe technique 

and an average o f the measured values was taken and a standard deviation was 

calculated. The results are presented in fig.6.4. The thickness o f the films in the range 

15 |jm to 20 |jm was measured by digital m icrometer calliper. Initially two types o f 

PEDOT: PSS films were prepared, 1) pure PEDOT: PSS film and 2) NM P (10 vol %) 

doped PEDOT: PSS film. The electrical conductivity o f the NM P doped PEDOT: PSS 

film was increased from 2.11 S/cm (pure PEDOT: PSS film) to 33 S/cm. The electrical 

conductivity o f the NM P doped PEDOT: PSS film enhanced by around 15 orders o f 

magnitude compared to pure PEDOT: PSS film. The electrical conductivity 

enhancement might have been related to the better connections between the conducting 

PEDOT chains by removing insulafing PSS from the PEDOT: PSS film [33]. The 

electrical conductivity o f GNPs type 1, GNPs type 2 and GNPs type 3 plus NM P doped 

PEDOT: PSS composite films were also measured. As a result the electrical 

conductivities were dramatically increased by the addition o f  all three types o f  GNPs to
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PEDOT: PSS composite films compare to NM P doped PEDOT; PSS film. However the 

highest electrical conductivity o f  190 S/cm is obtained with GNP type 2 plus NMP 

doped PEDOT: PSS composite film. The electrical conductivities o f GNPs typel plus 

NMP PEDOT: PSS and GNPs type 3 plus PEDOT: PSS composite films were 175 

S/cm and 164 S/cm respectively. These results indicate that the addition o f all types o f 

GNPs strongly influences the electrical conductivity o f NM P doped PEDOT: PSS 

films. However, it was expected from Raman spectroscopy investigation that GNPs 

type 3 powder has the lowest level o f  defects vice versa for type 1 and type 2 powders 

but GNPs type 3 plus NM P doped PEDOT: PSS shows the lowest electrical 

conductivity among these three GNPs type plus PEDOT: PSS composite film.

Film type

F igure 6.4: The electrical conductivity o f A) pure PEDOT: PSS film; B) NM P doped 

PEDOT: PSS film, C) GNPs type 1 + NM P doped PEDOT: PSS composite film, D) 

GNPs type 2 plus NM P doped PEDOT:PSS film and E) GNPs type 3 + NM P doped 

PEDOT:PSS composite film.

Thus these results suggest that electrical conductivity o f GNPs plus NMP doped 

PEDOT: PSS composites films greatly depends on the diameter and surface area o f
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GNPs. GNPs type 1 and type 2 have similar average diam eter (up to 5 jiim) but different 

surface area (GNPs 1 =50 m^/g and GNPs 2 =100 m^/g). Thus we can say that electrical 

conductivity o f  GNPs type 2 is greater than GNPs 1 due to its higher surface area. 

GNPs type 3 has very high surface (600-750 m^/g) but shows lower electrical 

conductivity (164 S/cm) than GNPs type 1 and GNPs type 2 plus NM P doped PEDOT: 

PSS composites films. This is thought to be due to the large contact resistance between 

small-size GNPs type 3 (diameter =2)um) which as a result shows a lower electrical 

conductivity than GNPs type 1 and GNPs type 2 based films. These results show that 

large diameter GNPs (GNPs typel and GNPs type 2) have a higher electrical 

conductivity than small diameter GNPs type 3 in NM P doped P EDOT: PSS composite 

films.

6.2.6 Investigation of the Photovoltaic performance of Pt and TCO 

free CEs/DSSCs with various types of GNPs with NMP Doped 

PEDOT: PSS composite films

Table 6.2 summarises photovoltaic parameters i.e. open-circuit voltage (Voc), 

short-circuit current density (Jsc), fill factor (FF), and power conversion efficiencies o f 

all DSSCs which were prepared in this work. The photocurrent density-voltage (J-V ) 

characteristics o f  the DSSCs with various CEs are shown in Fig. 6.5. Three kinds o f 

reference DSSCs were fabricated: one with standard Pt/FTO/glass-CE and the second 

kind is Pt and FTO free CE with pure PEDOT: PSS/glass and third one is also Pt and 

FTO free CE with NM P doped PEDOT: PSS/glass. The Pt/FTO/glass-CE/DSSC 

showed a power conversion efficiency o f 4.72 %. The power conversion efficiency o f 

NMP doped PEDOT: PSS-CE/D SSC without Pt and FTO was increased from 0.11% 

(pure PEDOT: PSS/glass-CE) to 1.35%. Most likely the power conversion efficiency 

was increased due to improvement in electrical conductivity o f PEDOT: PSS film as 

discussed in the previous section. Three types o f  composite films were prepared i.e. A) 

GNPs type 1 plus NMP doped PEDOT: PSS, B) GNPs type 2 plus NMP doped 

PEDOT: PSS and C) GNPs type 3 plus NM P doped PEDOT: PSS and used as Pt and 

TCO free CEs in DSSCs. The addition o f all three types o f GNPs to PEDOT: PSS film 

resulted in the further increase o f the power conversion efficiencies o f  Pt and FTO free 

CEs-DSSCs. The addition o f GNPs type 1 to NM P doped PEDOT: PSS film/CE
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improved the power conversion efficiencies from 1.35 % (NMP doped PEDOOT: 

PSS/glass-CE) to 3.36 %. This power conversion efficiency was improved mainly due 

to increases in FF from 0.31 to 0.41 and Jsc from 5.67 mAVcm^ to 11.4 to mA/cm^. The 

addition o f  GNPs type 2 to NM P doped PEDOT: PSS film/CE also improved the power 

conversion efficiencies from 1.35 % (NMP doped PEDOOT: PSS/glass-CE) to 3.70 %. 

Again the improvement o f power conversion efficiencies o f GNPs type 2 plus NMP 

doped PEDOT: PSS was mainly due to the increase in FF from 0.31 to 0.43 and Jsc 

from 5.67 mA/cm^ to 12.45 mA/cm^. The addition o f GNPs type 3 to NM P doped 

PEDOT: PSS film/CE improved the power conversion efficiencies from 1.35 % (NMP 

doped PEDOOT: PSS/glass-CE) to 2.78 %. The power conversion efficiencies o f GNPs 

type 3 plus NM P doped PEDOT: PSS was mainly increased due to the rise in Jsc from 

5.67 mA/cm^ to 12.80 mA/cm^ while FF (0.33) was almost similar to NM P doped 

PEDOT: PSS film/glass-CE/DSSC. These results show that addition o f all three types 

o f GNPs to NMP doped PEDOT: PSS in general resulted in an increase o f  the 

electrocatalytic activity o f CE as Jsc o f was increased in all cases. However, the GNPs 

type 1 and type 2 plus NM P dope PEDOT: PSS composite films/CEs shows increase in 

FF as well as in Jsc, this suggest that these two composite film/CEs are more 

conductive than GNPs type 1 with NM P dope PEDOT: PSS composite film/CE as this 

was also confirmed and discussed in the section above (6.2.5).

The power conversion efficiencies are changing in the following order: Pt/FTO/glass > 

GNPs type 2 plus NM P doped PEDOT: PSS/glass > GNPs typel plus NM P doped 

PEDOT: PSS/glass > GNPs type 3 plus NM P doped PEDOT: PSS/glass > NM P doped 

PEDOT: PSS/glass and PEDOT:PSS/glass -CEs/DSSCs. The two main factors that are 

responsible for power conversion efficiencies are electrical conductivity and 

electrocatalytic activity o f the CE. The highest Jsc value (13.12 m A/cm^) and FF (0.49) 

was obtained with Pt/FTO/glass-CE/DSSC. This shows that the Pt/FTO/glass-CE is 

more electrically conductive and more electrocatalytically active than the GNP type 

plus NM P doped PEDOT: PSS composite films/CEs. In the case o f  the GNPs filled 

samples, type 2 and 1 plus NM P doped PEDOT:PSS composite film/glass-CE have 

power conversion efficiencies o f 3.70 % and 3.36 % respectively The fact that type 2 

has higher power conversion efficiency is due to the higher surface area o f type 2 that 

results in higher electrical conductivity and higher electrocatalytic activity.
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In general, graphitic materials, such as CNTs and graphite, have basal and edge 

planes. Basal planes exhibit slow electron transport, whereas edge planes exhibit fast 

electron transport [34, 35], Among these three GNPs type the GNPs type 3 has high 

surface, which mean GNP type 3 might have many edge planes or surfaces available for 

reduction o f tri-iodide ion in electrolytes. Therefore, it was expected that GNP type 3 

with NM P doped PED OT: PSS composite film /CE would more electrocatalytic active 

than GNP type 1 and GNP type 2 plus NM P doped PEDOT: PSS composite/glass- CE 

/DSSC. The lower power conversion efficiency o f GNPs type 3 plus NM P doped 

PEDOT:PSS composite film/CE could be due to large contact resistances because o f 

involvement o f  large number o f small size o f GNPs per unit volume compared to GNP

T able  6.2: The photovoltaic parameters o f the Pt and FTO free CEs-DSSCs with 

various types o f GNPs plus PEDOT: PSS composite films. Measured at 100 mW/cm^. 

Cell active area: 0.8 cm^

C E type Voc (mV) Jsc  (mA/cm^) FF Efficiency %

Pt/FTO/glass 730 13.12 0.49 4.72 ± 0 .1 0

Pure PEDOT: PSS/glass 686 0.400 0.40 0.11 ±0.01

NMP doped PEDOT:PSS/ 
glass/CE 760 5.67 0.31 1.35 ± 0 .05
GNPs type 1 + NM P doped 
PEDOT:PSS/glass 710 11.4 0.41 3.36 ± 0 .0 6
GNPs type 2+NMP doped 
PEDOT:PSS/glass 690 12.45 0.43 3 .7 0 ± 0 .1 0

GNPs type 3 + NMP doped 
PEDOT:PSS/glass

690 12.80 0.31 2.78 ± 0 .08

o f  type 1 and type 2. This large contact resistance per unit volume can have a negative 

effect on the electrical transport properties o f  GNPs 3 and result in lower electrical 

conductivity hence lower power conversion efficiency than GNP type 1 and GNP type 

2. Overall the addition o f all three types o f GNPs into NM P doped PEDOT: PSS CE/ 

DSSC did not significantly affect the Voc in comparison to standard Pt/FTO/glass-CE 

/DSSCs. The standard Pt/FTO/glass-CE shows Voc o f  0.730 mV while pure 

PEDOT:PSS, NMP doped PEDOT:PSS, GNPs type 1 plus NMP doped PEDOT:PSS
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composite/glass-CE,GNPs type 2 plus NMP doped PEDOT:PSS composite/glass-CE 

and type 3 plus NM P doped PEDOT:PSS composite/glass-CE/DSSCs shows Voc o f 

0.686, 0.760,0.710,0.690 and 0.690 respectively.
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F igure  6.5: The photovoltaic (J-V ) curves of: 1) pure PEDOT: PSS 2) NMP doped 

PEDOT: PSS, 3) GNPs type 1+NMP doped PEDOT: PSS, 4) GNPs type 2+NMP 

doped PEDOT: PSS, 5) GNPs type 3+NMP doped PEDOT: PSS and 6) Pt/FTO/CEs- 

DSSCs.

6.3 Effect of sintering on the Properties of CE and 

Performance of the Corresponding DSSCs
6.3.1 Effect of Sintering on the Electrical Conductivity of GNPs type 

2 plus NMP Doped PEDOT: PSS films/ CEs

The electrical conductivity o f GNPs type 2 plus NM P doped PEDOT: PSS 

composite films/CEs, which were sintered at: 120 °C, 150°C, 200 °C, 300 °C and 400 

”C for 20 minutes, were measured and the results are presented in fig.6.6. The electrical 

conductivity o f  GNPs type 2 plus NM P doped PEDOT: PSS composite films/CE which
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was sintered at 120 “C is 190 S/cm. The electrical conductivity was increased to 196 

S/cm for type 2 plus NM P doped PEDOT: PSS composite films/CEs which sintered at 

150 “C. However electrical conductivity o f the sample was decreased to 176 S/cm as it 

was sintered temperature up to 200 °C. The electrical conductivity was further 

decreased to 143 S/cm and 132 S/cm with sintered temperature at 300 °C and 400 “C 

respectively. This shows that PED OT: PSS starts decomposing in the temperature range 

o f 277°C to 400“C which consistent with TGA data (section.6.2.4). In summary, the 

electrical conductivity investigation demonstrated that around 150 °C is an optimal 

sintering temperature for GNPs type 2 plus NM P doped composite film/CE at which 

GNPs are properly interconnected in composite film and that result in the efficient 

electron transfer from one GNP to another on and hence in high electrical conductivity.
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Figure 6.6: The electrical conductivity o f GNPs type 2 plus PEDOT: PSS composite 

film/CE which was sintered at A) 120 T ,  B) 150 ”C, 200 °C D) 300 "C and 400 ”C.
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6.3.2 Raman Spectroscopy of GNPs type 2 plus NMP Doped PEDOT: 

PSS films/CEs Sintered at various Temperatures

Raman spectroscopy was employed to investigate a change in the graphitic 

structure during the sintering process o f GNPs type 2 plus NM P doped PED O T: PSS 

composite films/CEs as shown in Fig.6.7. Raman spectroscopy was performed on 

GNPs type 2 plus NM P doped PEDOT: PSS composite films/CEs which were sintered 

at 120 “C, 150 °C, 200 °C 300 °C and 400 °C. The defect in graphite samples are 

generally characterised by the ratio o f the intensity o f  the defect band (D band, -1300  

cm '') to that o f the G band (-1580  cm cm '), ID/IG. ID/IG was measured as it is shown 

in the Table 6.3. ID/IG for GNP type 2 was 0.34. The ID/IG was decreased to 0.23 for 

GNPs type 2 plus NM P doped PEDOT: PSS composite film/CE sintered at 120 °C. In 

addition, a G peak position o f the GNPs type 2 plus NM P doped PEDOT: PSS 

composite film was downshifted by 6 cm '' compared to GNPs powder, suggesting a 

non-covalent functionalization o f PEDOT on the graphitic structure o f GNPs [36].

The ID/IG ratio o f  GNPs plus NM P doped PEDOT: PSS composite films/CEs which 

were sintered at 150 °C, 200 °C 300 °C and 400 °C were further decreased to 0.13, 0.13, 

0.02 and 0.06 respectively. These results suggest that as supplied GNPs type 2 is 

partially oxidised/functionalised graphene i.e. that have some edge functional groups. 

And the sintering process reduces the attached functional groups and thus results in 

decrease o f the ID/IG for GNPs type 2 in composite film/CE. In summary, Raman 

studies confimi that electrical conductivity hence power conversion efficiency can be 

further increased if  the initial GNPs powder is pre-sintered at 300 °C.

Table 6.3: Intensity ratios for D and G band (calculated from corresponding Raman 
spectra. _________________________________________________________

Sintering temperature ID/IG

GNPs 2 type powder ( Reference) 0.34

120 °C 0.23

150 °C 0.13

200 °C 0.13

300 °C 0.02

400 °C 0.06
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Figure 6.7: I) Raman Spectra of, I), II), III), IV), V) and VI) shows GNPs type 2 + 

PEDOT: PSS composite films/CEs, sintered at 120 °C, 150 °C, 200 °C  300 “C and 400 

°C respectively.

6.3.3 Effect of Sintering Temperature on the Photovoltaic 

Performance of DSSCs with GNPs type 2 with PEDOT: PSS 

composite films/CEs

GNPs type 2 plus NM P doped PEDOT: PSS composite film gave the best 

power conversion efficiency and higher electrical conductivity in comparison to GNP 

type 1 and GNPs type 3 plus NM P doped PEDOT: PSS composite films. Therefore for 

further investigation GNPs type 2 plus PEDOT: PSS composite film was selected. GNP 

type 2 plus PEDOT: PSS composite films were sintered at various temperatures for 20
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minutes as shown in Table 6.4. The purpose o f this investigation to find out the optimal 

sintering temperature at which the GNPs type 2 plus PEDOT composite film/CE has 

the best performance. The highest power conversion efficiency o f 4.29 % was observed 

for CE which was sintered at 150 °C. The power conversion efficiency o f  GNPs type 2 

plus NMP doped composite film/ CEs (sintered at 200 °C) decreased to 3.23%. 

However power conversion efficiencies were dramatically decreased to 1.35 % and 

0. 84 % for GN P2/PED0T: PSS/CEs which were sintered at 300 °C to 400 °C 

respectively. These result shows that GNPs type 2 and NM P doped PEDOT: PSS 

film/CE was properly dried at 150 °C and PEDOT: PSS, degradation start at high 

sintering temperature (274“C to 400 °C), therefore the power conversion efficiencies 

were decreased at high temperature sintering as this was confirmed by DTGA study 

(section 6.2.4)

Table 6.4: Shows the effect o f  sintering on the photovoltaic performance o f the DSSCs 

with GNPs type 2 plus NM P doped PEDOT: PSS composite film /CEs. M easured at 

100 mW/cm^. Cell active area: 0.8 cm^.

CE type Sintering

Temperature

°C

Voc

(mV)

Jsc

(mA/cm^)

FF Efficiency %

GNPs 2 type 2+ NM P 

doped PEDOT:PSS/CE

120 690 12.45 0.43 3.70± 0.10

As above 150 710 13.75 0.44 4.29±0.12

As above 200 710 11.28 0.40 3.23± 0.09

As above 300 720 7.66 0.24 1.35±0.08

As above 400 720 6.03 0.18 0.84± 0.05

These results demonstrated that the optimum temperature for sintering o f GNP 2 plus 

NM P doped PEDOT: PSS is 150 °C for 20 minutes. The Jsc value o f  GNPs grade 2 

plus NMP doped composite film/CE was also initially improved from 12.45 mA/cm^ 

(sintered at 120 “C) to 13.75 mA/cm^ (sintered at 150 °C) but the Jsc values were
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linearly decreased to 11.28 mA/cm^ (sintered at 200 °C), 7.66 mA/cm^ (sin tered  at 300 

°C) and 6.3 m A/cm^ (sintered at 400 °C). V oc values did not significantly  affect by 

sin tering tem perature, the V oc value o f  0.690 m V, 0.710 m V, 0.710 m V ,0.720 and 

0,720 m V  w ere observed for G N Ps grade 2 plus N M P com posite film /C Es w hich w ere 

sintered at I2 0 °C , ISO^C, 200°C ,3 0 0 °C  and 400 °C respectively. The FF values (0.43) 

initially rem ained stable for G N Ps grade 2 plus N M P doped com posite film s/C Es 

w hich w ere sintered at 120 °C and 150 °C but FF values w ere greatly decreased to 0.40, 

0.22 and 0.18 for CE w hich w ere sintered at 200 °C, 300 °C and 400 °C respectively. 

This reveals that the internal resistance o f  the C E/ D SSC was increased at high 

sintering tem perature due the degradation o f  PED OT: PSS in com posite film /CE, 

therefore the FF values decreased accordingly. This dem onstrated the im portance o f  

PEDOT: PSS in G N Ps grade 2 com posite film s/C Es, that PED O T is w ell adhered on 

the surfaces o f  G N Ps, therefore the G N P are properly  interconnected and as a result the 

electrons are efficiently  transferred  from  one G N P to another as well as an increase in 

the electrocatalytic activity  o f  the com posite film /CE.
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Figure 6.8: The photovoltaic (J -V ) curves o f  G N Ps type 2+N M P doped PED O T: PSS 

film /C E-D SSC s w hich w ere sintered at 1)120 °C 2 )150"C  3)200 ”C, 4) 300 °C 5) 400 

“C.
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6.3.4 Adhesion test

For the adhesion test, the two m ost efficient G N Ps type 2 plus N M P doped 

PEDOT: PSS com posite film s w ere selected. These film s w ere sin tered at 120 “C and 

150 °C and for com parison the N M P doped PEDOT: PSS film was also tested. The 

adhesion test was m easured according to published report using the Scotch tape test 

[37, 38], F irst, 3M  tape was adhered on the surface o f  the film s as show n in fig.6.9.

B

C D

E F

I

Figure 6.9: Film s adhesion test w ith Scotch tape, A and B) N M P doped PED O T: P S S  

film , C and D) and E and F) Show s the G N Ps plus N M P doped PED O T: PSS  

com posite film s w hich sintered at 120 °C and 150 °C respectively.
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The tape was draw n from  both sides o f  the film s. The G N Ps type 2 plus N M P doped 

PEDO T: PSS com posite film s (fig .6 .9 .E  and F), w hich was sintered at 150 °C  show s 

good adhesion as show  little v isible crack com pare to  G N Ps type 2 plus PEDOT: PSS 

com posite film  w hich w as sin tered  at 120 °C (fig .6 .9 .C  and D) and N M P doped 

PEDO T: PSS film  (fig .6 .9 .A and B). The result show ed that G N Ps also im proved the 

adhesion o f  the N M P doped PEDOT: PSS film  on non conducting glass as com pared to 

the N M P doped PEDOT: PSS film.

6.4 Conclusion
In this part o f  our work, w e have prepared and investigated Pt and TC O  free 

counter electrodes with three different types o f  graphene nanoplatelets (GN Ps), which 

w ere dispersed into a N M P doped/dilu ted  PED O T: PSS/H 2O m atrix. These 

fonnulations w ere deposited  onto a non conducting  glass substrate. U sing these new Pt 

and FTO /glass/C E  the pow er conversion efficiencies o f  D SSCs w ere increased in all 

three cases and w ere h igher than only pure N M P doped PEDOT: PSS film /glass-CE. 

H ow ever the h ighest pow er conversion efficiency o f 3.70 %  w as achieved w ith G N Ps 

type 2 plus N M P doped PEDO T: PSS com posite film /glass-C E  com pared with the 

pow er conversion efficiencies o f  1.35 %  and 4.72 %  for N M P doped PEDOT: PSS 

film /glass-CE and P t/T C O /glass-C E /D SSC s respectively. The pow er conversion 

efficiency o f  G N Ps type 2 plus N M P doped PED O T: PSS com posite film -CE was 

increased by a factor o f  2.27 com pared to the only N M P doped PEDOT: PSS 

film /glass-C E/D SSC  due to the im provem ent in the electrical conductivity  o f  the 

com posite film . H ow ever the pow er conversion o f  efficiency o f  G N Ps type 2 plus N M P 

doped PED OT: PSS com posite film /C E w as 21 %  low er than standard P t/FTO /glass- 

CE/DSSC. W hile in case o f  G N Ps type 1 and type 3 p lus N M P doped PED OT: PSS 

com posite film -C Es the pow er conversion efficiencies also im proved from 1.35 % to 

3.36%  and 2.78 % respectively , w hich is an increase by a factor o f  2.48 for (G N Ps type 

1) and 2.05 for (G N Ps type 3) com pared to a pow er conversion efficiency o f  1.35 %  for 

N M P doped PED O T: PSS film /glass-C E/D SSC . An electrical conductivity  study o f  the 

com posites revealed that all three types o f  G N Ps increased the electrical conductivity  o f
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N M P doped PEDOT: PSS com posite film s/CEs but G N Ps type 2 plus PEDO T: PSS 

com posite film /C E show ed the highest conductivity o f  190 S/cm.

The pow er conversion efficiency was further increased to 4.29 % by 

optim izing the sintering tem perature for G N Ps type 2 plus N M P doped PED OT: PSS 

com posite fllm -C E w hich was optim al at 150 °C. E lectrical conductivity  studies 

dem onstrated  that the effect o f  sintering tem perature on the G N Ps type 2 plus NM P 

doped PED O T: PSS com posite film s/C Es which show that highest conductiv ity  (196 

S/cm ) was achieved at 150 °C. T he m orphology G N Ps type 2 plus N M P doped 

PED O T: PSS com posite film -C E electrodes was studied by scanning electron 

m icroscopy (SEM ) w hich show ed that G N Ps type 2 w ere well d ispersed and 

in terconnected to each other in the com posite film. The therm al stability o f  the GN Ps 

type 2 plus N M P doped and G N Ps type 2 pow ders and N M P doped was also 

investigated by TG A  w hich show ed that GNPs type 2 plus PEDOT: PSS com posite 

film  is m ore stable than only PED O T:PSS film. The Ram an spectroscopy dem onstrated 

that som e defects w ere present in G N Ps type 2 com posite film s/C Es, w hich was 

decreased at a high sin tering  tem perature as the low est ID/IG value o f  0.02 and 0.06 

w ere obtained for G N Ps type 2 plus PEDOT: PSS com posite film s w hich w ere sintered 

at 300 “C and 400 “C respectively. Therefore we believe that the pow er conversion 

efficiency can be potentially  further im proved upon by sintering the initial G NPs 

pow der at high tem perature to prepare the counter electrode as described above. The 

adhesion test was also perform ed for G N Ps type 2 plus PEDOT: PSS com posite 

film s/C Es. This test dem onstrated  that type 2 plus PEDOT: PSS com posite film s/CE 

has a better adhesion in com parison to only NM P doped PEDOT: PSS film  on non 

conducting  glass substrate under identical conditions.
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Chapter 7: Development of GO and GNP 

Modified PhotoanodesAVorking Electrodes for 

DSSCs

7.1 Introduction

T i02 is the m ost w idely used m esoporous oxide m aterial in W E o f  the DSSC. 

Ti02 is a w ide band gap sem iconductor w ith a band gap o f  around 3.2 eV , although 

other w ide-band gap sem iconductor oxides such as ZnO , SnO? and N b20s have also 

been em ployed. H ow ever, T i02  has been m aterial o f  choice [1, 2]: w ith advantageous 

properties such as its low  price, high abundance and low  toxicity  [3, 4]. Its quality 

affects the loading o f  the dye m olecules, the electron injection from  the dye m olecules 

to the T i02 nanoparticles, and the electron transport across the T i02  film  [5, 6]. The 

W Es o f  D SSCs is typically  fabricated using thick film s (10 to 15 |am) o f  T i02  

nanoparticles [7, 8], since the incorporation o f  T i02 nanoparticles into W E, the pow er 

conversion efficiency o f  D SSCs has rem arkably increased [9-11], T he enhanced 

perform ance is due to increased dye adsorption in the nanostructured  T i0 2  film  and 

suitable electronic structure o f  T i02  [12], H ow ever, electron transport in disordered 

T i0 2  nanoparticles proceeds by a trap-lim ited diffusion process [8], in w hich injected 

electrons travel through a large num ber o f  colloidal partic les and grain boundaries 

before reaching the co llecting  electrode. Such a random  transit path for the photo 

generated electrons increases the chance o f  carrier recom bination  and thus decreases 

the pow er conversion o f  efficiencies o f  D SSCs [7, 8, 13]. To further im prove the pow er 

conversion efficiency o f  D SSC, a m ore efficient electron transport process is required  

in the T i0 2  film , this w ill elim inate or reduce the charge recom bination  process. 

Therefore, various approaches are being investigated to im prove the pow er conversion 

efficiencies o f  DSSCs. M any studies have sought to enhance the electron m obility  and  

transport by incorporating conductive m aterials, such as Sn0 2  or a varie ty  o f  carbon 

based nanom aterials into T i02  film o f  the W E/D SSC  [14-16], T he incorporation o f  

carbon based nanom aterials, such as carbon nanotubes (C N Ts) [17-19] and graphene 

sheets [11, 20, 21] into T i02  film o f  the W E o f  the DSSC has show n p rom ising  results. 

How ever, graphene has recently  received m ore in terest than o ther carbon based
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nanom aterials [13], because it d isplays a high specific area, great m echanical strength, 

chem ical stability and high electron m obility  [22-24], V arious g raphene-T i02  

com posite fiim s/W Es have been fabricated by various m ethod including solvotherm al 

[11], m icrow ave-assisted [25], electro spinning [26], chem ical exfoliation [12] and by 

direct m ixing o f  graphene into T i02  paste through m echanical grinding [21 ]. Y ang et 

al. reported the incorporation o f  graphene (0.6 w t % ) and C N Ts (0.4 w t % ) individually  

into T i02  film /W E and they achieved the pow er conversion efficiencies o f  6.97 % 

(w ith graphene) and 0.58 %  (w ith C N Ts) com pared that o f  5.01 %  with pure T i02 

film /W E-D SSC  [10]. They believed that h igher perform ance o f  graphene due to their 

2D nature which create better contact w ith the T i02  nanoparticles than ID  CN Ts. Their 

device show ed a 45%  increase in short circuit current density  com pared o f  that pure 

T i02  film /W E-D SSC. This m ay be due to a low er recom bination and a faster electron 

transport with the introduction o f  graphene. Tsai et al. reported  the fabrication o f  

graphene-T i02 com posite film  AVE by spin coating  and they achieved high pow er 

conversion efficiency o f  6.86 % with inco iporation  1 w t%  graphene into T i0 2  film, 

com pared to 5.98%  w ith pure T i02 film  /W E -D SSC  [28]. They believed that graphene 

content involved in T i0 2  film  reduces the loss o f  electrons by suppressing their 

recom bination, and also enhancem ent the dye adsorption on the graphene-T i02 

com posite film surface and this results in a significant increase in the short-circuit 

current density and pow er conversion efficiency o f  the DSSC. Kim  et al. reported  the 

incorporation o f  graphene (1 w t% ) into T i02  film /W E and they achieved pow er 

conversion efficiencies o f  6.05 %  (w ith graphene) com pared to 4.42 %  w ith pure T i02 

filmAVE-DSS [29]. T heir device show ed increased short circuit current density  from 

8.69 mA/cm^ (pure T i02  film /W E) to 12.89 mA/cm^. They reported that the addition o f  

graphene (1 w t% ) into T i0 2 film  decreased the resistance in graphene-T i02 com posite 

film /W E com pared to that o f  the pure T i02 film /W E-D SSC . Furtherm ore they reported 

that the larger am ounts o f  dye m olecules are also adsorbed, and m ore light is 

transm itted through and scattered in the graphene-T i02 com posite film /W E than in the 

pure T i02  film /W E. R ecently  C heng et al. also reported  graphene-T i02 com posite film s 

which w ere fabricated by a hydrotherm al m ethod and deposited by on FTO glass 

substrate by the dr blade technique. The incorporation o f  1.6 w t % o f  graphene into 

T i02 film /W E, enabled to achieve a high pow er conversion o f  7.68 % com pared to 

pow er conversion efficiency o f  4.78 % for the pure T i02 based film /W E-D SSC  [30].
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N eo et al. has reported  the incorporation o f  graphene oxide (G O ) into T i02 

nanoparticles film /W E [27]. They found that GO facilitates binding o f  T i02 

nanoparticles together through the interactions betw een functional groups on GO and 

the surface species o f  T i02  nanoparticles. They reported  that the presences o f  0.8 w t%  

GO  in the T i02  paste is sufficient to fabricate thick and crack-free T i02 film s via single 

printing. These researchers achieved the pow er conversion efficiency o f  7.70 % which 

is alm ost the sam e as that o f  control devices with the T i02 film /W E fabricated  from the 

conventional T i02  paste  w ithout GO  via four-fold printings. H ow ever, it is still rem ains 

a great challenge to develop an alternative route to fabricate g rap h en e-T i0 2  com posite 

film /W E. In order to enhance the pow er conversion efficiency o f  DSSC especially  to 

explore novel, sim ple and effective m ethod [30, 31].

In this chapter we report a facile m ethod to enhance the pow er conversion 

efficiency o f  D SSC  by introduction o f  G N Ps type 2 into T i02 film o f  the W E and for 

com parison G O  w as also incorporated into T i02 film /W E by direct m ixing into m ixture 

o f  two types com m ercially  available T i0 2  paste and was deposited by the dr blade 

technique. It was expected that the introduction o f  highly electrically conductive GNPs 

type 2 into T i02  film /W E  w ould reduce charge recom bination at the T i02  nanoparticle- 

e lectro lyte interface due to a faster electron transport. Furthennore it was also  expected 

that G N Ps type 2 w ould also enhances conductiv ity  w ithin T i02 nanoparticle film  and 

facilitates conduction betw een the T i02 film  and the FTO substrate. T he am ount o f 

G N Ps type 2 and G O  in com posite film  varied from  0 w t%  to 5 wt%. The photovoltaic 

perform ance o f  the G N Ps o r GO -T i02  /dye (N719)AVEs- D SSCs was com pared  with 

that o f  a pure T i02  film /(N 7I9)A V E-D SSC .

7.2 Preparation of Photoanodes (WE)
GO w as prepared  according to a m odified H um m er’s process [32-34] and 

G N Ps type 2 pow ders [35] were sintered at 400 °C for 30 m inutes and then various 

w eights %  (0 to 5 w t% ) o f  GO and sintered G N Ps type 2 based W E w ere prepared  as 

explained in experim ental section. T hese new G O and GNPs plus T i02  com posite 

filmsAVEs w ere then tested in D SSC  and com pared with pure T i02  w hich w as also 

tested  under sam e condition.
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7.3 Raman spectroscopy Characterisation
Raman spectroscopy was done on graphite powders and GO powders as 

shown in Fig. 7.1 .A before the use o f  these materials in WEs. Raman spectroscopy was 

also done on as supplied GNP type 2 powder and sintered GNPs powders as shown in 

Fig. 7.I.B . Raman spectra o f GO showed a typical D band located around 1330 cm '' 

and G band located at around 1588 cm ''.
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F igure 7.1: Raman spectra o f A. l )  Graphite powders, A.II) GO powders, B.I) Sintered 

GNPs type 2 powders B.II) supplied GNP type 2.
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which correspond to the presence o f  sp^ defects and tangential vibration o f sp^ carbon 

atoms in the hexagonal plane, respectively [36], GO Raman spectra (fig.V.l.A.II) also 

shows two prominent D and G band at 1350 cm"' and 1600 cm"' respectively. While 

the intensity ratio o f  D and G bands (ID/IG) o f GO is around 0.76 for GO. The ID/IG 

(0.76) confinned the successful oxidation o f graphite as the ID/IG ratio was around 

0.02 for graphite as shown in fig.7.1 .A.I. The enhanced ID/IG ratio value for GO can be 

attributed to the increased num ber o f  defects in graphitic structure [37]. Raman spectra 

o f  sintered GNPs type 2 (fig.7.1.B.II) show a small D peak which is located at 

1348 cm'*. W hile G peak located at 1580 cm '. The ID/IG ratio for GNPS type 2 

powders was 0.34 as shown in fig.7.1.B.II. However, after sintering the ID/IG ratio o f 

GNPs type 2 powders were decreased to 0.05 as shown in fig.6.2.B. I. This shows that 

the sintering process reduces the remaining attached functional groups and thus 

decreased the ID/IG ratio for GNPs type 2 powder

7.4 Thermogravimetric Analysis
Thennogravim etric analyses (TGA) have been performed under air for 

graphene oxide (GO) powders and sintered GNPs type 2 powders as shown in figure 

6.2. The TGA curve o f GO (fig.7.2. A) shows some initial 7 weight % between 40 °C to 

110 "C. The obtained results were in agreement with previous reported works [38, 39]. 

This indicated that GO powders contained some quantity o f water molecules which 

were evaporated in the low heating step [38]. Further degradation around 35 weight % 

was occurred between 124 °C to 500 °C. This second weight loss is associated to the 

decomposition o f oxygen-containing groups. The final decomposition o f 58 weight % 

occurred between 510 °C to 877 °C. and it was attributed to the oxidation o f carbon 

[38]. TGA curve o f GNPs type 2 powders shows negligible weight loss from 200 °C to 

510°C. This shows that sintering process has mostly removed the attached functional 

groups (Explained in chapter 6 in detail). However maximum weight was lost between 

600 °C and 800 °C, which correspond to the themial degradation o f GNPs type 2.
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Figure 7.2: A) show s TG A  curves o f  GO pow ders and B) sintered G N Ps type 2 

pow ders.

7.5 Scanning Electron Microscopy Characterisation
The surface and cross section m orphology o f  G N Ps type 2 (0.6 wt %) plus T i02 

com posite film s/W Es has been exam ined using SEM . F ig .7.3. K and M show s cross 

sectional im ages o f  G NPS type 2 plus TiO? plus com posite film /W E w hich show s their 

thickness was around 16 to 18 jim. F ig .7.4. A ,B , C, E, F and G show s SEM  im ages o f  

the surface G N Ps type 2 plus T i02 com posite film / W E. A ccording to SEM  G N Ps type 

2, was uniform ly dispersed and attached to T i0 2  particles.

lO O tV  J H i
«WD> 7 t m

Figure 7.3: R epresentative SEM  cross section im ages (K  and M ) o f  G N Ps type 2 plus 

TiO? (0.6 wt %) com posite filmsAVEs.
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Figure 7.4 Representative surface SEM images (A, B, C and D) o f  GNPs type 2 plus

T i02  (0.6 wt %) composite filmsAVE.
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7.6 Electrical Conductivity Measurement

For electrical conductivity  m easurem ent the reference sam ple (pure TiOa film ) 

and sam ples with various wt % o f  G N Ps type 2 and TiO? com posites film s w ere  

deposited  on non-conducting g lass substrates. The electrical conductivity w as m easured  

using the tw o point probe technique and an average o f  the m easured values w as taken. 

The results are presented in fig .7 .5 . The th ickness o f  the film s w as in the range 16 )im  

to 18 |am according to SEM  cross section  im ages. The T i02  nanoparticle film  show ed a 

very low  electric conductivity in the range o f  1 x 10'^ to 1 x 10'”  S/m  [39-42]. 

H ow ever, the incorporation o f  graphene sheet into the T i02  nanoparticle film  

sign ificantly  im proved the film  electrical conductiv ity  [12], The addition o f  0.3  w t %, 

0 .6  wt % and 1 wt % o f  G N Ps type 2 in to T i02  film s resulted in the rise o f  electrical 

conductivity from 1.43 x lO"'* S/m  (pure T i02  film ) to 1.93 x lO'"* S/m , 2 .20  x 10’“* S/m  

and 2 .87  xlO  "* respectively . The electrical conductiv ity  w as also further increased to 

3.86  xlO '”* S/m  and 4 .4 0  x lO'"* S/m  with addition o f  3 w t % and 5 wt % o f  G N Ps type 2 

in to T i0 2  film s respectively.

4 .4 0 x 1 0 -4 -  

J  3 .8 6 x 1 0 -4 -  

2 . 8 7 x 1 0 ^ -o
3

T3
C
3  2 .2 0 x 1 0 -4 -  

o
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LU

1.43 X 10-4-

F igu re 7.5: E lectrical conductivity  o f  G N Ps type 2 plus T i02  com posite  film s as a 

function o f  G N Ps wt %.

GNPs wt%
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These results clearly demonstrate that the incorporation o f high electrically conductive 

sintered GNPs type 2 into Ti02 films enhances the electrical conductivity due to fast 

electron transport via graphene sheets within the composite films. It expected that the 

photovoltaic performance improved due to the increase in electrical conductivity o f 

GNPs type 2 plus Ti02 composite film/WE-DSSC.

7.7 Investigation of the Photovoltaic performance of 

various weight % of GO into TiOi filmsAVorking 

Electrodes of the DSSCs
To investigate the effect o f  the addition o f GO component into Ti02 film/ 

W orking electrode (WE), a series o f  WEs were prepared with various wt% o f GO into 

Ti02 films and used as W Es in DSSCs. Table 7.1 summarises the photovoltaic 

parameters i.e. open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor 

(FF), and power conversion efficiencies o f  all DSSCs which were prepared in this 

work. The photocurrent density-voltage (J-V ) characteristics o f the DSSCs with 

various WEs are shown in Fig. 7.6. The power conversion efficiency o f  pure Ti02 film/ 

WE were 3.75 %. However, with the addition o f pure small amount 0.3 wt % o f GO to 

Ti02 film/W E, the power conversion efficiency was decreased from 3.75 % (pure Ti02 

film/W E) to 1.33 %. The power conversion efficiencies was further decreased to 1.13 

%, 1.16 %,0.53 % and 0.30 % with addition GO content into Ti02 film/W Es at 0.6 

w t% ,l wt%, 3 wt%, and 5 wt% respectively. As we can see the power conversion 

efficiencies were decreased with the addition o f GO into Ti02 film/WE in all cases due

to decreased the Jsc and FF values comparing to pure Ti02 film/W E-DSSCs. The Jsc
2 2 value were reduced from 10.5 mA/cm (pure T i02  film/WE) to 6.08 mA/cm , 5.21

mA/cm^, 5.66 mA/cm^, 2.67 mA/cm^ and 1.39 mA/cm^ with the addifion o f GO into

Ti02 film/W E at 0.3 wt %, 0.6 wt%, 1 wt%, 3 wt%, and 5 wt% respectively. The FF

values dropped from 0.49 (pure Ti02 film/WE) to 0.32, 0.31, 0.30, 0.29 and 0.29 with

addition o f GO into Ti02 film/W E at 0.3 wt %, 0.6 wt %, 1 wt%, 3 wt%, and 5 wt%

respectively. The Voc values decreased from 730 mV (pure Ti02 film/WE) to 700 mV,

690 mV, 680 mV, 690 mV and 610 mV with addition o f GO into Ti02 films/WEs 0.3

wt %, 0.6 wt %, 1 wt %, 3 wt %, and 5 wt % respectively. It was expected that during
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the sintering process at 450 °C the GO in Ti02 composite film/W E could be potentially 

reduced to graphene and at result graphene-Ti02 composite film/ WE were expected to 

show better performance than pure TiOi film/WE.

Table 7.1: The photovoltaic parameters o f DSSCs with various wt % o f  GO into Ti02
2  • 2 films/WEs. Measured at 100 mW cm ' . Cell active area:0.8 cm .

GO content 

(Wt %)

Voc ( niV) Jsc(mA/cni^) FF Efficiency %

0 730 10.5 0.49 3.75 ± 0 .10

0.3 700 6.08 0.32 1.33 ± 0 .06

0.6 690 5.21 0.31 1.13 ± 0 .05

1 680 5.66 0.30 1 .16± 0 .05

3 690 2.67 0.29 0.53 ± 0 .04

5 610 1.39 0.29 0.30 ± 0 .04
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Figure 7.6: The photovoltaic (J-V ) curves o f Ti02 film/W E containing 1) Owt %, 2) 

0.3 wt %, 3) 0.6 wt %, 4) Iwt, 5) 3 wt % and 6) 5 wt % o f GO.
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However, the poor photovoltaic performance o f  G 0-T i02  film/W E demonstrated that 

the reduction o f GO did not occur and the selected method and GO are not suitable for 

the preparation o f an efficient WE for DSSC.

7.8 Investigation of the Photovoltaic performance of 

various weight % of GNPs type 2 into TiOi film 

AVorking electrode/DSSC
To investigate the effect o f the addition o f GNPs type 2 into the Ti02 film/ 

WE, a series o f WEs with various wt % o f sintered GNPs type 2 in Ti02 films were 

prepared and used as W Es in DSSCs. Table 7.2 summarises the photovoltaic 

parameters i.e. Voc, Jsc, FF, and the power conversion efficiencies o f all DSSCs which 

were prepared in this work. The photocurrent density-voltage (J-V ) characteristics o f 

the DSSCs with various WEs are shown in Fig. 7.7. The power conversion efficiency o f 

DSSC with pure Ti02 filmAVE was 3.75 %. The addition o f a small amount (0.3 wt%) 

o f GNPS type 2 into Ti02 film/WE increased the power conversion efficiency from 

3.75 % (pure Ti02 filmAVE) to 4.06 %. The power conversion efficiency was further 

increased to 4.77 % with the addition o f  0.6 wt% o f GNPs type 2 in Ti02 film/WE. The 

power conversion efficiencies o f  GNPs type 2 plus Ti02 film were mainly improved 

due to increase in Jsc and FF values comparing to those for pure Ti02 film/WE-DSSCs. 

However, the power conversion efficiency decreased from 4.77 % (with 0.6 wt% of 

GNPs type 2) to 4.21 % with the addition o f 1 wt % o f GNPs type 2 into Ti02/W E. 

Further increasing o f the wt% (3 wt% and 5 wt%) o f  GNPs type 2 into Ti02 /W E 

resulted only in further reduction o f the power conversion efficiencies from 3.75 % 

(pure Ti02 /W E) to 3.38 % and 2.90 % respectively. These results indicate that only a 

small optima] amount o f  GNPs type 2 (0.3wt % to I wt %) can effectively improve the 

DSSC performances. This can be explained by the fact that small amount o f GNPs type 

2 can be dispersed properly into Ti02 film/W E and as a result enhance the dye 

adsorption due to high specific surface area o f GNP. These results clearly demonstrate 

that a small wt% o f GNPs into Ti02 film/W E is sufficient to enhance the electron 

injection and electron transfer rate in the DSSC operation. Although, electrical 

conductivity measurement (see section 7.6) showed that the electrical conductivity
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linearly increased as wt % o f GNPs type 2 increased in TiOi film. However, the 

photovoltaic investigation showed that power conversion efficiencies decreased at high 

wt % (3 to 5 wt %) o f GNPs type 2 into Ti02 film, this might due short circuit the 

DSSC from inside. The Jsc values increased from 10.5 mA/cm ( pure TiO? film AVE) 

to 11.51 mA/cm^ to 12.66 mA/cm^ and 11.39 mA/cm^ with addition o f 0.3 wt % 0.6 wt 

% and 1 wt % o f GNPs type 2 respectively. This shows that the incorporation o f GNPs 

type 2 into Ti02 film/W E enhanced the dye adsorption as it was reported that the 

increment o f Jsc resulted from the enhancement in amount o f dye absorption through 

high surface area o f WE materials [40]. However Jsc values reduced to 9 .12 mA/cm 

and 8.88 mA/cm^ with addition 3 wt % and 5 wt % o f  GNPS type 2 into Ti02 film/WE 

respectively. The Jsc results clearly demonstrate that a small wt% (0.3 wt% to 1 wt %) 

o f GNPS type 2 in the composite WE is sufficient to enhance the electron transport in 

composite film/WE. The FF values increased from 0.49 (pure Ti02 film/WE) to 0.52, 

0.51 and 0.50 with addifion 0.3 wt % and 0.6 wt % and 1 wt % o f GNPs type 2 into 

Ti02 film/W E respectively. The FF values were 0.51 and 0.48 with addifion o f 3 wt % 

and 5 wt% o f GNPS type 2 into Ti02 film/W E respecfively. The Voc values o f 680 

mV, 730 mV, 740 mV,730 and 680 mV were achieved with 0.3, 0.6,1,3 and 6 wt % o f 

GNPs into Ti02 film/W E compared to Voc value o f  730 mV with pure Ti02 film/WE- 

DSSC.

Table 7.2: The photovoltaic parameters o f  DSSCs with various wt % o f sintered GNPs 

2 into T i02film s/W Es. Measured at 100 mW cm‘̂ . Cell acfive area;0.8 cm^.

GNPS Type 2 

content (wt %)

Voc ( mV) Jsc(mA/cm^) FF Efficiency %

0 730 10.50 0.49 3 .7 5 ± 0 .1 0

0.3 680 11.51 0.52 4.06 ± 0.09

0.6 730 12.66 0.51 4.77 ± 0 .1 0

1 740 11.39 0.50 4.21 ±0.11

3 730 9.12 0.51 3 .3 8 ± 0 .1 0

5 680 8.88 0.48 2.90 ± 0 .08
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Figure 7.7: Photovoltaic (J-V ) curves o f Ti02 film/W E containing 1) Owt %, 2) 0.3 wt 

%, 3) 0.6 wt %, 4) 1 wt, 5) 3 wt % and 6) 5 wt% o f GNPs type 2.

7.9 Conclusion
In this part o f our work, various weight % o f GO and sintered GNPs type 2 

were incorporated into Ti02 films to produce new WEs for DSSCs. The 

photoconductivity studies have shown that the power conversion efficiencies o f  DSSCs 

decreased with addition o f GO into Ti02 filmsAVEs in all cases. However the power 

conversion efficiencies were increased with addition o f GNPs type 2 into Ti02 

filmsAVEs. The highest power conversion efficiency o f 4.77 % was achieved with 0.6 

wt% o f  GNPs into Ti02 film/W E-DSSC compared to 3.75 % o f pure Ti02 filmAVE- 

DSSC. The power conversion efficiency o f  GNPs type 2 plus Ti02 composite film was 

increased around 27% than pure Ti02 film AVE-DSSC. Raman spectroscopy was done 

on as supplied GNP tyep2 and sintered GNPs type 2 powders which show that the 

ID/IG was decreased from 0.34 to 0.06, this shows that sintering process removed the 

attached functional groups and thus decreased the ID/IG ratio for GNPs type 2 

powders. The thermal stability o f sintered GNPs type 2 powders was investigated by 

TGA which showed that GNPs type 2 is stable up to 500 °C. Electrical conductivity
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study reveals that addition o f  GNPs type 2 into Ti02 film increased the electrical 

conductivity from 1.43 x l0 ‘"̂ S/m (pure Ti02 film) to 2.20 xlO S/m (with 0.6 wt % o f 

GNPs) 4.41 xlO''* S/m (with 5 wt% o f GNPs). The morphology o f GNPs type 2 plus 

Ti02 composite film/W E was studied by SEM which showed that GNPs types 2 were 

well dispersed in Ti02 composite film. In overall, we believe that this is a simple, fast, 

and low-cost fabrication method to enhance the power conversion efficiency o f  DSSC 

by incorporation o f  electrically conductive GNPs type 2 into the Ti02 film/W E-DSSC. 

It is expected that the power conversion efficiency could further enhance through 

optimization o f the WE and overall DSSC device.
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Chapter 8: Conclusions and Future Work 

8.1 Conclusion
In this work a series o f  various nanocom posite m aterials have been prepared 

and investigated  for the developm ent o f  potentially  inexpensive, stable and efficient 

D SSC s. W e believe  that this work has su ccessfu lly  dem onstrated the possib ility  o f  the 

use o f  different nanom aterials in various parts o f  D SSC s.

O ne o f  our m ain aim s w as to enhance the photovoltaic and stability properties 

o f  IL based electrolytes by the addition o f  various carbon based nanom aterials. In this 

work w e  have su ccessfu lly  d evelop ed  the preparation o f  IL (PM II) based quasi solid  

state electrolytes by the addition o f  various carbon based nanoparticles with very low  to 

very high w eight %. It w as found that 1-15 w eight % o f  graphene has alm ost no v isib le  

effect on flow  o f  PMII but they can on ly  m ake a gel like material and 2 0 -4 0  wt % 

resulting in quasi solid  state electrolyte. 1 to 10 wt % o f  graphene based quasi solid  

state electrolyte show ed  a very little increase in the pow er conversion effic ien cy  (up to 

0.2 %). H ow ever, the pow er conversion  e ffic ien c ies o f  D SSC s increased sharply (up to 

2.10% ) w hen 30 wt % o f  graphene w as added into PM II. W e believe  that at low  

concentrations the graphene flakes w ere apart from each other and did not provide  

sufficient charge transfer. A s the concentration increased the graphene flakes m oved  

closer to each other and as a result there w as a fast electron transfer from the Pt o f  the 

CE toward W E, hence v iscou s quasi solid  state electrolytes show ed higher pow er  

conversion effic ien cy . W hen the am ount o f  graphene w as increased up to 35 to 40  

w eight %, the pow er conversion  effic ien c ies  decreased to 0 .59  % and 0 .48  % 

respectively . This reduced pow er conversion  effic ien c ies  w ere m ost likely  due to the 

reason that at 35 to 40  w t % graphene cannot be properly dispersed in PMII and thus 

hom ogeneity  o f  com posite  electro lyte  decreased and could not provide enough PMII 

penetration into the sensitized  porous T i0 2  layer and inhibits the diffusion o f  F and I's 

ions in electrolyte. The pow er conversion  e ffic ien c ies  o f  D S S C s increased from 0.16%  

(pure PM II) to 1.43%  with addition o f  SW C N T s (7w t %) into PMII. T hese results 

show ed that The 2D  graphene could  potentially m ake a better contact w ith T i0 2  o f  

w orking electrode (W E) as w ell as to Pt o f  the counter electrode (CE) com pared to 

curved C N T s and as a result m ore e ffic ien t electrons w ould  transfer from the CE to the 

W E, resulting in higher pow er conversion  e ffic ien cy  than ID  SW C N T s based quasi
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solid state electrolyte/DSSC. The power conversion efficiency was further improved to 

2.50 % with hybrid quasi solid state electrolyte which contained SWCNTs (3 wt %) and 

graphene (12 wt %) in PMII. It was previously reported that electrical conductivity o f 

graphite/graphene composite can be increased by the addition o f small quantities o f 

SW CNTs [1]. This might be the reason in our case as well. Furthermore, it was also 

demonstrated that DSSC can be fabricated without any Pt with a moderate efficiency 

(1.18%) as graphene and SW CNTs can act as an electrocatalyst in hybrid quasi solid 

state electrolytes based DSSCs. Our results demonstrated that the incorporation o f 

carbon based nanomaterail into IL has enhanced the DSSC power conversion efficiency 

because carbon nanomaterials can serve simultaneously both as charge transporter in 

the ILs and as electrocatalysts for the reduction o f I's [2-4]. The stability study has also 

shown that these quasi solid state based DSSCs posses the higher efficiencies than pure 

PMII based DSSCs under the same condition. TGA studies have demonstrated that 

these electrolytes have high thermal stability up to 300 °C.

Additionally in this work various carbon based nanomaterial i.e. graphene, 

SW CNTs and mixture o f graphene plus SWCNTs were incorporated in optimized 

binary ILs (EM ISCN + PMII). The power conversion efficiencies were increased from 

1.40% (optimized binary IL= EM ISCN/PM II) to 2.04% , 2.24% and 3.07% with 

addition o f SW CNTs, graphene and hybrid SWCNTs + graphene into binary IL based 

DSSCs respectively. We believe that power conversion efficiencies were increased due 

to fabrication o f more homogeneous carbon based quasi solid state electrolytes in less 

viscous binary IL than pure PMII. It also known that diffusion o f rate redox couple also 

enhances in less viscous binary IL based quasi solid state electrolytes and also provides 

better penetration into Ti02 film o f  the WE [4]. In addition the effect o f incorporation 

o f various concentrations o f GuSCN into the best quasi solid state electrolytes i.e. 

hybrid o f  SW CNTs plus graphene into binary ILs was studied. It was found that the 

addition o f 0.05M o f GuSCN into the binary IL gave the best power conversion 

efficiency (3.60%). This might be explained by the more efficient surface passivation 

preventing electron recombination reactions at the TiOa/dye/electrolyte interface.

In our work we have also developed new Pt free CEs for DSSCs. We have 

successfully replaced Pt o f the CE with hybrid composite o f  GNPs type 3 plus 

MW CNTs into PEDOT: PSS matrix. These various carbon based material were 

dispersed in conducting polymer PEDOT: PSS aqueous dispersion, via non-covalent 

approach that allowed the retention o f their good electrical properties as in this case the
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graphitic sp^ structure in carbon ring does not change. T hese m a te ria ls  can be 

ad so rb e d  on to  the  G N Ps and  C N T s su rfa c e , re n d e r in g  the  m so lu b le  in 

aq u eo u s  o r o rg an ic  so lv e n ts  [5], T h ese  various kinds o f composites CEs were 

deposited on FTO coated glass substrates i.e. 1) GNPs type 3, 2) MW CNTs and 3) a 

various combination o f M W CNTs and GNPs type 3 into PEDOT: PSS matrix. 

However only hybrid C coated on FTO/glass substrate-CE, which was contained GNPs 

type 3 (22 wt %) and MW CNTs (44 wt %) into PEDOT: PSS film, demonstrated a 

higher power conversion efficiency o f  4.10%  compared to standard Pt coated FTO /C E- 

DSSC (3.90%). This study demonstrated that the addition o f GNPs (22 wt %) to 

MW CNTs (44 wt %) composite result in increased electrical conductivity and reduced 

Ret o f the CE. As consequence hybrid C-CE demonstrated higher power conversion 

efficiency. Furthermore, the hybrid C-CEs were also tested in DSSCs with various type 

electrolytes system i.e. organic based electrolytes, ionic liquid electrolyte (PMII) and 

quasi solid state electrolyte. Hybrid-C-CE/DSSC with quasi solid state electrolyte and 

ionic liquid electrolyte demonstrated power conversion efficiencies o f 1.88 % and 0.38 

% respectively. This work showed that hybrid composite o f GNPs and M W CNTs in 

PEDOT: PSS can be used as efficient catalysts in CE. The TGA study demonstrated 

that GNPs and M W CNTs samples are highly thermally stable either in powder form or 

in composite film. Thus, the hybrid C-CE can be used as effective metal-free CE to 

replace Pt in high-perfonnance DSSC.

In this work we have also developed and investigated the Pt and FTO free CEs 

with various composite films which were prepared with addition o f  three different types 

o f GNPs into PEDOT: PSS matrix. The PEDOT: PSS was also doped with NMP 

solvent, showing that electrical conductivity was increased with addition o f NM P into 

PEDOT: PSS film. The power conversion efficiencies o f  DSSCs were increased by the 

addition o f all three types o f  GNPs into NM P doped PEDOT: PSS matrix /glass-CE 

than pure NM P doped PEDOT: PSS film/glass-CE. However, the highest power 

conversion efficiency o f  3.70 % was achieved with the GNPs type 2 plus NM P doped 

PEDOT: PSS composite film/glass-CE compared with the power conversion 

efficiencies o f 1.35 % for NMP doped PEDOT: PSS film/glass-CE. The electrical 

conductivity studies o f the composites revealed that all three types o f GNPs increased 

the electrical conductivity o f  NM P doped PEDOT: PSS composite films/CEs but GNPs 

type 2 plus PEDOT: PSS composite film/CE showed the highest conductivity o f  190 

S/cm. These results suggest that electrical conducfivity o f GNPs plus NM P doped
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FEDOT: PSS composites films greatly depends on the diameter and surface area o f 

GNPs. GNPs type 1 and type 2 have similar average diam eter (up to 5 |j,m) but different 

surface area (GNPs 1 =50 m^/g and GNPs 2 =100 m^/g). Thus we can say that electrical 

conductivity o f  GNPs type 2 is greater than GNPs 1 due to its higher surface area. 

GNPs type 3 has a very high surface (600-750 m^/g) but shows lower electrical 

conductivity (164 S/cm) than GNPs type 1 and GNPs type 2 plus NM P doped PEDOT: 

PSS composites films. This is thought to be due to the large contact resistance between 

small-size GNPs type 3 (diameter =2p.m) which as a result shows a lower electrical 

conductivity than GNPs type 1 and GNPs type 2 based films. The power conversion 

efficiency was further improved to 4.29 % by optimizing the sintering temperature for 

GNPs type 2 plus NM P doped PED OT: PSS composite film-CE which was optimal at 

150 “C. The Raman spectroscopy study demonstrated that some defects were present in 

GNPs type 2 composite films/CEs. Therefore we believe that the power conversion 

efficiency can be potentially further improved upon by sintering the initial GNPs 

powder at high temperature to prepare the CE.

Finally in our work various wt% o f GO and sintered GNPs type 2 were 

incoiporated into Ti02 films using this new composite film as WEs in DSSCs. It was 

found that the power conversion efficiencies o f DSSCs were decreased with addition o f 

GO into TiO: filmsAVEs in all cases. These results demonstrated that the GO are not 

suitable material for the preparation o f an efficient WE for DSSC. However, the power 

conversion efficiencies were increased with addition o f  sintered GNPs type 2 into Ti02 

films/WEs. The highest power conversion efficiency o f  4.77 % was achieved with 0.6 

wt% o f  GNPs into Ti02 filnVWE-DSSC compared to 3.75 % o f pure Ti02 filmAVE- 

DSSC. Raman spectroscopy was done on as supplied GNP type 2 and sintered GNPs 

type 2 powders which show that the ID/IG was decreased from 0.34 to 0.06, this shows 

that sintering process removed the attached functional groups and thus decreased the 

ID/IG ratio for GNPs type 2 powders.

In overall we believe that this research should make a contribution to the development 

o f various components o f DSSCs with potentially low-cost fabrication and enhanced 

power conversion efficiency. However, some follow on research and development are 

necessary to further optimize our materials, technology and DCCS fabrication process 

for potential large scale production and commercialization.
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8.2 Future work
To further increase the photovoltaic performances o f the DSSCs with these 

alternative materials are required the optimization o f the formulations and preparation 

processes o f these new materials and corresponding DCCSs. It is important to notice 

that due to the absence o f  glovebox in our work all experiments have been performed at 

so-called “open cell”, where electrolytes were deposited on one o f the electrodes at the 

ambient conditions (open air) before cell was sealed. As result the electrolyte and other 

parts o f the cell are exposed to air and moisture which are detrimental to some o f  the 

materials resulting in lower efficiency o f the cell in overall. Future work should expand 

the use o f these materials and techniques for the “closed cell” fabrication approach, 

when the cell is initially assembled and sealed and then electrolyte is introduced into 

the cell under vacuum via a small hole, which then sealed with surlyn. We believe that 

this approach will enable us to achieve much better efficiencies due to the minimal 

exposure o f electrolytes to air and moisture. M oreover we think that the preparation o f 

quasi solid state electrolytes by introduction o f various types graphene (e.g. with 

different surface area and diameter) into various types o f IL and mixture o f  IL must be 

performed under anaerobic conditions (e.g. under argon) to prevent any oxidation or 

hydrolysis o f the components. It is also necessary to improve the dispersion o f 

graphene in quasi solid state electrolytes that should further improve the power 

conversion efficiency o f DSSC. Furthermore, it is also important to optimize the 

various other parts o f  DSSC to increase the power conversion efficiency with these new 

alternative materials. The thickness and area o f Ti02 film is important parameters that 

greatly affect the power conversion efficiency o f DSSC, therefore it is necessary to 

optimize these two parameters o f Ti02 film o f the WE for quasi solid state electrolytes.

For all applications good quality CNTs or GNPs dispersion is vital. Therefore 

it would also be very interesting and important to carry out a systematic study o f  the 

pristine CNTs or GNPs or hybrid o f these two nanomaterial dispersed into PEDOT: 

PSS dispersion and then diluted with various other low viscose organic solvents, for 

example chloroform or ethanol, etc. Thus, for future work we propose the preparation 

o f stable and homogenous dispersion by incorporation o f these various carbon based 

nanomaterial in PEDOT: PSS dispersion. It is expected that all these strategies would 

further improve the power conversion efficiency o f the DSSC.
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