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Energy plays an important role in modernization, automation and economic growth of any
country and society at large. It is predicted that by 2050, the energy consumption will rise
to 23 terawatts from the current figure of 13 terawatt. Nearly 80% of the world energy
requirement is catered by rapidly depleting fossil fuels, the excessive use of which triggers
geological imbalances and environmental impairment due to the disposal of huge amounts
of greenhouse gases in the fragile atmosphere. Escalating energy demands and ecological
issues have encouraged researchers to focus on clean and eco-friendly energy sources.
Solar energy enjoys the fact that it is easily attainable, most wide and approachable source
of renewable energy on our planet. At present, the available photovoltaic cells are not cost
effective nor very efficient. DSSCs and perovskite solar cells are third generation solar
cells which is quite new version of photovoltaic devices. These emerging photovoltaics
have various advantages over their silicon-based counterparts. In this thesis we focus on
the most important parameters of photovoltaics i.e. reduction of cost, improvement of
efficiency, and stability. We used novel co-sensitization and cost-effective approaches to
enhance the efficiency by collecting the photogenerated electron to the external circuit. We
used tungsten oxide (WOs3) and multiwall carbon nanotubes (MWCNT) with titanium

dioxide (TiO2) as a nanocomposite for the photoanode to reduce the recombination of
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charges. Additionally, we used cost-effective MWCNT to replace expensive platinum (Pt)
at counter electrode. By using these strategies, we reduced cost and improved different
parameters for enhancement of efficiency. Furthermore, we used abundant and cost-
effective perovskite materials to grow single crystals by using inverse temperature
crystallization technique (ITC). We used a novel approach by mixing of 2D/3D perovskite
materials and subsequently growth of single crystals using the ITC technique. We used the
ITC technique concept to the carbon-based printed perovskite solar cells to grow larger
crystals for improvement of efficiency. The carbon-based printed perovskite solar cells
were fabricated using conventional way (poly crystalline) to fabricate solar cells and larger
crystals using ITC techniques to confirm the improvement in the performance of the solar

cells.

The key findings of this thesis research include the effectiveness of co-sensitization
technique to enhance the efficiency of the DSSCs. The use of MWCNTSs in photoanode
enhance the efficiency of DSSCs due to reduction of recombination of charges. It is also
found that MWCNTSs can be used as counter electrode in DSSC due to its great stability
and catalytic activity. The stability and catalytic activity of MWCNT measured and
compared with conventional Pt counter electrodes. The key advantage of using MWCNT
to replace conventional Pt in counter electrode is its cost which is much less than noble
metal i.e. Pt. Furthermore, it is also found that 2D/3D mixed perovskite are more stable

than 3D perovskite materials only.

Key words: Dye sensitized solar cells (DSSCs), Perovskite solar cells (PSC), Efficiency,

Renewable energy, single crystal.
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CHAPTER ONE

INTRODUCTION

1.1. Introduction

After Fukushima nuclear catastrophe which devastated Japan in 2011, numerous countries
changed their strategies and began focusing on clean and more environmentally friendly
sources of energy [1]. Photovoltaic technologies have distinct advantages over
conventional technologies which are used these days, such as nuclear plants, for electricity
generation. Renewable energy is one of the best alternatives to disengage from the fossil-
based energy resource dependence to fulfill the global energy demands. Based on the report
released by U.S energy information administration in 2018, renewable energy is the fastest
growing source of world energy with an annual increase rate of 2.5% on average [2]. The
advantages of using renewable energy are that it is secure, clean, environmentally friendly,
and sustainable.

The Kingdom of Saudi Arabia receives incoming solar radiation of around 105 trillion
kilowatt hours per day, some of the most concentrated sunlight in the world, which is
comparable to 10 billion barrels of crude oil in energy terms. On average solar radiations

of 2200 kWh (th)/m? is irradiated annually on the Arabian Peninsula [3]-[5].



Solar energy is one of the most abundant sources of renewable energy. Photovoltaic (PV)
is one of the technologies that generate electricity by using solar energy and are mainly
using silicon-based solar cell panels. This technology remains expensive compared to fossil

fuel energy sources.

In the past decade, the emerging PV, especially Dye Sensitized Solar Cells (DSSCs) and
perovskite solar cells (PSC) have emerged as the best alternative to the conventional
silicon-based solar cell. It has the main advantage of low-cost energy production. However,
there is still a big challenge to make these alternatives become more practical. Emerging
PV can be fabricated by using either solution processable techniques (e.g. spin coating,
ink-jet printing, and so on), or low-cost deposition technologies. Different types of designs
and materials have been used in engineering solar cells. According to the National
Renewable Energy Laboratory (NREL) the reported certified efficiency for DSSC is 11.9%

and 23.7% for perovskite solar cells respectively [6], [7].

These materials play the same role as silicon by converting sunlight to photocurrent. Upon
photon absorption, an exciton is generated, corresponding to an electron and hole added to
the charge carrier’s concentration. The excitons diffuse and their separation occurs at the
electron and hole transporting material’s interfaces. Then, these charge carriers are
transported to the collecting electrode to produce electricity. In case the generation occurs
far away from the interface the electron-hole pair ends up with a recombination process.
DSSC suffers from a low energy conversion efficiency due to low absorption co-efficients
of the dyes in the range of 400-900 nm [8]. To increase the efficiency of DSSC, various
strategies have been investigated. These include co-sensitization of the different dyes,

electron and hole transport composite materials etc [9]. Co-sensitization is an effective
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technique to boost the power conversion efficiency (PCE) of these devices [10], [11]. It
improves the absorption range and ultimately power conversion efficiency (PCE) of dye

sensitized solar cells [12].

Many combinations of photosensitizers like porphyrin co-sensitized with ruthenium
complex [13], organic dye co-sensitized with ruthenium complex [14], [15], or co-
sensitization of phtalocyanine with an organic dye [16]-[18], and organic dye that has been
co-sensitized with a different organic dyes [19], [20] have been employed. Yousheng
Chen et al. used plural organic dyes, a hemicyanine dye, a merocyanine dye, and a
squarylium cyanine dye and obtained an efficiency of 6.5% [19]. Daibin Kuang et al. used
two organic dyes (SQ1 and JK2), and obtained a PCE of 6.4% [20]. Wenjun Wu et al.
synthesized two indolium based organic dyes and used them in DSSCs [21]. They used
their mixture in the ratio of 1:3 and obtained an overall PCE of 3.0% under AM 1.5G
illumination. Kun-Mu Lee et al. synthesized a new metal-free organic dye for DSSC. They
used the mixture of N719 and this newly synthesized dye and obtained a PCE of 5.1% [22].
Chi-Ming Lan et al. designed and used co-sensitization approach using a stepwise method
for of a spirally configured zinc porphyrin sensitizer (LD12) with organic dye (CD5) for
DSSC. The co-sensitized CD5 & LD12 devices showed PCE of 9.0% [12]. In addition,
using nanorods in the DSSC could increase the interface between donor and acceptor and
act as electron paths to the electrode. Different groups used ZnO nanorods to enhance the
low efficiency of DSSC [23]-[25]. Despite of this progress and improvement, the

efficiency of DSSC remains the limiting parameter toward its commercialization.

A recent addition in the field of photovoltaics is the lead halide perovskite solar cell,

CH3NH3PbXs (X = Cl, I, and /or Br). The perovskite solar cells has demonstrated very
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promising results, where the efficiency reached over 23%[6], [26], [27] . The perovskite
solar cells can be fabricated easily and at low cost compared to other solar cells in the
market. These devices can be prepared and processed from solution and using low
temperature processes similar to those used in the printing industry. This has made them
attractive for photovoltaic applications. Moreover, it is also possible to make the device
semi-transparent since the perovskite films are very thin as well as light weight and can be

flexible due to the use of plastic substrates [28].

The perovskite solar cells (PSC) operation mechanism (working principles) is not yet fully
understood. The progress in this field requires more investigations. It is necessary to
determine the different mechanisms in these devices e.g. operational, electronic, carrier
separation, extraction, transportation and recombination. Finally, it makes possible the
estimation of different perovskite materials combinations and evaluation of characteristics
of these combinations. In addition to the absorber film the properties and mechanism of
electrode contact, and the overall structure design of the new devices also need to be

explored.

The aim of this thesis is to fabricate the PSC and DSSCs and optimize their parameters like
open circuit voltage (Voc), short circuit current (Jsc) and fill factor (FF), consequently
improving the PCE. We aim to focus on the development of new cost-effective
nanocomposite materials for the anode and cathode to improve the performance and reduce
the cost of these photovoltaics. We also aim to develop new approaches like co-

sensitization to enhance the photovoltaics performance.



1.2. Thesis Overview

In this section, the summary of each chapter has been provided.

1.2.1 Chapter 2

In chapter 2, a detailed comprehensive literature review for DSSC and PSC is given. The
importance of solar cell technology for future utilization and necessity to eradicate the
growing environmental issue like global warming is discussed. Furthermore, the pros and
cons for various solar cell technologies e.g. silicon based, dye sensitized based and
perovskite based is pointed out. The importance of DSSC and PSC in terms of cost-
effective technologies is detailed. The current situation and prospects of both emerging
photovoltaics is described in this chapter.

1.2.2 Chapter 3

In this chapter, the experimental details e.g. materials, fabrication methods,
characterization parameters and equipment details of all experiments carried out for this
thesis is provided. Section 3.1 is related to the co-sensitization of Z907 and SQ2 dyes.
Section 3.2 discusses the details of using nWOs-TiO> as a photoanode and MWCNT as
counter electrode. Section 3.3 is related to the details of using NMWCNT-TIO> as a
photoanode and MWCNT as counter electrode. Section 3.4 provides details pertaining to
the details of perovskite single crystals.

1.2.3 Chapter 4

In this chapter, the detailed characterizations of the synthesized materials and fabricated
thin films is provided. These characterizations include scanning electron microscope
(SEM), energy dispersive X-ray spectroscopy (EDX), elemental mapping analysis,

transmission electron microscope (TEM), X-ray diffraction (XRD), X-ray photoelectron
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spectroscope (XPS), Raman Spectroscopy, optical microscope etc. Section 4.1 is related to
the characterization of co-sensitization of Z907 and SQ2 dyes. Section 4.2 discusses the
materials characterization details of nWOs-TiO; as a photoanode and MWCNT as counter
electrode . Section 4.3 is related to the characterization details of NMWCNT-TIO> as a
photoanode and MWCNT as counter electrode. Section 4.4 provides to the characterization
details of perovskite single crystals.

1.2.4 Chapter 5

This chapter provides the comprehensive results obtained for this thesis and their detailed
discussions. These results includes characterization of device current-voltage (J-V)
characteristics, ultra-violet visible (UV-Vis) spectroscopy, electrochemical impendence
spectroscopy (EIS), cyclic voltammetry (CV) , Tafel studies, chronoamperometry, and
Autolab studies. Section 5.1 is related to the results and discussions of co-sensitization of
Z907 and SQ2 dyes. Section 5.2 discusses the results and discussion of using nWO3-TiO2
as a photoanode and MWCNT as counter electrode. Section 5.3 is related to the results and
discussions details of using NMWCNT-TiO as a photoanode and MWCNT as counter
electrode. Section 5.4 provides results and discussions pertaining to perovskite single
crystals.

1.2.5 Chapter 6

Chapter 6 offers a conclusion of the entire work carried out for this thesis along with

recommendations for future progress and development.



CHAPTER TWO

LITERATURE REVIEW

In this chapter a detailed comprehensive literature review for DSSC and perovskite solar
cells is given. The importance of solar cell technology for future utilization and necessity
to eradicate the growing environmental issue like global warming is discussed.
Furthermore, the pros and cons for various solar cell technologies e.g. silicon based, dye
sensitized based and perovskite based has been pointed out. The importance of DSSC and
PSC in terms of cost-effective technologies has been enlighten. The current situation and

prospects of both emerging photovoltaics have been described in this chapter.

2.1 Third Generation Solar Cells

In the past decade, the research focus in the field of renewable energy technologies has
accelerated greatly and is oriented towards sourcing alternatives to silicon-based solar
cells, which suffer from high cost and difficult fabrication techniques. Third generation
solar cells also called emerging photovoltaics especially DSSC and perovskite based
photovoltaics attracted a lot of interest where many investigations were carried out and
eventually led to an efficiency of 11.9% and 23.7 % respectively [6]. DSSC remains as a
promising candidate owing to its advantages of low cost and easy solution processing.
However, the relatively low efficiency is a serious problem facing by these solar cells. The
fast recombination time of the electron and hole in addition to the short diffusion length

are the key limiting factors. Nine years ago, an emerging new type of solar cells were



introduced. These are perovskite solar cells. Perovskite solar cells achieved remarkably
high efficiencies in only nine years; in addition, it boasts further advantages such as low
synthesis cost due to perovskite materials being abundantly available as well as easy
fabrication process. The perovskite solar cell using two planar electrodes attained 15%
efficiency [29], [30]. However, an organic solar cell using the same planar electrodes led
to low efficiency 2.5%. The perovskite solar cells are the subject of intensive research
where many parameters are being varied to maximize the efficiency. Perovskite materials,
named after the Russian mineralogist L.A. Perovskite, have the general formula ABX3
where the ‘A’ refers to organic cations, the ‘B’ refers to inorganic (group IV) cations (Sn,

Pb), and the ‘X’ is an anion (group VII) (Cl, Br, I) [31], [32].

2.2 Dye Sensitized Solar Cells (DSSC)
In 1991, DSSC was first developed by Brian O' Regan and Michael Gratzel, where they

fabricated the first high efficiency DSSC [33]. DSSC achieved an energy conversion
efficiency of 7.1 %, which was further developed to reach 10%. Although the low cost is
the key attraction of these solar cells for commercial applications, however, it faces
stability issues when liquid electrolytes are being used for fabrication [34]. The working
principle of DSSC is shown in Figure 1. In DSSC, there are three primary components. At
the top, there is a transparent conducting glass with fluoride-doped tin dioxide (FTO) layer.
On the back of this FTO, a mesoporous TiO- thin layer is tape casted generally using doctor
blade method. The mp-TiO: has a large surface area. Usually, TiO2 only absorbs a small
fraction of the solar radiation (in the UV region) [35], [36]. Hence, the TiO, coated plate
is soaked into a ruthenium or organic based dye solution to be absorbed dye into its pores.

It is adsorbed into the TiO; surface and makes covalent bonds with TiO2> molecules. To


http://en.wikipedia.org/wiki/Brian_O%27Regan_(chemist)
http://en.wikipedia.org/wiki/Michael_Gr%C3%A4tzel
http://en.wikipedia.org/wiki/Tin_dioxide

select a proper combination of materials and suitable dye is sometimes difficult due to
numerous commercially-available dyes and materials, each of them having various pros
and cons [37]. The dye molecule used in the DSSC should match with the desired visible
solar spectrum, possess high thermal stability, and have properly adhere to the surface of
the applied semiconductor. In addition, they should have a sufficiently high redox potential
to regenerate when used with a redox mediator [38]. The most common redox electrolyte
used in the DSSC is iodine. However, there are other options like organic hole-transport
material, polymer gels, solid-state, and quasi-solid state electrolytes [39]-[41]. Platinum
(Pt) is usually used on the back electrode as a catalyst for the reduction of the oxidized
electrolyte [42]. Along with all these parameters, fill factor (FF) is another important
parameter that effects the efficiency of the DSSC. It depends on the various processes like
electron transfer process at interface as well as the internal resistance of DSSC e.g. series
resistance Rs and shunt resistance Rsh. To determine these parameters, we usually use
electrochemical impedance spectroscopy (EIS). To interpret EIS data we use equivalent

circuits which can be found in the following references [43], [44].



Energy

Figure 1 Nano crystalline dye sensitized solar cell [45].

As for the sensitizing dyes, cis-RuL2-(NCS)2 dye has been a viable candidate which can
work in conjunction with the nanocrystalline TiO films [46], because this dye has an
absorption threshold near 800 nm and extends up to the near infra-red region of the solar
spectrum. A black dye developed by Nazeeruddin et al. [47] shows the characteristics of
the panchromatic sensitization in the visible to NIR region and the reported efficiency was
around 10.2 % [48], Until now, the black dyes are expected to be the best in terms of
photovoltaic performance in the whole light absorption range [49], [50]. Hwang et al. [51],
with an organic (metal free) dye achieved a conversion efficiency of 9.1 %. The commonly

used semiconducting material in DSSC are TiO2, SnO2, NbO2, ZnO, and chalcogenides
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which have been under extensive investigation. Furthermore, the most commonly used
semiconducting material TiO> has different phases. Reference study on TiO> anatase and
rutile phases was conducted and it was found that TiO> anatase is better than TiO rutile
[52]. TiO2 has a few limitations like low charge transport which are covered by other
semiconducting materials like zinc oxide. ZnO is one of the most promising
semiconducting material for DSSC because of its high electron mobility and suitable band
structure [53]. Furthermore, SnO2 (Tin dioxide) is another interesting option with high
charge mobility but it has a large band gap as compared to TiO. [54]. Surprisingly, the
performance of SnO; based DSSC is much less than that of TiO2 [55]. It is due to the fact
that SnO> has a large band gap which reduces the number of generated photoelectrons. Tan
et al. [56] synthesized ternary oxides Zn.SnO4 nanoparticles with large band gap (3.6 eV)
for the first time. However, the PCE was only about 3.8% under simulated AM 1.5
illumination. This PCE is approaching to that of the ZnO based semiconducting solar cell
(4.1%) [57]. In case of indium tin oxide (InSnO2) films, the resistivity of the fabricated
thin films is low due to the replacement of indium atoms with tin atoms, which releases
one extra electron, and (ii) oxygen vacancies acting as two electron donors [58], [59].
Semiconducting materials having other morphologies have also been introduced to
overcome the limitation of nanoparticles. For example TiO2 nanowires have been tried
[60] and it showed an efficiency of around 9.3 %. Zinc oxide (ZnQO) nano wire arrays as
shown in Figure 2 were applied for the first time applied in the DSSCs in 2005[61] and

moderate efficiency has been achieved.
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Figure 2 ZnO nanowire arrays for DSSC: A better vectorial charge transportation is

expected in nanowire vs. nanoparticles [61].

Beside n-type semiconductors CuSCN and Cul are p-type semiconductors which were
introduced for first time introduced by Tennakone et al. acting as hole-transport materials
(HTM) [62]. The same was used by O’Regan and Schwartz [63]. Unfortunately, they
achieved very low PCE of only <1%, due to these semiconductors forming voids in the
TiOy inter crystallite. The Cul crystalline semiconductors are fast in crystal growth which
interfere with the pores of TiO2 due to its exceeding dimensions, ultimately effecting the
dye absorption on these pores. Later Kumara et al. [64] used a promising crystal growth
inhibitor triethylaminehydrothiocyannate (THT) and obtained cell efficiency of 3.75%.
DSSC remains potential to compete with the traditional silicon based solar cells due to its
low cost. Semiconducting materials such as TiO2 used for the fabrication of DSSCs is
abundant and inexpensive as compared to silicon material. In addition, they are not as

sensitive to impurities during the synthesis process.

DSSC remains a promising candidate owing to its advantages of low cost and easy

fabrication. Yet, the low efficiency is a serious problem facing by DSSC. The fast
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recombination of charges in addition to the short diffusion length are the keys limiting
factors of DSSCs. Nine years ago, a new type of solar cells, called perovskite solar cells
(PSC) emerged as a promising candidate to overcome the limiting factors of DSSC. PSC
gave a new route to achieve high efficiency along with the low cost and easy fabrication

process. The general structure of the perovskite solar cells is given in the Figure 3a.

2.3 Perovskite Solar Cells (PSC)

Perovskite is a type of mineral composed of calcium titanium oxide (CaTiOs3). It was first
found in the Ural Mountains in Russia by Gustav Rose in 1839 and is named after Russian
scientist Lev Perovskite (1792-1856). He is the pioneer of the Russian Geographical
Society (RGS). Any compound having the same structure as perovskite mineral is called
perovskite structure. The general formula of perovskite structure is ABXz, where A is an
organic cation, B is an inorganic cation and X is an anion. A, B and X are very different in
size [65]. This general structure can be given a number of different names from the

following table 1.

Table 1 General structure of perovskite materials

A B X3

Organo Metal Halide (or trihalide)

Methylammonium Lead, Tin, Ge lodide (or triiodide)
Plumbate Chloride (or trichloride)
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The lattice arrangement of perovskite is given in Figure 3b, but as in crystallography we
can represent same structure in many ways, we must understand that we can present it in
many other ways. The general way to represent perovskite is to keep large cation A in the

center of the cube, B on the corners of the cube and X on the faces.

Figure 3 (a) Perovskite solar cell structure and (b) Perovskite crystal structure.

In 2009, the first report was published on Perovskite solar cell with the combination of
CHsNHsPblz  absorber and an  iodide/triiodide  redox couple  (Liquid
electrolyte/CH3NH3sPbIs/TiO2). The reported efficiency was 3.81% [66], [67]. By
improving the titanium oxide surface morphology and processing of the perovskite
materials along with keeping the liquid electrolyte unchanged (Liquid
electrolyte/CH3NH3sPblz QD/TiO2) Kim and co-workers were able to achieve an improved
PCE of 6.5% [67], [68] . The perovskite solar cells based on liquid electrolyte shows a poor
stability[69], [70]. To overcome this problem Kojima and co-workers offered a solution by
changing liquid electrolyte with solid state HTM with the combination of Spiro-

MeOTAD/CH3NH3Pbls/mesoporous TiO2 approaching an efficiency of 9.7% [67], [69].
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In 2012, N. G. Park and T. N. Murakami & T. Miyasaka working in collaboration with M.
Grétzel and co-workers used these solid-state HTM to fabricate perovskite solar cells [71]
with maximum PCE between 8 to 10% in full simulation sun light conditions by using
CH3sNH3Pbls—Clx mixed halide perovskite[69], [72], [73]. This efficiency was better than

the best reported solid state DSSC having an efficiency of 7% [74].

In order to understand the charge separation phenomenon in perovskite solar cells, a femto-
second transient absorption spectroscopic study was carried out with TiO2 and Al.Oz. No
major spectral differences were observed between them. This fact introduced the
possibility that perovskite solar cells may work even without an electron injecting layer.
Then PSC was confirmed to work without mesoporous TiO> layer, where the combination
with CHsNHsPbls on AlO3 (Spiro-MeOTAD/CH3NH3PblzxClx/mesoporous  Al203)
scaffold achieved an efficiency of 10.9%, a considerable success [75]. The efficiency was
further improved up to 12.3% by optimizing the Al,O3 layer thickness and preparation
conditions at low temperatures [76]. Furthermore, the efficiency improvement was also
achieved with replacement of the polymer HTM to PTAA instead of Spiro-MeOTAD,
because of their superior hole mobility and good film forming properties
(PTAA/CH3NH3PblzxBri/m-TiOz) [77]. Since then, there has been a great deal of
development in the PCEs of perovskite solar cells in the last couple of years. The efficiency
reached up to 15% in the same year of 2013 with the combination Spiro-
MeOTAD/CH3NH3PblsxClx/TiO2, 2-step solution deposition where they improved the
film formation of perovskite using two-step solution deposition method [29], [30], [78].
However, the certified efficiency was 14.1% by National Renewable Energy Laboratory

(NREL) [6]. It was suspected that MAI provide acidic surroundings to the underlaying ETL
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e.g. ZnO, which rapidly etch the surface of ZnO due to the reaction between MAI and ETL
surface. This reaction was suppressed with two step method [79]. Similar results were
obtained using a planar cell configuration in which the film thickness was very thin in order
to eliminate the mesoporous TiO. scaffolding. The MAPbI3.xClx perovskite material
(Spiro-MeOTAD/CH3sNH3PblzxClx/TiO,, evaporated thin film p—i—n architecture) was
deposited by a source containing two thermal evaporation processes. An efficiency of
15.4% was obtained [30]. Jeon et al. modified the method and introduced the solvent
engineering method to achieve thick perovskite films (PTAA/CH3NH3sPbls.
xBrx/mesoporous TiO2) and obtained an efficiency of 16.2% with this process modification
[2][80] . Then a confirmed efficiency of 17.9% was achieved in early 2014 by using the
same combination PTAA/CHsNHsPblsxBry/mesoporous TiO2 by improving the film
formation quality and other factors [80]. Subsequently, the PCE reached 19.3% by
engineering the interface on a planar device by using yttrium-doped TiO2 as an ETM
(Spiro-MeOTAD/perovskite/yttrium-doped TiO2) [81], [82]. By November 2014, a new
record certified non-stabilized efficiency of 20.1% was achieved by the Korean Research
Institute of Chemical Technology (KRICT) by using the combination of PTAA/(FAPbI3)1-
x(MAPbBr3)x/mesoporous-TiO2 [6], [27]. In 2016, the same institute (KRICT) achieved the
certified efficiency 22.1%, which is now jumped to 23.7% in June 2018 by Institute of

chemistry-Chinese academy of sciences[6].

All above mentioned PSCs are based on the regular structure, (i.e. FTO/TiO2 or
Al>Os/perovskite/Spiro-OMeTAD or PTAA/Au or Ag). However, recently solar cells with
an inverted structure (i.e. ITO/PEDOT: PSS/perovskite/PCBM/AI) have attracted

significant attention as well. It was first reported by Jeng et al. with a PCE of 4% [83]. At
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the start of 2014, many research groups simultaneously reported power conversion
efficiencies surpassing 10% [84], [85]. Recently, the PEC for this inverted structure has
exceeded 17% [86], [87]. Researchers believe that the efficiency of this inverted structure

could catch up with the PCE of the regular structure in the near future [88].

The stability of the perovskite solar cell has also been improved tremendously from 17
minutes (2009) to 3000 hours (2016), and that too under ambient conditions of open air
and at room temperature. A detailed description of the aforementioned stability
improvements can be found in [27], [89]. The stability of the inverted structure is better
than regular TiO> structures (substrate/Spiro-MeOTAD/CHsNH3zPbla/ TiO2/Au or Ag).
The stability can also be improved by using the mixed halide structure instead of single

perovskite structure[90].

Perovskite solar cells are promising devices due to the low cost and very high efficiency
as compared to its alternative, conventional semiconductor based solar cells. From this
promising technology we are hopeful that the PCE of perovskite based solar cell can
crosses the threshold of 25% for the single junction and even 30% by using tandem
structures. These structures are applied by incorporating suitable low band gap material

systems such as CIGS or Si [24], [91]-[93].

The above literature review can be concluded as there is significant room to work on DSSC
for improvement of their efficiency and in parallel to work on its cost reduction. On the
other hand, perovskite has good efficiency, however, there is need to enhance its stability.
In this thesis we focus on these gaps to enhance the performance and stability of these

photovoltaics. Additionally, we worked on the cost-effectiveness of these photovoltaics.
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CHAPTER THREE

EXPERIMENTAL DETAILS

In this chapter, the experimental details (e.g. materials, fabrication methods,
characterization parameters and equipment models etc.) of all experiments carried out for

this thesis is provided.

3.1 Co-sensitization of Z907 and SQ2 dyes methodology

3.1.1 Materials

Fluorine doped tin oxide (SnO2: F) FTO conductive glass substrates, anatase TiO paste
(Solaronix, T/SP 14451), dyes (Ruthenizer 520-DN and Sensitizer SQ2), electrolyte
(Solaronix, lodolyte Z-50) and platinum paste (Solaronix, Plastisol T), were all procured

from Solaronix (Switzerland).

3.1.2 Preparation of dye solutions

Seven different dye solutions were prepared in ethanol i.e. 0.5mM Z907, 0.5mM SQ2,
(0.4mM Z907 + 0.1mM SQ2), (0.3mM Z907 + 0.2mM SQ2), (0.25mM Z907 + 0.25mM
SQ2), (0.2mM Z907 + 0.3mM SQ2) and (0.1mM Z907 + 0.4mM SQ2). The structures and

chemical names of both dyes are shown in Figure 4.
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(@)

cis- diisothiocyanato-(2,2'-bipyridyl-4,4'-dicarboxylic acid)-(2,2'-bipyridyl-4,4'-dinonyl) ruthenium
a1 [2907]

5-carboxy-2-[[3-][(2,3-dihydro-1,1-dimethyl-3-ethyl-1H-benzo[e]indol-2-ylidene)methyl]-2-
hydroxy- 4-0xo0-2-cyclobuten-1-ylidene]methyl]-3,3-dimethyl-1-octyl-3H-indolium [SQ2]

Figure 4 Structures and chemical names of (a) Z907 and (b) SQ2 dyes.
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3.1.3 Fabrication of DSSC

The DSSC flow diagram is shown in Figure 5 for easy visualization. FTO conductive glass
substrates were employed with TiO> paste by tape casting method, and then subsequently
annealed at 200 °C for the first 10 min and 450 °C for next 20 min. After cooling to room
temperature, TiO> deposited FTO conductive substrates were soaked in the respective dye
solutions i.e., individual and mixture of dyes solution for 24h to obtain properly prepared
photoanodes. After the sensitization, photoanodes were rinsed with methanol to remove
the un-adsorbed dye. Similarly, the tape casting method was used for the preparation of
platinum counter electrodes on conductive FTO glass substrates. The samples were then
annealed at 450 °C for 15 min. The two electrodes were joined together with super glue gel
(named as the original super glue by super glue corporation). Finally, the electrolyte was
injected between the two joint electrodes to complete the fabrication of solar cells. In this

work, the fabricated solar cells active area is 0.20 cm?.

Masking tape

Dye solution

TiOz2 paste

s  ———
102 paste: calcmation ve adsorption ours
i TiO: pasted FTO calcinati Dye adsorption (24 hours)
FTO Substrate (at 200 degrees for 10 mints

& 450 degrees for next 20
mints)

Pt pasted FTO W

after calcination

at 450 degrees for
30 mints (counter
electrode)

Super glue

Final fabricated DSSC Injection of electrolyte Attachment of counter electrode

with dye adsorbed anode

Figure 5 Flow diagram of DSSC fabrication.
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3.2 nWOs-TiO2 as photoanode and MWCNT as counter electrode
DSSCs methodology

3.2.1 Pastes preparation for photo-anode (NnWO3 -TiO)

Initially, WO3 nanoparticles were synthesized by facile, one-pot precipitation reaction of
the aqueous solution of sodium tungstate (Sigma Aldrich, USA) and acidic solution of
hydrochloric acid (Sigma Aldrich, USA). A definite amount of sodium tungstate was
dissolved in deionized (DI) water and then hydrochloric acid solution (prepared in
deionized water) was added drop wise along with vigorous stirring. This mixture was
carefully stirred at 25 °C on a magnetic stirrer to get a precipitate of WOz nanoparticles.
The precipitate was stirred for about 3h and left for another 24 h at room temperature to
form an absolute precipitate. This precipitate was filtered by suction pump, rinse with
demineralized water and finally baked at 100 °C for 24 h. The dried powder was calcined
for 6 h at 800 °C in a muffle furnace to get the crystalline WO3 nanoparticles.

In the second stage of preparation, nWOz-TiO pastes with different WO3-TiO2 mass ratios
(n = 1%, 3% and 5%) were prepared by mixing with polyvinylpyrrolidine (Sigma Aldrich,
USA) as a binder, 1 ml ethanol (Sigma Aldrich, USA) as a solvent, 250 pl Triton X-100
(Sigma Aldrich, USA) as a dispersant, 60 pul acetylacetone (Sigma Aldrich, USA) as a
surface modifier, and 40 pl acetic acid (Sigma Aldrich, USA) as acidification agent.
Initially, nWO3-TiO2 and binder were weighed in precise amounts and mixed together and
subsequently ethanol was added and this mixture was vigorously stirred for 15 minutes at
60 °C to get a smooth and homogeneous solution. Eventually, acetylacetone, triton X-100
and acetic acid were added in the above solution while stirring and heating at 60 °C and

this stirring was continued for 3 h to get the nWO3-TiO> pastes.
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3.2.2 DSSCs fabrication

Prior to the fabrication of DSSCs, 1.5 cm? FTO (fluorine doped tin oxide: SnO./F)
substrates were washed with ethanol, acetone and isopropyl alcohol respectively and were
dried in oven at 100 °C for 30 minutes. The nWQOz3-TiO> pastes were tape-casted on FTO
substrates using doctor blade method, initially annealed at 200 °C for 10 minutes and
subsequently at 500 °C for next 20 minutes to get uniform surface films. The annealed
substrates were gradually cooled down to the room temperature and soaked in N719 dye
solution for 48 h to get photo anodes. Similar cleaning, coating and annealing (450 °C for
30 minutes) methods were adopted to make the counter electrodes also. A specific amount
of MWCNTSs with outer diameter 10-20 nm, length 1-10 um (Chengdu Organic Chemicals
Co., Ltd, China) mixed with commercial titanium paste was used to make MWCNT
counter electrode. The purpose of using TiO- paste in the back electrode is just as a binder
and it should be noted that its role as a counter electrode (CE) as such is very weak (0.01%
efficiency for [TiO2/N719/TiO2] as given in Table 4.3). In the fabrication of Pt counter
electrode, platinum (Pt) paste was tape-casted on the conductive glass substrates (FTO)
using similar method (doctor blade). Finally, the photoanode and the CE were joined with
each other using super glue (Company name: Super glue corporation, Glue name: The
original super glue) and finally the electrolyte (lodolyte AN-50) was gently poured
between the two joined electrodes. The active area of fabricated solar cells in this study is
0.25 cm?. Ruthenium dye N719, TiO2 paste (D/SP 14112) electrolyte lodolyte (AN-50),
conductive glass substrates FTO (fluorine doped tin oxide: SnO2/F) (thickness 2.2 mm, 7

Q/sq) were purchased from Solaronix, Switzerland.
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3.2.3 Characterization details

The following instruments were used for the characterization studies: for XRD, Mini-XRD
Rigaku Corporation (Model: MiniFlex Il); for SEM TESCON (Model: Lyra3); for EDX
and mapping analysis Lyra3 TESCON system with the accelerating voltage 20KV; for
TEM analysis JEOL (Model: JEM-2100F); for XPS Thermo Scientific (Model: ESCALAB
250Xi); for J-V characterization solar simulator with data acquisition system (Keithley
2400) PV measurements Incorporation (Model: 1V-5); for quantum efficiency
measurements PV measurements Incorporation (Model: QEX-10); for UV-vis
spectroscopy spectrophotometer JASCO (Model: V-670); and for
Tafel/Chronoamperometry/cyclic voltammetry/ Electrochemical Impedance Spectroscopy
(EIS) BioLogic Science Instruments (Model: VMP3 SAS). For EIS studies, a 10 mV AC
signal in 1 Hz to 1 MHz frequency range with an applied bias in the range of 0 to 750 mV
(larger than Vo of fabricated DSSC) was used and EIS measurements were conceded in
dark conditions. The solar simulator was equipped with standard simulated solar light (100

mW/cm?).

3.2.4 Photo-catalytic degradation of MB dye

The radiation source for the photocatalytic studies is 100 W UV lamp (OmniCure), and the
photocatalysts used were NnWOs-TiO> films on the FTO glass substrates with three different
WOs3-TiO2 mass ratios (n = 1%, 3% and 5%). During the irradiation process, we collected
sample in regular intervals and to estimate the concentrations of degraded samples, we took
absorption using the spectrophotometer and the analyzed dye samples were returned to the

main photo-catalytic chamber. The percentage of degradation was calculated using the
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formula [(Co-C)/Co] x 100). Here Co is initial concentration and C represent instantaneous
dye concentrations. To quantify the concentration of the dye in the aqueous solution, the

intensity of the absorption peak of MB dye centered at 664 nm was used.

3.3 nMWCNT-TIiO; as photoanode and MWCNT as counter electrode
DSSCs methodology

3.3.1 Characterization details

The spectrophotometer (model: UV/Vis JASCO-670) has been used to acquire the
ultraviolet-visible (UV-Vis) spectra of prepared dye solutions and dyes anchored to TiO;
films on FTO conductive glass. The solar simulator (IV-5, Sr #83, PV Measurement,
Incorporation) at Air Mass (AM) 1.5 G (1000 Wm™?) with Source Meter (Keithley 2400)
has been used to evaluate the IV characteristics of the fabricated DSSCs. The potentiostat
VMP3 SAS (s/n: 0373 Bio-Logic Instruments) has been used to investigate the EIS
(electrochemical impendence spectroscopy) properties under dark conditions of
illumination, with a 10 mV amplitude AC signal having a frequency within the range of 10
Hz and 800 KHz. The applied bias was in the range of 0 and 750 mV larger than the V. of

the DSSC.

3.3.2 Materials

FTO (SnO2/F fluorine doped tin oxide, thickness 2.2 mm, 7 Q/sq) conductive glass
substrates, N3 dye (Ruthenium based dye), Titanium dioxide paste (Ti-Nanoxide T/SP,
14412), electrolyte lodolyte (Z-50, 35112), were purchased from “Solaronix, Switzerland”.
Multiwall carbon nanotubes with outer radius 5-10 nm and length ~1-10 um was purchased

from “Chengdu Organic Chemicals Co. Ltd, China”.
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3.3.3 Preparation of pastes for photo-anode and counter electrode (n-
MWCNT -TiOy)

3.3.4 Preparation of photoanode

20mg/25ml MWCNT suspension was prepared in ethanol and the mixture was sonicated
for 12 hours to get a proper dispersion of MWCNT in ethanol. For instance, in order to
prepare 0.03% MWCNT-TiOg, 38 ul of the above MWCNT suspension is added to 40 mg
of TiO2 paste and similarly for preparing 0.06%, 0.09% and 0.12% MWCNT in TiO2, we
had to add 76 ul, 114 pl, 152 pl of MWCNT suspension respectively in 40 mg of TiO».
Nanocomposite of n-MWCNT-TiO: in four different mass ratios (MWCNT in TiO2 wt %
=0.03, 0.06, 0.09 and 0.12) were prepared. The prepared MWCNT/TiO2 composite pastes
with varying wt% was deposited on cleaned FTO glass substrates first by casting scotch
tape (Company: 3M) for the desired active area and then using doctor blade method for the
deposition of the prepared pastes and sequentially annealed at 150 °C for 10 minutes and
475 °C for next 30 minutes. The thickness of prepared anodes films was found to be around

9 um from SEM cross-sectional view.

3.3.5 Preparation of counter electrode

A specific amount of MWCNT was mixed with TiO paste and a few drops of ethanol were
added to the MWCNT-TiO2 composite paste for good dispersion. The role of TiO> paste
was like a binder which binds MWCNT together and works as an adhesive between
MWCNT and FTO glass substrates. The prepared paste was deposited with the same tape
casting and doctor blade method and calcined at directly 450 °C for 20 minutes to get the

final CE for DSSC fabrication.
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3.3.6 Fabrication of DSSCs

The photo anode substrates were soaked in the dye solution (N3 in ethanol: 0.5mM) for 24
hours. After 24 hours the photoanodes were removed from dye solution and rinsed with
ethanol to remove unabsorbed dye. Finally, the photoanode and the counter electrode were
joined together with super glue gel (Company: The original super glue corporation) and
the electrolyte, lodolyte Z-50 was poured between the two joined electrodes to complete

the fabrication of DSSC. The active area of fabricated DSSC was 0.25¢cm?.

3.4 Perovskite single crystals methodology

3.4.1 Materials

All chemicals and materials used in this study are analytical grade. The materials and
equipments used in this study are listed in table 2 below:

Table 2 Materials and lab equipments used in this study.

Materials Lab equipment
Methylammonium iodide (MAI) Programmable Hotplate
Propylammonium iodide (PAI) Micropipette
Butylammonium iodide (BAI) Multimeter
Gamma-Butyrolactone (GBL) Autolab potentiostat
Acetone Mettler-Toledo weighing scale
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3.4.2 Materials structures

The following are the structures of the used materials. All the three structures contain
different carbon atoms as shown in Figure 6 below. The MAI has one carbon atom
connected with three hydrogen atoms, BAI have three carbon atoms connected with seven

hydrogen atoms, and PAI have four carbon atoms connected with nine hydrogen atoms.

n-Propylammonium iodide
H H

H \c ﬁ/ H |- CHy—CH,
/

/H
& "
\H CHz—ﬁ—H I
H \
H
n-Butylammonium iodide

CH,

\CHE—CHz H

Figure 6 The structures for different perovskite materials used in this study.

3.4.3 Procedure

The following procedures (provided in 3.4.4) has been followed for preparation of

perovskite solutions and single crystals.

3.4.4 Preparation of perovskite solutions.
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Step 1: The perovskite materials were weighed for the preparation of 1 ml solution for
each bottle. The following formula has been used for the weighing of perovskite

materials.

Mass in Material (mg) = (Solvent in ml) (Materials in moles) (Molecular

weight of material)

The weighing scale was used to measure the exact amount of each material. 1 ml GBL
solution was poured into the measured amount of materials in each bottle. Finally, the
materials were mixed using the magnetic stirrer at 70 °C for 30 mints.

Step 2: The prepared solutions were filtered with 0.45 micrometer PTFE filter to remove
the big chunks if any in the dissolved materials in each bottle. Filtration has been carried
out in fume hood with proper PPE to avoid any toxic side effects of the lead-based
materials.

Three different perovskite solutions were prepared as shown in Figure 7. Each bottle

made by different recipe of perovskite materials as given below.

e Bottle#1 MAPDI3
e Bottle#2 BAI: MAPDI;

e Bottle#3 PAI: MAPDI;
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Figure 7 The prepared solutions for all three combinations i.e. MAPDI3, BAI:

MAPbI3, and PAI: MAPDIs.

3.4.5 Procedure for growth of perovskite single crystals

The perovskite single crystals were grown using the following steps.

Step 1: To grow bulk and thin single crystals all the prepared solutions are set on the
programmable hot plate that was programmed to rise for 5°C/h starting from 70 °C till 110
°C. After 8 hours the three bottles were examined for crystallization. The flow diagram to
grow the perovskite bulk and thin single crystals are shown in Figure 8 and 9 below.

Step 2: The prepared bulk perovskite single crystals were harvested from the solutions. To
harvest the bulk perovskite single crystals from the solutions we need to wash them with

acetone to remove any existing solution on them. The solutions from the three bottles were
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removed one by one, and acetone was added to the bottles to remove the residual perovskite
solution from the crystals. All the harvested bulk crystals were marked with their identity
on filter paper and size of each single crystal was measured. Maximum size of bulk
perovskite single crystal was measured as ~7mm.

Step 3: The thin single crystals can be utilized directly on the ITO or FTO by just removing
the other conducting glass plate which was used for cap casing. Maximum size of thin
perovskite single crystal was measured as ~5mm.

Step 4: The perovskite single crystals were collected and dried in vacuum for 5 mintutes

and pictures were taken as shown in Figures 89-94 respectively.

Figure 8 Growth of bulk and thin perovskite single crystals using programmable

hotplate.

30



peravskite solution -
is confined between ying :

_// two substrates induces crystallization \/

-,7,/-»

perovskite perovskite
slubstrate solution thin single crystal

Figure 9 The flow diagram to grow thin perovskite single crystal [94].
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CHAPTER FOUR

CHARACTERIZATION OF SYNTHESIZED

MATERIALS AND FABRICATED THIN FILMS

In this chapter, the detailed characterizations of the synthesized materials and
fabricated thin films has been provided. These characterizations include scanning
electron microscope (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray
mapping analysis, transmission electron microscope (TEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscope (XPS), Raman Spectroscopy, optical microscopy

etc.

4.1. Characterization for Co-sensitization of Z907 and SQ2 dyes

4.1.1 Scanning electron microscope cross-sectional view

The deposited TiO> film thickness on each substrate was analyzed and measured with the
help of SEM cross-sectional images as shown in Figure 10. Each film shows an average

thickness of 6 pm.
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SEM HV: 20.0 kV ~ WD:8.74 mm LYRA3 TESCAN
View field: 12.0 pm Det: SE 2 ym CENT, KFUPM.

Figure 10 Cross-sectional image of TiO film deposited on FTO glass substrate.

4.2. Characterization for nWQs-TiO- as photo-anode thin films

4.2.1 Morphological and structural characterization of nWQO3-TiO- photo-
anode
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4.2.2 SEM, EDX, TEM and Mapping analysis

In order to study the surface morphology of the photo-anode (nWO3-TiO: film), FE-SEM
images were taken. Figure 11 (a-f) shows the FE-SEM images of nWOz3-TiO> films with
three different WO3-TiO2 mass ratios (n = 1%, 3% and 5%) at two different magnifications.
The FE-SEM images reveal that nWQO3-Ti0; photo-anode film surfaces are homogeneous,
porous and contain well dispersed nanoparticles of the size of 10-30 nm range on FTO
conductive glass substrates. A good surface porosity, and consequent rise in the surface
area, enables the enhanced dye loading on the nWOz3-TiO surface. In addition to this, SEM
images of pure MWCNTS, pure TiOz film, MWCNT incorporated TiO2 and platinum back
electrode films were taken and are shown in Figure 12 (a-d). Additionally, the elemental
compositions of N(WO3z-TiO> films with three different WO3-TiO2 mass ratios (n = 1%, 3%
and 5%) were examined using EDX analysis and these results along with the corresponding
elemental mapping are shown in Figure 13 (a-c) and Figure 14, 15 & 16. From this
inspection, it is quite clear that nWOz-TiO2 composes of Ti, W and O, with a little trace of
gold due to gold coating. Table 3 shows the weight and atomic percent of the elements for
the specific scanned area in all three different thin films. In order to confirm the proper
attachment of WO3 on TiO2 in of nWO3-TiO films, transmission electron microscope
(TEM) images were taken for both pure TiO; as given in Figure 15 and 1%WOz3-TiO> films
at three different magnifications provided in Figure 17 (b-d), which clearly indicate the
formation of the nanocomposite of WO3 and TiO> (nWO3-Ti0.), with an average particle
size of 10-20 nm. Also, the TEM images of 3%WOz3-TiO2 and 5%WO3-TiO2 composition
are provided in Figure 18, where the attachment of WO3 in TiO: lattice is quite evident,

which accounts for the improved characteristics of solar cell, when it is used as the
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photoanode. Furthermore, the elemental mappings of nWO3-TiO: films with three different
WO3-TiO2 mass ratios (n = 1%, 3% and 5%) are also presented in Figure 14, 15 and 16
respectively. The elemental mapping clearly shows the uniform dispersion of WO3 in TiO2

nanoparticles.
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Figure 11 SEM images of (a, d) 1%WOs-TiO2 (b, €) 3%WOs-TiO: (c, f) 5%WOs-

TiO; at the zoom factors of 50kx and 100kx.
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Figure 12 SEM images of (a) pure MWCNT (b) pure TiO2 (c) MWCNTSs

incorporated TiO2 counter electrode films and (d) Pt based counter electrodes film.
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Figure 13 EDX analysis of (a) 1%WOs-TiO2 (b) 3%WOz3-TiO2 (¢) 5%WOs3-TiO-
photo-anode films.
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Electron Image 1 0O Ka1

TiKa1 WLa1

Figure 14 Elemental mapping analysis of 1%WOs-TiOx.
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Electron Image 1 O Ka1

Ti Ka1 WlLa1

Figure 15 Elemental mapping analysis of 3%WOs-TiOx.
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Electron Image 1 O Ka1

TiKa1 WlLal

Figure 16 Elemental mapping analysis of 5%WOs-TiO> photo-anode films.
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Table 3 EDX elemental analysis of N\WOs-TiO2 nanocomposite anode thin films

Percentage | 1%WOs-TiO2 3%WOs3-TiO2 5%WO3-TiO2

Element Weight Atomic  Weight Atomic  Weight Atomic
(%) (%) (%) (%) (%) (%)

O 3543  62.25 40.38  67.36 42.00  69.27

Ti 64.22 37.69 58.22 3244 5499  30.29

w 0.35 0.05 1.40 0.20 3.01 0.43

Totals 100.00 100.00 100.00

Figure 17 TEM images of (a) pure TiO2 photo-anode film and, (b, ¢ & d) for

1%WOs-TiOz, photo-anode films at different resolutions.
41



Figure 18 TEM images of (a) pure TiO2 (b) 1%WOs3-TiO2 (c) 3%WOs-TiO2 (d)

5%WO3-TiO2 photo-anode films.

4.2.3 XPS analysis

For further verification of elemental composition and chemical bonding between the atoms
of nWOs-TiO, photoanode films, X-ray photoelectron spectroscopy (XPS) study was
carried out. Figure 19a shows the survey spectra of the photoanode (1%WOs3-TiO3) of the
best performing DSSC device, which clearly shows the presence of Ti, O, and W atoms,
consistent with the EDX results. Figure 19 (b-d) shows the deconvoluted spectra of Ti 2p,

O 1s and W 4f for 1%WOs3-TiO2, and the component peak assignments of each of these
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three elements accompanied by their full width half maximum (FWHM), area under the
peak, and atomic percentages are listed in Table 4, which are in agreement with the
literature [95], [96]. The deconvolution of Ti 2p peak shows two component peaks as shown
in the Figure 19b. The XPS component peaks centered at 458.6 eV and 464.35 eV
respectively for Ti 2pszand Ti 2pas2 can be assigned to Ti** [97], and the noticeable minor
positive shift in the binding energies indicates the presence of WOs3 in the titanium lattice
due to the establishment of W-O-Ti bonding [98]. The replacement of W®" with Ti*" is
speculated because the ionic radius of W®* (0.065 nm) is slightly larger than that of Ti**
(0.062 nm) [99]. The three component peaks in Figure 19c of O 1s can be attributed to the
metal oxides according to the assignments given in the literature [100], [101]. The peak
corresponding to 531.58 eV may be ascribed to the Ti-O and W-O (crystal lattice oxygen)
[102]. The deconvoluted W 4f XPS peak has three component peaks as shown in Figure 19d,
whose assignment are listed in Table 4 based on the literature [103], [104], which shows
the W 4f72 and W 4fs» peaks of tungsten component present in nWO3-TiO2 photoanode
thin film. Also, the XPS analysis of 3%WOs3-TiO2 and 5%WOz-TiO2 photoanodes are
provided in Figure 20 and Figure 21 respectively. The component peak assignments of
each of these elements along with their full width half maximum (FWHM), area under the
peak, atomic percentages are listed in Table 5 and Table 6 for 3%WOs3-TiO, and 5%WOs-
TiO; respectively, which also shows the presence of Ti, O and W components in NWOs-

TiO, photoanode thin film and are in good agreement with the literature.
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Figure 19 XPS spectra of 1%WOs3-TiO2 thin film: (a) Survey spectra (b)
deconvolution of Ti 2p peak (c) deconvolution of O 1s peak and (d) deconvolution

of W 4f spectra.
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Figure 20 XPS spectra of 3%WOs3 doped TiO> thin film (a) Survey spectra (b) Ti

2p spectra(c) O 1s spectra (d) W 4f spectra.
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Figure 21 XPS spectra of 5%WOs3 doped TiO- thin film (a) Survey spectra (b) Ti

2p spectra (c) O 1s spectra (d) W 4f spectra.
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Table 4 Assignments of component peaks of deconvoluted Ti 2p, O 1s and W 4f

for 1%WO3-TiO2

FWHM Area (P) Atomic
Name Peak BE eV CPS.eV % Assignment
Ti2p 458.6 0.99 81885.97 68.33 TiO2 (2p3r)
Ti2p 46435 181 37906.29 31.67 TiO2 (2p1r2)
O1ls 529.87 1.26 117857 91.03 TiO> (anatase)
Ols A 53158 1.23 8963.04 6.93 Ti-O-W
OlsB 529.58  0.47 2649.06 2.05 TiO2
waf 3689  1.78 13666.51 86.3 WOs (4f71)
Wit Ti3p A 38.78 1.62 1272.27 8.04 WOs3 (4fs12)
Wi4f Ti3pB  35.08 1.29 896.53 5.66 W(4fs/2) metal

Table 5 Assignments of component peaks of deconvoluted Ti 2p, O 1s and W 4f

for 3%WOs-TiO>

Area (P)
Name Peak BE FWHMeV CPS.eV Atomic %  Assignment
Ti2p 456.85 0.98 83144.96 67.89 TiO2 (2pzr2)
Ti2p 462.58 1.75 35268.96 28.83 TiO2 (2p1r2)
Ti2p A 457.48 0.73 2350.28 1.92 TiO2 (2pzr2)
Ti2pB 463.38 0.47 448.46 0.37 TiO2 (2p1r2)
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Ti2p C

Ti2p D

O1ls

Ols A
OlsB

W4t

Waf Ti3p A
Waf Ti3p B

WA4F Ti3p C

456.48

462.08

529.87

531.38

530.78

37.07

35.28

34.68

38.88

0.45

0.47

1.16

1.81

0.54

1.78

1.1

0.71

0.83

838.87

373.88

119620.6

14535.06

904.46

16208.66

3062.69

195.13

216.22

0.68

0.31

88.56

10.77

0.67

82.35

15.56

0.99

11

TiO2 (2psr2)
TiO2 (2p1r2)
TiO2

Ti-O-W

TiO> (anatase)
WOs3 (4fs)2)
W(4f7p)

W (4fs/2) metal

WOQO3 (4fs/2)

Table 6 Assignments of component peaks of deconvoluted Ti 2p, O 1s and W 4f

for 5%WO3-TiO>

Area (P)
Name Peak BE FWHMeV  CPS.eV Atomic %  Assignment
Ti2p 458.7 0.99 77059.59 69.54 TiO2 (2p3r)
Ti2p 464.41 1.79 33715.26 30.46 TiO2 (2p1r2)
O1ls 529.94 1.14 103442.4 88.43 TiO2 (anatase)
Ols A 531.48 1.83 13211.47 11.3 Ti-O-W
OlsB 530.98 0.49 315.79 0.27 TiO2
Wif 37.08 1.71 12727.24 87.83 WOj3 (4fs12)
W4f Ti3pA  35.38 1 1072.07 7.4 W(4f712)
Wit Ti3p B 38.78 144 691.6 4.77 WOs3 (4fs12)
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4.2.4 XRD analysis

The crystalline structures of nWOs-TiO> films with three different WOs-TiO2 mass ratios
(n = 1%, 3% and 5%) used in photo-anode were investigated using XRD and the results
are depicted in Figure 22. It can be noticed from Figure 22 that the XRD peaks for nWOs3-
TiO2 grows as the mass ratio of WO3 are increased in nWO3-TiO2 nanocomposite thin
films. The diffraction peaks observed in Figure 19 are indexed and are labeled to
differentiate the two merged XRD patterns. For the sake of comparison, the individual
XRD patterns of the synthesized WOz and commercial TiO, (P25) were also recorded and
shown in Figure 23. The observed XRD patterns are in close agreement with the standard

spectra available in the literature and also, they tally with the XRD patterns of nWOz3-TiO>

shown is Figure 22.
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Figure 22 XRD analysis of 1%WO3-TiO2, 3% WOs-TiO2, and 5%WO3-TiO2, used
as the photo-anodes in the fabrication of DSSCs. The XRD peaks that belong to

WO3 are marked with an asterisk (*), R and A stand for the rutile and anatase phases

of TiOa.
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Figure 23 XRD analysis of pure WOz and pure TiO- (P25) powders.

4.3. Characterization of NMWCNT-TiO2 nanocomposite photo-anode

thin films

4.3.1 Morphological analysis of MWCNT-TiO2 nanocomposite photo-anode
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The morphological analysis of MWCNT-TiO2 nanocomposite photoanodes is provided

in the section 4.3.2 below.

4.3.2 SEM, EDX, TEM and Mapping analysis

The shape, size and composition of the semiconducting material used in the photo anode
of DSSC are key factors that profoundly influence the overall efficiency of DSSC, as these
morphological characteristics of the surface of the photo anode are contributory factors for
the effective surface area, the nature of dye loading, the formation of trap states below the
conduction band, the diffusion length of the electrons in the semiconducting layer and the
number of available trajectories that electrons can pass through [105], [106]. The enhanced
surface area in the smaller size semiconducting particles in leads to higher dye adsorption,
consequently the generation of more number of charge carriers and better photovoltaic
efficiency as compared to the DSSC having photo anode with large particle size
semiconducting material. However, having very small particle size may lead to increased
number of grain boundaries, through which photoelectrons have to pass, hence the electron
trapping probability becomes quite high [107], [108]. Moreover, the larger particles are
prone to increased light scattering and hence the effective light intensity in the DSSC
becomes less. Also the optimum thickness and the surface roughness of the coating on the
photo anode are important factors to be considered, because the larger the thickness of the
coating, the more is the absorbance of the dye, but at the same time the thicker coating
imposes longer distance for the electrons to travel and this restricts the effective
transportation of photo generated electrons to the electrode due to the increase of the charge
transfer resistance. Although the thicker coating in the photo anode generates more

photocurrent due to the increased building up of dye in the anode material, the light
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transmittance and consequent light intensity reaching the system decreases. Hence, the
optimum thickness should be based on the on the nature, size and the electron transport

properties of the coated anode material.

The surface morphology of the coated films of pure TiO>, and MWCNT-TIiO> using
scanning electron microscopic (SEM) images are shown in Figure 24a and 24b
respectively, where the surface of TiO> is found to be quite porous, while in MWCNT-
TiO, surface, MWCNT and TiO> particles are well dispersed. Also, the presence of a
carbon peak in the EDX spectrum of MWCNT-TiO2 in Figure 24c, confirms the anchoring
of MWCNT on TiO» surface. More resolved surface morphological analysis of the photo
anodes was conducted by tunneling electron microscope (TEM) images shown in Fig. 25a
for TiO2 and Figure 25(b-d) for MWCNT-TiO2 with different resolutions, which gives
further visual confirmation of dispersion of MWCNT in MWCNT-TiO2 nanocomposite.
The MWCNTSs in photo anode are with 10-20 nm outer diameters and 1-10 pm length
according to manufacturer’s specification and from the TEM images, the particle size of
TiO2 is around 20 nm. It is quite clear from the TEM images in Figure 25b and 25c¢ that
many TiO, particles anchor on the outer surface of the long tubular MWCNT and this
assembly ensures the efficient electron transport through MWCNTSs. With this improved
electron transport due to the presence of MWCNT, there is a possibility to increase the
thickness of the coating and consequently to improve the building up of dye on the anode
material and thereby increasing the photocurrent without compromising the electron
injection to the electrode. The HRTEM image of MWCNT in Figure 25d shows that the
spacing between adjacent MWCNT walls is around 0.346 nm. The X-ray mapping analysis

in Figure 26 was carried out to verify the uniformity of the distribution of MWCNT in
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TiO,. It clearly shows the uniform distribution of MWCNT in the MWCNT-TiO2

nanocomposite anode thin films.
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Figure 24 SEM images of (a) pure TiO2 (b) MWCNT-TiO2 nanocomposite (c)

EDX analysis of MWCNT-TiO; anode film.
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Figure 25 TEM images of (a) pure TiO2 particles (b, ¢ & d) MWCNT-TIO-

nanocomposite at various resolutions.
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Figure 26 Mapping analysis of MWCNT-TiO anode film for elemental dispersion.

4.3.3 XPS analysis of nMWCNT-TiO; photo-anode

The chemical states of Titanium (Ti), Oxygen (O) and Carbon (C) atoms in the MWCNT-
TiO2 composite environment and the possible bond formation between the host and the
dopant atoms were investigated using XPS. The XPS survey scan in Figure 27a shows the

presence of obvious Ti 2p, O 1s and C 1s peaks in the composite material, and in order to
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get the intricate details, each of the peaks in the survey scan was deconvoluted to see the
nature of component peaks. In Figure 27b, Ti 2p peak has two component peaks: Ti 2pss
centered at 459.38 eV and Ti 2py centered at 465 .08 eV, which appear due to the spin orbit
coupling, and it can be observed that these two peaks are shifted towards higher binding
energies compared to the Ti 2p peaks in pure TiO2 which are at 458.67 eV and 464.42 eV
respectively. This shifting of Ti 2p peaks indicates that Ti in MWCNT-TiO2 composite is
in a different chemical state compared to Ti in pure TiO2 and this could be ascribed to the
strong interaction between TiO> nanoparticles and MWCNT through Ti-O-C bonding [95],
[109]. Also, in the deconvolution of O 1s peak in Figure 27c, there are two component
peaks centered at 531.7 eV and 530.63 eV, which are attributed to the new chemical state
of O atom in Ti-O and Ti-O-C bonds respectively in MWCNT-TiOz. The intense Ti-O-C
XPS peak of O 1s, centered at 531.18 eV and 532.18 eV indicates a strong bonding between
MWCNTs and TiO2 in MWCNT-TiIO2 composite [101], [110]. Finally, in the
deconvolution of C 1s peak as shown in Figure 27d, the component peaks centered at
284.65 eV, 285.81 eV, 288.65 eV and 289.23 eV are attributed to the carbon atoms in the
chemical state of C-C, C-O, C=0 and O-C=0 respectively in MWCNTSs. The formation of
Ti-O-C bond in the MWCNT-TIiO2 observed from the deconvolution of Ti 2p peak is
desired as it introduces trap states in the MWCNT-TiO2 composite. This trap state narrows
down the band gap energy of MWCNT-TiO2, composite and consequently transform the
material into visible light active and makes the DSSC efficient under visible region of the
solar spectrum. Also, Ti-O-C bond serves as a bridge for efficient charge transfer in the
anode coating and thereby reduces the electron-hole recombination in the MWCNT-TiO>

and increases the efficiency of the solar cell. Moreover, the anode films were prepared in
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the open environment which may lead to the reduction of carbon into carbon oxides which
further enhances the conductivity of the photoelectrons in the anode thin films [111]. The
assignments of component peaks of deconvoluted Ti 2p, O 1s and C 1s are provided in
table 7. Furthermore, the detailed XPS analysis of bare FTO glass substrate and pure TiO>
along with their deconvoluted peaks information has been provided in Figures 28-33 and
tables 8 and 9 respectively. The detailed XPS analysis of other nanocomposite samples
with different MWCNT mass ratios i.e. 0.03%, 0.09% & 0.12% and their deconvoluted
peaks information has been provided in Figures 34-45 and tables 10, 11 and 12

respectively.
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Figure 27 XPS spectra of 0.06%-MWCNT-TiOz thin film: (a) Survey spectra (b)
deconvolution of Ti 2p peak (c) deconvolution of O 1s peak and (d) deconvolution
of C 1s spectra.

Table 7 Assignments of component peaks of deconvoluted Ti 2p, O 1sand C 1s of

0.06%MWCNT-TIiO>

Area (P)
Name Peak BE FWHMeV  CPS.eV Atomic %  Assignment
Ti2p 458.62 0.99 71521.17 64.8 TiO2 (2pzr)
Ti2p 464.37 1.85 33400.89 30.3 TiO2 (2p1r2)
Ti2p A 459.38 0.94 2575.51 2.33 TiO2 (2pzr2)
Ti2pB 463.58 0.66 427.2 0.39 TiO2 (2p1r2)
Ti2pC 465.08 0.58 345.55 0.31 TiO2 (2p1r2)
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Ti2p D 457.48 1.4 2069 1.87 TiO2 (2par)
O1s 529.85 1.14 93671.26 87.85 Sno;
Ols A 531.18 1.98 11734.1 11.01 Carbonates
O1sB 532.18 1 1213.18 1.14 Carbonates
Cls 284.59 1.31 12388.43 83.3 C-C
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Figure 28 Survey spectra for Bare FTO glass.
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Figure 30 Deconvoluted peaks for Sn3d element of Bare FTO glass.
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Table 8 Deconvoluted peaks information for Sn3d and O 1s for bare FTO

Area (P)
Name Peak BE FWHM eV CPS.eV Atomic %
Ols 530.27 1.58 93931.5 81
Ols A 531.68 1.52 18855.24 16.27
OlsB 532.78 0.98 2221.06 1.92
OlsC 529.28 0.98 945.26 0.81
Sn3d 486.29 1.49 292391.6 54.61
Sn3d 494.71 1.47 197565.6 36.97
Sn3d A 487.38 1.17 25519.49 4.77
Sn3d B 487.38 1.22 0 0
Sn3d C 485.19 1.17 2382.53 0.44
Sn3d D 495.68 1.1 15494.25 2.9
Sn3d E 495.68 1.14 0 0
Sn3d F 493.66 1.1 1646.38 0.31
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Figure 31 Survey spectra of pure TiOz thin film on FTO glass substrate.
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Figure 32 Deconvoluted peaks for Ols element of pure TiO. on FTO glass

substrate.
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Figure 33 Deconvoluted peaks of Ti 2p element of pure TiO. on FTO glass
substrate.

Table 9 Deconvoluted peaks information for Ti 2p and O 1s for pure TiO>

Area (P)

Name Peak BE FWHMeV  CPS.eV Atomic %
Ti2p 458.67 0.99 69966.37 66.75
Ti2p 464.42 1.8 31969.24 30.54
Ti2p A 459.38 0.77 2029.24 1.94
Ti2pB 465.28 1.25 811.25 0.78

Ols 529.83 1.15 93879.58 89.15
Ols A 530.98 2.03 10095.25 9.59
OlsB 531.98 0.94 1329.41 1.26
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Figure 34 Survey spectra of 0.03%MWCNT-TiO2 thin film on FTO glass substrate.
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Figure 35 Deconvoluted peaks of O 1s element of 0.03%MWCNT-TiO2 thin film

on FTO glass substrate.
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Figure 36 Deconvoluted peaks of Ti 2p element of 0.03%MWCNT-TiO. on FTO

glass substrate.
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Figure 37 Deconvoluted peaks for C1s element of 0.03%MWCNT-TiO2 on FTO

glass substrate.
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Table 10 Deconvoluted peaks information for Ti 2p, O 1s and C 1s for

0.03%MWCNT-TiO2,

Area (P)
Name Peak BE FWHM eV CPS.eV Atomic %
Cils 284.62 1.3 12289.17 82.07
Cls A 286.18 1.31 1622.08 10.84
CilsB 288.68 1.17 979.97 6.55
CilsC 285.58 0.49 81.04 0.54
Ols 529.66 1.14 92941.6 90.66
Ols A 530.78 1.29 6249.29 6.1
OlsB 532.08 0.75 2216.63 2.16
OlsC 531.48 0.56 1102.54 1.08
Ti2p 458.44 0.99 70041.65 67.43
Ti2p 464.18 1.82 32317.43 31.15
Ti2p A 458.98 0.43 1068.46 1.03
Ti2pB 464.78 0.52 406.18 0.39

70



350000

O 1s

300000

250000

Ti2p

200000

OKLL

150000

Intensity (cps)

100000

50000

o bl

0 200 400 600 800 1000
Binding Energy (eV)

r-Cls

Figure 38 Survey spectra of 0.09%MWCNT-TiO>
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Figure 39 Deconvoluted peaks of O 1s element of 0.09%MWCNT-TiO2 thin film

on FTO glass substrate.
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Figure 40 Deconvoluted peaks of Ti 2p element of 0.09%MWCNT-TiO2 thin film

on FTO glass substrate.
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Figure 41 Deconvoluted peaks of C1s element of 0.09%MWCNT-TiO: thin film

on FTO glass substrate.
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Table 11 Deconvoluted peaks information for Ti 2p, O 1s and C 1s for

0.09%MWCNT-TiO2

Area (P)
Name Peak BE FWHM eV CPS.eV Atomic %
Cis 284.56 1.3 11694.76 81.6
Cls A 286.08 131 1538.75 10.74
ClsB 288.78 1.21 956.65 6.68
CisC 283.38 0.71 141.43 0.99
Ols 529.85 1.14 88309.77 89.54
Ols A 531.18 1.94 10310.8 10.46
Ti2p 458.63 0.99 65865.27 66.14
Ti2p 464.39 1.82 30148.14 30.31
Ti2p A 465.28 1 562.43 0.57
Ti2p B 463.68 0.75 357 0.36
Tizp C 459.28 0.85 1692.66 1.7
Ti2pD 458.18 0.56 924.84 0.93
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Figure 42 Survey spectra of 0.12%MWCNT-TiO>
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Figure 43 Deconvoluted peaks of O 1s element of 0.12%MWCNT-TiO thin film

on FTO glass substrate.
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Figure 44 Deconvoluted peaks of Ti 2p element of 0.12%MWCNT-TiO2 thin film
on FTO glass substrate.
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Figure 45 Deconvoluted peaks for C1s element of 0.12%MWCNT-TiOz thin film
on FTO glass substrate.
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Table 12 Deconvoluted peaks of Ti 2p, O 1s and C 1s for 0.12%MWCNT-TiOx,

Area (P)

Name Peak BE FWHM eV CPS.eV Atomic %
Cis 284.61 1.33 12569.54 83.59
Cls A 286.38 0.83 920.95 6.13
CisB 288.68 1.35 1056.93 7.03
CisC 285.78 0.7 487.99 3.25
Ols 529.7 1.15 98061.77 90.35
Ols A 530.68 1 5347.05 4.93
OlsB 531.68 1.25 5124.97 4,72
Ti2p 458.5 0.99 73763.37 63.98
Ti2p 464.24 1.87 35862.91 31.15
Ti2p A 459.18 0.87 2845.49 2.47
Ti2p B 457.28 0.83 1222.66 1.06
Tizp C 463.38 0.7 476.02 0.41
Ti2p D 465.78 2.04 1069.83 0.93

4.3.4 XRD analysis

The XRD analysis for all the fabricated NMWCNT-TiO2 nanocomposite thin films is
carried out and presented in Figure 46, where the presence of peaks pertaining to the
crystallographic planes of TiO> and MWCNT is quite evident. Particularly the relative
intensity of (101) peak of TiOz increases with MWCNT concentration and this is because

the diffraction intensity of (002) peak of MWCNT overlaps with that of (101) peak of TiO».
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Furthermore, the crystal size is calculated from the XRD data which shows the crystal size

is increased from 15nm in case to 0.03% MWCNT to 20nm for 0.12%MWCNT.
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Figure 46 XRD analysis of NMWCNT-TiOz thin films. “A” represent peaks

belongs to anatase phase of TiO2 and “F” represent peaks belongs to FTO.
4.3.5 Raman analysis

The Raman analysis is carried out using surface enhanced Raman spectroscopy to confirm
the formation of composite in the fabricated thin films. Figure 47a shows the Raman
spectrum of all the synthesized composite photoanodes, where we can see the presence of
the peaks due to different Raman modes of vibration of TiO: in the energy range of 100-
800 cm™* along with D and G bands of MWCNT in the energy of 1000-1600 cm™ [112],

which confirm the presence of both materials. The peak intensity of D and G bands
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increases as the amount of MWCNT increase. The magnified MWCNT peaks are provided
in Figure 47b and 47c, which clearly show the presence of MWCNT and their different

compositions.
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Figure 47 Raman analysis of nMWCNT-TiO2 thin films (a) for complete Raman
spectra (b) for Raman shift from 500 cm™ to 2000 cm™*(c) for Raman shift 2000 cm-

1 t0 3000 cm’™.

4.4. Characterization of perovskite single crystals
4.4.1 Optical Microscope analysis

The optical microscope analysis has been performed to see the surface of the grown thin
crystals which are provided in the Figure 48 below. These images clearly show that there
are no grain boundaries on the grown single crystals and that they have very smooth

surfaces which shows the quality of single crystals.
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(d)

Figure 48 Optical microscope image of (a & b) MAPDIs (c) BAl: MAPbDI3 (d) PAL:

MAPDI3 perovskite thin single crystal between two ITO coated glasses.

4.4.2 Scanning electron microscope analysis

For the surface analysis of the grown single crystals we also carried out scanning electron
microscopy. The applied voltage to capture SEM images was 20kV. The SEM images of
all the three single crystals i.e. MAPbIs, BAl: MAPDI3 and PAI: MAPDI3 are provided in

Figures 49, 50 and 51 respectively.
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4.4.3 MAPDI3;SEM analysis

Figure 49 shows the SEM analysis of MAPDI3 single crystal. From the SEM image we can
observe there are no grain boundaries on the surface of single crystal. However, the surface

is not very smooth and looks rougher.

SEM HV: 20.0 kV WD: 8.02 mm
View field: 5.78 pm Det: SE
SEM MAG: 50.0 kx  Date(m/dly): 10/01/18

Figure 49 Scanning electron microscope image of the 3D MAPbI; perovskite bulk

single crystal.

4.4.4 BAIl: MAPDI3 SEM analysis

Figure 50 shows the SEM analysis of BAl: MAPbIs single crystal. From the SEM image
we can observe there are no grain boundaries on the surface of single crystal. Furthermore,
the surface is very smooth and clear as compared to MAPbI3 single crystals as shown in
Figure 49. The broken line appeared on the surface of the single crystal due to high

accelerating voltage i.e. 20kv.
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SEM HV: 20.0 kv WD: 8.21 mm SEM HV: 20.0 kV WD: 7.94 mm
View field: 14.4 pm Det: SE View field: 5.78 ym Det: SE 1pm
SEM MAG: 20.0 kx  Date(m/dly): 10/01/18 SEM MAG: 50.0 kx  Date(m/dly): 10/01/18

Figure 50 Scanning electron microscope image of the 2D/3D BAI: MAPbI3

perovskite bulk single crystal.

4.4.5 PAIl: MAPbI3; SEM analysis

Figure 51 shows the SEM analysis of PAIl: MAPDI3 single crystal. From the SEM image
we can observe there are no grain boundaries on the surface of single crystal. Furthermore,
the surface is very smooth and clear as compared to MAPbI3 single crystals as shown in
Figure 49. The broken line appeared on the surface of the single crystal due to high

accelerating voltage i.e. 20kv.
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EM HV: 20.0 kV WD: 8.00 mm
ew field: 5.78 pm Det: SE 1p
SEM MAG: 50.0 kx  Date(m/dly): 10/01/18

Figure 51 Scanning electron microscope image of the 2D/3D PAIl: MAPbDI;

perovskite bulk single crystal.

4.4.6 Energy Dispersive X-ray spectroscopy (EDX)

EDX is a useful technique do the elemental analysis. Here we carried out the EDX analysis
of grown single crystals to confirm their elements. The EDX conditions include 20kv as
applied accelerating voltage. All the three types of crystals elements are confirmed and
verified by EDX analysis. Their electron image, EDX spectrum and compositional states
are provided below, where we can confirm the fact of having perovskite elements. The

tables show the variation of different components in three types of single crystals.

44,7 MAPDI; EDX analysis

The EDX analysis of MAPbIz single crystal was carried out and its electron image and

EDX spectra is provided in Figure 52. The selected area is scanned in four parts. Each area
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shows the expected elements i.e. Carbon, Nitrogen, Lead and iodide. The detailed

elemental stats are provided in table 13.

Spectrum 1 Spectrum 2

(2)

e
Spectrum 3 Spectrum 4

2um Electron Image 1
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Figure 52 EDX analysis of MAPDbI3 perovskite bulk single crystal.
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Spectrum

Spectrum 1

Spectrum 2

Spectrum 3

Spectrum 4

Mean

Std. deviation

Max.

Min.

In stats.

Yes

Yes

Yes

Yes

8.96

8.61

8.26

9.26

8.77

0.43

9.26

8.26

1.89

2.26

3.89

3.11

2.79

0.89

3.89

1.89

58.37

58.01

56.89

56.97

57.56

0.74

58.37

56.89

Pb

30.78

31.12

30.96

30.65

30.88

0.21

31.12

30.65

Total

100.00

100.00

100.00

100.00

100.00

Table 13 EDX analysis of MAPbI3 single crystal

4.4.8 BAIl: MAPDbIs EDX analysis

The EDX analysis of BAl: MAPbDIs single crystal was carried out and its electron image

and EDX spectra is provided in Figure 53. Four areas were selected for EDX scan. Each

area shows the expected elements i.e. Carbon, Nitrogen, Lead and iodide. The detailed

elemental stats are provided in table 14.

86



e
Spectrum 2

+
/ Spectrum 3
/\

[ SN

+
A5Spectrum 4

2mm ! Electron Image 1

0 1 2 3 4 5 6 7 8 9 10
Full Scale 1526 cts Cursor: 0.000 keV| [Full Scale 1526 cis Cursor: 0.000 keV|

Full Scale 1526 cis Cursor: 0.000 keV| [Full Scale 1526 cts Cursor: 0.000 ke

Figure 53 EDX analysis of BAIl: MAPDI3 perovskite bulk single crystal.
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Table 14 EDX analysis of BAI: MAPbI3 single crystal

Spectrum Instats. C N I Pb Total

Spectrum 1 Yes 7.64 241 60.49 29.46  100.00

Spectrum 2 Yes 10.92 3.06 57.38 28.64  100.00

Spectrum 3 Yes 10.49 2.02 58.55 28.94  100.00

Spectrum 4 Yes 9.11 3.81 58.28 28.80 100.00
Mean 9.54 2.82 58.67 28.96 100.00
Std. deviation 1.48 0.78 1.31 0.36
Max. 10.92 3.81 60.49 29.46
Min. 7.64 2.02 57.38 28.64

4.4.9 PAIl: MAPbIs EDX analysis

The EDX analysis of PAI: MAPDIs single crystal was carried out and its electron image
and EDX spectra is provided in Figure 54. The selected area was scanned into four parts.
Each area shows the expected elements i.e. Carbon, Nitrogen, Lead and iodide. The

detailed elemental stats are provided in table 15.
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Figure 54 EDX analysis of PAI: MAPDI3 perovskite bulk single crystal.
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Table 15 EDX analysis of PAI: MAPDI3 single crystal

Spectrum

Spectrum 1

Spectrum 2

Spectrum 3

Spectrum 4

Mean

Std. deviation

Max.

Min.

In stats.

Yes

Yes

Yes

Yes

C

7.81

7.90

8.25

7.45

7.85

0.33

8.25

7.45

2.36

3.08

2.40

1.61

2.36

0.60

3.08

1.61

58.57

57.94

58.22

58.76

58.37

0.36

58.76

57.94

Pb

31.26

31.07

31.14

32.18

31.41

0.52

32.18

31.07

Total

100.00

100.00

100.00

100.00

100.00

4.4.10 X-ray mapping analysis

X-ray mapping analysis is a powerful tool to confirm the distribution of the

materials in the scanned area. Here we carried out mapping analysis for all the three

grown single crystals. The mapping conditions include the 20kv as applied potential

and 50 frames were recorded. The mapping analysis again confirm the

compositional as well as distribution of the materials. The mapping analysis for

each single crystal is provided below.
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4.4.11 MAPbIs Mapping analysis

The mapping analysis of MAPDI3 single crystal is given in Figure 55, which shows proper
distribution of the Carbon, Nitrogen, Lead and lodide. This X-ray graphs confirm elements

as well as their distribution.

Electron Image 1 CKa1_2

PbLa1 NKal_2

Figure 55 Mapping analysis of MAPDIs perovskite bulk single crystal.
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4.4.12 BAl: MAPDbIs Mapping analysis

The mapping analysis of BAl: MAPbIs single crystal is given in Figure 56, which shows
proper distribution of the Carbon, Nitrogen, Lead and lodide. This X-ray graphs confirm

elements as well as their distribution.

Electron Image 1

FbLal NKa1_2

Figure 56 Mapping analysis of BAl: MAPDI3 perovskite bulk single crystal.
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4.4.13 PAl: MAPDbIz Mapping analysis

The mapping analysis of MAPDI3 single crystal is given in Figure 57, which shows proper
distribution of the Carbon, Nitrogen, Lead and lodide. This X-ray graphs confirm elements

as well as their distribution.

Electron Image 1 CKa1_2 ILa1

PbLal NKa1_2

Figure 57 Mapping analysis of PAI: MAPDI3z perovskite bulk single crystal.

4.4.14 XRD analysis of single crystals

The XRD analysis was carried out using miniflex X-ray diffractometer. The as grown bulk
single crystal was loaded into the XRD by adjusting the height of single crystal with surface
of the holder. The XRD spectra is provided in Figure 58 for all the three bulk single
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crystals. Later, these single crystals were crushed with mortar and pestle and XRD analysis
was again carried out. The XRD spectra of the crushed single crystals is provided in Figure
59. From the comparison of Figure 58 and 59 we can easily conclude the perfection of
single crystals. The number of peaks in as grown bulk single crystals are very less as
compared to the crushed ones, which confirms the less orientations available for diffraction

of incoming X-rays.

3000
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PAI-MAPbI3 SC
)
S 2000
(4]
N
21500 |
n
C
(D]
+—
= 1000 1
500 +
0
2 12 22 32 42 52 62 72 82

2-theta (deg)
Figure 58 XRD analysis of MAPDbIs, BAl: MAPDI3z and PAI: MAPDIs single

crystals.
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Figure 59 XRD analysis of crushed MAPbI3, BAI: MAPbIs and PAI: MAPbIs

single crystals with mortar and pestle.

4.4.15 UV-Vis Spectroscopy of perovskite solutions

The UV-Vis spectroscopic analysis of perovskite solutions was carried out in GBL. The
UV-Vis spectra show the absorbance mostly in UV region when perovskite materials are
in solution forms. Furthermore, it is also clear from the spectra, the absorbance for BALI:

MAPDI3 and PAI: MAPDI3 is more as compared to pure MAPDIz3.
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Figure 60 UV-Vis Spectra of Perovskite solution in GBL.

410 430

4.4.16 Transmission Electron Microscopy analysis of perovskite solutions

450

TEM analysis of the same perovskite solutions was carried out. The TEM images at low

and high resolutions are provided in Figure 61. From TEM analysis the presence of BAI

and PAI was confirmed. Moreover, from TEM images the perovskite materials structure is

confirmed [113].
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Figure 61 TEM analysis of (a & b) MAPDI3 in GBL at low and high magnifications

(c & d) BAIL: MAPDI3z in GBL at low and high magnifications (e & f) PAl: MAPbI3

in GBL at low and high magnifications.
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4.4.17 Nuclear Magnetic Resonance analysis of perovskite single crystals

Solid NMR C® analysis was carried out for the three types of grown single crystals. The
NMR spectra are provided in Figure 62. From the NMR spectra we can observe the small
change in the chemical shift of BAI: MAPbIz and PAI: MAPbIs which confirms the

different environments of the nuclei in these materials as compared to the pure MAPbIs.
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Figure 62 Solid NMR analysis of crushed single crystal (a) MAPbI; (b) BAI:

MAPbIs (c) PAI: MAPbIs.
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CHAPTER FIVE

RESULTS AND DISCUSSIONS

This chapter provides the results and their discussions carried out for this thesis. These
results include current-voltage (J-V) characteristics, ultra-violet visible (UV-Vis)
spectroscopy, electrochemical impendence spectroscopy (EIS), cyclic voltammetry (CV),

Tafel studies, chronoamperometry, and Auto lab potentiostat studies.

The detailed theoretical background of current-voltage characteristics and important

parameters of solar cells are discussed in section 5.1 below.

5.1. Current-voltage Characteristics and Important Parameters of

Solar Cell

There are four important parameters of solar cells.

(a) Short-circuit current density Jsc
(b) Open-circuit voltage Voc

(c) Fill factor FF

(d) Power conversion efficiency n
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Figure 63 The working diagram of pn junction solar cell.

When an electron-hole pair generated as shown in process 1 of Figure 1 and above
figure 63, the current generated is called photocurrent in the reverse bias direction
is represented by I;. When this current drop voltage across the load in the external
circuit it made the circuit forward bias and producing a dark current represented by
Ir. The total current in the reverse bias direction will be

I =1-Ir (5.1)
The forward bias current can be represented in terms of reverse saturation current

as

1= 1ls Texp ()11 (5.2)
Where k is Boltzmann constant, T is temperature.
There are two limiting cases of interest; short-circuit current and open-circuit
voltage. The short-circuit current condition occurs when R=0, so V=0, so from
equation 5.2, we can write;

I=I.=1 (5.3)
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In the second case the open-circuit voltage occurs when R — o0, so V = Vg

From equation 5.2

I=0=1I-Is [exp (529)-1] (5.4)

Ve = V, In (1+j—; (5.5)

Where V= %T

0 v V..
P- . i 2 =

Figure 64 Current-voltage characteristics of a solar cell.

The power delivered to the load is
P=1V (5.6)

By using equation 5.2, we can write equation 5.6 as
|4
P=1.V—I [exp(;—T—l)—l].V (5.7)
The maximum power delivered to the load can be find as

dp _
T=o0 (5.8)
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From equation 5.7 and 5.8, we have

eVim

L—Ilexp (32 —1) = 1] L x Vo x (S2) x exp (532 -1) =0 (5.9)
By solving equation 5.9, we have

(1 + “//—’:) X exp (%) =1 +% (5.10)

The 3 important parameter of solar cell is Fill Factor (FF). The FF is defined as

FF = mim (5.11)

IscVoc
Where [,,, & V;,, are maximum current and maximum power. In other words, the FF
can be defined as “the perfection of the solar cell”. The FF vary between 0to 1. The
maximum FF can be one in an ideal case when I,, = I,. and V,, =V,., i.e. no
recombination of charges (dark current). Usually the FF is in the range of 0.7 ~ 0.8
for efficient solar cells.
The 4™ more important parameter of solar cell is its power conversion efficiency

(PCE). The PCE can be defined as;

n=1m%100% (5.12)

m

Where P, and P;,, are maximum and incident power.

n = mxm s 100% (5.13)

By using equation 5.12, we can write equation 5.13 as

n = execX o 1009% (5.14)

Pin
The 1V characteristics of solar cells are represented in terms of current density and

voltage as shown in Figure 65 below;
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Figure 65 Current-voltage characteristics of solar cell under dark and illumination.

Figure 65 shows the IV characteristics of solar cells under dark and illuminated conditions.
Under dark condition, it is evident that there is no photocurrent due to no exposure of light
on solar cells. However, when we illuminate solar cells with incident light having energy
(energy of photons) more than band gap energy of illuminated material, electrons will be
removed from the surface of the material due to photovoltaic effect. The current generated
is called photocurrent and can be observed from Figure 65 as a red curve. The maximum
current and maximum voltage which we can obtained from the solar cell is represented in
Figure 64 and 65 as red area. The FF is the difference between the experimental IV curve

and ideal square curve which can be drawn from the Jsc point to Voc point.
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5.2. Performance enhancement of dye sensitized solar cells via co-

sensitization of ruthenizer Z907 and organic sensitizer SQ2

5.2.1 Brief introduction

Energy plays an important role in modernization, automation and economic growth of any
country and society at large. Escalating energy demand and ecological issues have
encouraged researchers to focus on clean and eco-friendly new energy sources [114]-
[116]. Solar energy enjoys the fact that it is easily attainable, most wide and approachable
source of renewable energy on our planet. The annual estimated sun energy accessible on
our planet is about 3x10%* J, which is about 10* times greater than that currently consumed
by the world population [117], [118]. Solar energy is considered among the top available
alternatives to mitigate the carbon dioxide (CO-) emission to the environment due to the
burning of fossil fuels [119]-[121]. High emission of CO- into the atmosphere has caused
many catastrophic effects in terms of global warming, forest declining, and climate change.
To utilize this energy various kind of photovoltaic cells have been developed since 1954.
DSSCs are third generation solar cells which is a quite new version of photovoltaic devices
[122]. DSSC was first developed by Gratzel and co. workers in 1991. DSSCs gained
considerable attention due to their low cost, easy fabrication, less toxicity and moderate
power conversion efficiency (PCE) as compared to silicon-based solar cells [33], [123].

DSSCs consist of three major components: 1) photoanode, 2) counter electrode, 3)
electrolyte. Photoanode, one of the major components of DSSC performs two important
functions, (i) collection of electrons from the photo-excited dye and their transportation to

the outer circuit, and (ii) acts as scaffolding which needed for dye adsorption. Usually
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anode are porous in morphology for sufficient dye adsorption and wide band gap materials
e.g. TiOz, ZnO, Nb20s etc. [124]. The main functions of the counter electrode (CE) are (i)
the reduction of oxidized electrolyte due to the regeneration of dye, and (ii) transportation
of the positive charges (holes) toward the CE. Various types of CE have been used for
DSSC including platinum (Pt), carbon nanotubes (CNT) and other carbonaceous materials
etc. [125]. Electrolyte, which is sandwiched between photoanode and CE, is one of the
most important components in the DSSC. The prime function of the electrolyte is to
regenerate photo-exited dye [118]. There are different types of electrolytes e.g. liquid, gel
polymer, and other polymer electrolytes, which have been used in DSSC. Liquid electrolyte
e.g. iodine/triiodide (17/13") are commonly used due to their outstanding characteristics like
the couple have a good solubility, not absorbing much of the incident light, containing an
appropriate redox potential and fast dye regeneration. However, due to the liquid nature,
the stability, long term durability and performance of the DSSC is compromised. To
resolve these issues researchers replaced the liquid electrolyte with hole transport
materials, gel polymer and other polymers for stable and flexible DSSCs. Federico Bella
et al. report new gel-polymer membranes doped with iodine salts for the enhancement of
photovoltaic performance. Matteo Gerosa et al. used Ti grid for the fabrication of
completely flexible DSSC. An important work to enhance the thermal and long-term
stability of DSSC has been carried out by Federico Bella et al. by introducing the finely
dispersed nanosized silica particles with the iodide/triiodide electrolytes and obtained
promisingly encouraging results. The group also carried out the polymeric approach to
patterning the DSSC anode, in addition with polymer electrolytes, for stable and efficient

DSSC [126]-[129]. Photosensitizer (dye) is the main component of DSSC which is
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adsorbed on the semiconducting material, for instance, TiO2, ZnO [130]-[132]. The PCE
of DSSC mainly depends on photosensitizer. The main function of dye in DSSC is to
absorb incident photons and produce the electron-hole pairs which can be transferred to the
external circuit through the semiconducting material. In the last fifteen years, remarkable
progress has been observed at many aspects of this technology, approaching record
efficiencies over 14% [133]. However, still, there is room for efficiency enhancement of
these photovoltaic devices and their commercial applications at large scale. The specific
reason for low PCE is the low absorption range of photosensitizer (dye) [9], [114].
Presently, there is no such single sensitizer having the ability to absorb sunlight in a broad
spectral range (400-900 nm) [8].

Co-sensitization is highly successful technique to boost the PCE of DSSC [10], [11]. It
improves the absorption spectral range, hence light harvesting efficiency of solar cells [12].
Many combinations of photosensitizers like porphyrin co-sensitized with ruthenium
complexes [13], organic dye co-sensitized with ruthenium complexes [14], [15], [134], or
co-sensitization of phthalocyanine with an organic sensitizer [16]-[18], and an organic
sensitizer that has been co-sensitized with different organic dyes [19], [20] has been
employed. Daibin Kuang et al. used two organic dyes (SQ1 and JK2), and found PCE of
6.4% using solvent-free electrolyte [20]. Yousheng Chen et al. used different organic dyes
for co-sensitization, a hemicyanine dye, a merocyanine dye, and a dye based on squarylium
cyanine and obtained the efficiency of 6.5% [19]. Wenjun Wu et al. synthesized two
indolium based organic dyes and used them in DSSCs. They used their mixture to the ratio
of 1:3 and got overall PCE of 3.0% under standard 1 sun AM 1.5G illumination [21]. Kun-

Mu Lee et al. used co-sensitization technique for plastic DSSCs. They got PCE of 5.1%
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by co-sensitization of ruthenium complexes (N719 and N749) and organic dye consisting
of the thienylfluorene segment called FL [22]. Chi-Ming Lan et al. used zinc porphyrin dye
(LD12) for co-sensitization with an organic sensitizer (CD5) in a stepwise approach and
obtained an efficiency of 9% [12]. L. Wei et al. co-sensitized ruthenium dye (N719) with
different three organic dyes (DM, DE, and DP) and got an efficiency of 7% [15].

In this work, we used the co-sensitization technique to improve the efficiency of DSSC.
The organic SQ2 dye was used as a co-sensitizer with ruthenium Z907 dye. Dye solutions
of different concentrations were prepared and used for the sensitization of semiconductor
anode. The performance of DSSCs sensitized with individual dyes (Z907 or SQ2) is
compared to that of solar cell devices fabricated with co-sensitized (Z907+SQ2)
phenomenon under the same conditions of fabrication. The results reveal that the overall
photovoltaic performance of the optimized co-sensitized solar cells is significantly

enhanced and hence PCE is much superior than that of individually sensitized solar cells.

5.2.2 Results and discussion

5.2.3 Ultra-violet (UV-Vis) spectroscopy of fabricated DSSC

The absorption spectra (UV-Vis spectra) of dyes (2907, SQ2 and Z907+SQ?2) in ethanol
and adsorbed on the surface of TiO> films coated on FTO conductive glass are shown in
Figures 66-69 respectively. Three broader and intense peaks in Z907 at 530, 385 and 310
nm are attributed to metal to ligand charge transfer (MLCT) and intraligand (n-n*) charge-
transfer transitions, respectively, as shown in Figure 66. Similarly, Figure 67 depicts the
absorption spectrum of SQ2 with two absorption peaks in the regions 580-620 nm and 620-
680 nm. The peak in the region 580-618 nm can be ascribed to n-n* electronic transitions

of the conjugated molecules, while the second peak is due to the donor to acceptor
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anchoring groups intermolecular charge transfer (ICT). Figure 68 shows the absorption
spectra of mixed dyes in ethanol, which are more intense as compared to that of individual
dyes. The results clearly demonstrate that the concentration of co-sensitizer strongly affects
the absorption of light. The absorption of Z907 enhanced with the increase in the
concentration contents of SQ2 sensitizer because of the synergistic effect of both
sensitizers. However, the absorption of Z907 + SQ2 becomes red shifted when anchored
to TiO2 as shown in Figure 69, owing to strong interaction among the carboxylate groups
and the surface Ti*" ions [117], which enhances the delocalization of the n* orbital. The
red shift physically can be noted from Figure 68 and 69 as the peaks are shifted from 656
nm to 671 nm. This red shift is due to the strong interaction between carboxylate groups
from dyes and Ti*" ions from semiconductor TiO, film. Furthermore, the absorption
spectrum of Z907 + SQ2 dyes adsorbed on TiO2 is more intense, sharp and broader in
comparison with the individual dyes anchored to TiO2 in the same conditions of fabrication.
This clearly shows that the co-sensitized TiO2/ (Z907+SQ2) thin films fabricated in this
experiment can absorb more photons from the incident light as compared to that of
individual sensitized TiO2/Z907 or TiO2/SQ2 films. The more absorptions of photons lead
to the more generations of electrons in the dyes adsorbed on TiO2 semiconducting film i.e.
excitation of electrons from HOMO to LUMO level of dyes, which resulted in more

available conduction electrons and hence more efficiency.
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Figure 67 UV-Vis spectra of SQ2 in ethanol.
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Figure 69 UV-Vis spectra of dyes adsorbed on TiO; films.
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5.2.4 1-V characteristics of fabricated DSSC

I-V characteristics and their photovoltaic parameters of fabricated co-sensitized solar cells
are given in Figure 70 and table 16, respectively. Table 16 shows, the current density (Jsc),
open circuit voltage (Voc), Fill Factor (FF) and efficiency (#) of the fabricated solar cells.
From table 16 it can be clearly noted the current density of the fabricated solar cells is
increased until optimized concentration and then it starts decreasing, as for higher
concentrations of SQ2 the number of available electrons are reduced due to higher bandgap
of organic dye. Similarly, the open circuit voltage and Fill Factor also enhanced until
optimized concentrations of dyes and then start decreasing. The overall enhanced
performance has been achieved by co-sensitization technique by availing, both maximum
absorption due to higher absorption coefficient of organic dye and more current due to less
band gap of ruthenium-based dye. The results clearly show that the overall performance of
co-sensitized solar cells strongly depends on the concentration of co-sensitizer. Under
optimized conditions, the solar cell sensitized with 0.3mM Z907 + 0.2mM SQ2 showed
Jsc = 21.38 mA/cm?, Voc = 698.37 mV, FF = 52.46%, and 5 = 7.83%. This PCE is
significantly greater than that of the individual (TiO2/Z907 or TiO2/SQ2) sensitized
devices. The enhancement in PCE of the co-sensitized solar cell is due to increase in Jsc
(21.38 mAcm2), Voc (698.37 mV) and fill factor (52.46%). An increase in Js is primarily
owing to strong and intense absorption of light while the suppression of charge

recombination due to co-sensitization is the major cause of the increase in Voc.

The uncertainty analysis of the parameters has been provided in the table 17. Five sets of
each configuration have been taken to measure uncertainty or error analysis. All the

parameters have been averaged over the five values obtained from each cell configuration.
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The standard deviation has been calculated to find the uncertainty or error in each
parameter for each cell configuration. The overall error has been remained less than 1%

among all the parameters in each cell configurations.
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Figure 70 Current — voltage characteristics of DSSCs.
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Table 16 Photovoltaic properties of DSSCs.

DSSCs Jsc (MA/CM?)  Voc (MV) FF(%) 1 (%)
TiO2/0.5mM Z907 13.94 691.09 52.72 5.08
TiO2/0.4mM Z907 + 0.1mM SQ2 19.12 689.65 51.62 6.81
Ti02/0.3mM Z907 + 0.2mM SQ2 21.38 698.37 52.46 7.83
Ti02/0.25mM Z907 + 0.25mM SQ2 19.26 692.27 52.74 7.03
Ti02/0.2mM Z907 + 0.3mM SQ2 16.44 676.52 5141 5.72
TiO2/0.1mM Z907 + 0.4mM SQ2 15.22 664.04 53.05 5.36
TiO2/0.5mM SQ2 4.94 601.93 46.69 1.39
Table 17 Photovoltaic properties of DSSCs with error analysis.
DSSCs Jc (MA/CM?) Voo (MV) FF(%) 1 (%)
TiO2/0.5mM Z907 13.91+0.31 690.95+0.14 52.72+0.50 5.07%0.03
TiO2/0.4mM Z907 + 0.1mM SQ2 18.97+0.22 690.06+0.81 51.71+0.32 6.75+0.06
Ti02/0.3mM Z907 + 0.2mM SQ2 20.67%£0.52 698.46+0.42 53.52+0.91 7.72+0.08
TiO2/0.25mM Z907 + 0.25mM SQ2 19.20+0.04 692.59+0.22 52.64+0.09 7.00+0.03
Ti02/0.2mM Z907 + 0.3mM SQ2 16.50£0.12 677.04+0.98 51.01+0.41 5.70+0.02
Ti02/0.1mM Z907 + 0.4mM SQ2 15.23+0.01 664.35+0.22 52.87+0.15 5.35+0.01
TiO2/0.5mM SQ2 4.87+0.06 600.84+0.76 46.48+0.41 1.36%0.03
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5.2.5 EIS analysis of fabricated DSSC

Charge recombination is a major problem in solar cells devices. It is an important factor
and can be understood from Figure 71. All the dotted lines in Figure 71 represent the
various type of charge recombinations. An electron generated in response of an incident
photon due to the excitation of dye usually moved to the conduction band (CB) of the
porous semiconductor. In an ideal case an excited electron should be harvested to the
external circuit, however, there are three possibilities. This electron can go through the
following paths; either recombine with the excited dye generated holes or transferred to
semiconductor and recombine with the excited dye generated holes or recombine with the
ionized electrolyte atoms [135]. In this work, the charge recombination resistances of
DSSCs were investigated by EIS analysis. EIS, evaluates the response of current at
different frequencies with applied AC voltage. Figure 72a and 72b depict the EIS spectra
(Nyquist plot) of fabricated DSSCs and the equivalent circuit of Nyquist plot, respectively.
EIS spectra are represented by three semicircles. The first circle at high frequency shows
interface resistance between the counter electrode and electrolyte (R1). The second arc at
intermediate frequency and third arc at low frequency represent interface resistance
between photoanode and electrolyte (R2) and carrier transport internally inside the
electrolyte through diffusion of redox couple (Zw), respectively [10]. In Figure 72b,
equivalent circuit of the Nyquist plot contains Rs, the series resistance, i.e. the value of
resistance representing the initial point of the first arc at high frequency in Nyquist plot.
The resistances Ry and Rz show the resistance at back electrode/electrolyte interface and
the recombination rate at anode/electrolyte interface, respectively. The symbols C; and C;

indicate the capacitances (constant phase elements) to the respective interfaces, i.e.
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anode/electrolyte and counter electrode/electrode. The Zw indicates the Warburg diffusion
impedance. In our case it is clear from Figure 72a, only second arc (R2) representing
resistance at photoanode/dye/electrolyte appears in four devices, and remaining two small
arcs may be overshadowed by second arc [136], [137]. However, the other three devices
showed two arcs related to R1 and R2. Moreover, since the R> denotes the recombination
resistance to the free carriers at anode/electrolyte interface [10], [114]. Higher the free
carriers recombination resistance, larger will be the electron lifetime and vice versa [138].
The charge recombination resistances are listed in Table 18. It can be observed from Table
18 and Figure 72a that the R, of 0.3mM Z907 + 0.2mM SQ?2 sensitized DSSC possesses
the higher resistance to the recombination of free charges and hence longer electron
transport lifetime which is verified from the increase in the efficiency. From table 18 it can
also be noted that the individual dyes have less charge recombination resistances as
compared to the co-sensitized configurations of the fabricated solar cells which shows the
effectiveness of co-sensitization technique. The increase in electron lifetime by co-
sensitization can be ascribed to the enhancement of surface coverage by dye on TiO..
Higher the surface coverage by the dye, less will be the electron approach to TiO2 and
hence reduces the recombination process. Physically we can explain this recombination
process as shown in Figure 71. The more coverage of TiO> surface with dye will leads to
more generation of electrons as well as less charge recombination due to the exposure of
electrolyte to the TiO> surface and hence enhancement of overall performance of the co-

sensitized configuration of fabricated solar cells.
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Figure 72 (a) EIS investigation of DSSCs (b) equivalent circuit of DSSC.

Table 18 Charge recombination resistance at anode interface

(TiO2/dye/electrolyte).

Sample# DSSCs R2 (ohm)
1 TiO2/0.5mM Z907 36

2 Ti02/0.4mM Z907 + 0.1mM SQ?2 81

3 Ti02/0.3mM Z907 + 0.2mM SQ2 122

4 Ti02/0.25mM Z907 + 0.25mM SQ2 90

5 Ti02/0.2mM Z907 + 0.3mM SQ?2 62

6 TiO2/0.1mM Z907 + 0.4mM SQ?2 41

7 Ti02/0.5mM SQ2 31
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5.2.6 Summary

In this work we used co-sensitization approach to enhance the performance of DSSC. We
used organic sensitizer SQ2 as a co-sensitizer with ruthenium-based dye Z907. Dye
solutions of seven different concentrations were prepared for the fabrication of DSSC. The
fabricated DSSC were characterized by UV-Vis spectroscopy, |-V characteristics, and EIS

analysis. Our main findings are:

e The co-sensitization approach is highly effective method to boost the photovoltaic
performance of a DSSC.

e The absorption of dye solution increases with the increase of SQ2 contents.
However, spectra become more intense, sharp and broader when anchored to TiO>
film coated on the FTO surface.

e The PCE, Vo, Jsc, FF and charge recombination resistance of solar cells strongly
depend on the concentration of SQ2 dye. Under optimal conditions, the DSSC
assembled with 0.3mM Z907 + 0.2mM SQ2 delivered PCE of 7.83%, which is
significantly higher than the individual sensitized solar cell (Z907 =5.08% and SQ2
= 1.39%).

e The charge recombination resistance at photoanode/dye/electrolyte interface

increases with co-sensitization and thus reduces the dark current.
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5.3. Fabrication of Cost Effective and Efficient Dye Sensitized Solar
Cells with WOz3-TiO2 Nanocomposites as Photoanode and

MWCNT as Pt-Free Counter Electrode

5.3.1 Brief introduction

Energy is one of the most essential commodities for human progress and development,
especially in the world of postindustrial revolution. With the ever-growing population and
the standard of living, the demand for energy is skyrocketing in developed and developing
nations alike, and it is predicted that by 2050, the energy consumption will rise to 23
terawatt from the current figure of 13 terawatt [139]. Nearly 80% of the world energy
requirement is catered by rapidly depleting fossil fuels, and the excessive use of which
triggers geological imbalances and environmental impairment due to the disposal of huge
amount of greenhouse gases in the fragile atmosphere [140]. Hence, scientists,
environmentalists and the policy makers started contemplating alternate renewable sources
of energy, and naturally the most abundant, the cleanest and the inexhaustible solar energy,
top the list of the alternate energy sources [50]. Ever since, the first discovery of the
photovoltaic effect was reported by William Grylls Adams, the development of solar cells
has gone through many technological and economic challenges and categorized into three
generations. The silicon wafer based 1% generation solar cells, and even slightly less
expensive amorphous silicon, CdTe, and CIGS based 2" generation solar cells encounter
the challenge of high material and production cost, despite their remarkable efficiency of
about 15-20 % [141]. Hence the research pursuit for developing cost effective and the

efficient solar cell has been on for a few decades and culminated in the development of
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Dye Sensitized Solar Cell (DSSC) by M. Gratzel et al. in 1991 [33], which is widely

considered as the 3" generation solar cells.

DSSC consists of a basic structure in which an electrolyte is sandwiched between a
photoanode sensitized by an organic/ruthenium dye and a counter electrode (CE) [142],
and this breed of solar cell has gained an enormous research attention in the last two
decades, due to its vast potential scope for making improvisations in various aspects like
its structure, assembly, and the constituent materials and thereby enhancing their
efficiencies at less production cost [143]. There has been numerous works reporting the
modifications and improvements made on the photo anode [130]-[132], [144], [145], back
electrode [146]-[148], dyes [149]-[152], and electrolyte [153]-[155] of DSSC. Photo-
anode is a crucial component in the DSSC structure, where the collection of vital electrons
into the semiconductor is mediated by the photo excitation of the organic/ruthenium dye
(photosensitizer) and subsequently transferring the photo-generated electrons to the back
electrode through an external circuit. Although several semiconductors such as TiO2, SnOz,
Zn02, In203, CeOs and NbOs etc. have been used as photo-anode in DSSC [156], TiO-
stands out to be the best material owing to its outstanding features like low cost, easy
availability, nontoxicity and better dye loading. However, inherently inferior electron
transport property (electron mobility) of TiO. compared to other semiconductors like ZnO

considerably brings down the efficiency in TiO2 photo-anode based DSSCs [157].

In order to overcome the electron transport deficiency and simultaneously harnessing the
positive features of TiO> as a promising semiconducting material, it is usually combined
with another semiconductor having high electron mobility to form a nanocomposite

materials for photo-anode and extensive work has been carried out to develop an efficient
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composite photo-anode to improve the performance of DSSC [158]. Owing to the favorable
band gap energy (2.6-3.1 eV), better electron mobility, and high stability, tungsten oxide
(WO:3) can be considered for a good composite partner with TiO> to fabricate an efficient
photo-anode [159]. However it should be noted that DSSC based on pure WQOs as a photo-
anode have been proven to be quite inefficient through the work of H. Zheng et al. who got
the maximum efficiency of 1.46% with Pt as a CE [160] and also through the work of S.
M. Yong et al. who got the maximum efficiency of 1.51% with WO3 1D nanorods as
photoanode and Pt as a CE [161]. On the other hand, TiO2-WO3 composite semiconductor
as a photo-anode in DSSC has been proven to be much more efficient than pure TiO2 and
pure WOs3 photo-anodes. N. Prabhu et al. reported the enhancement of the performance
with the maximum efficiency of 5.03% by using TiO.-WO3 composite as photoanode and
Pt as CE [162]. J. H Yang et al. tried composite of TiO2+TNWs+WO3 and obtained an
efficiency of 5.47% with Pt as CE, which is the best reported efficiency from any TiO»-

WO3 nanocomposite based photo-anode till date [163].

Platinum (Pt: a noble metal), which is extensively used as CE of DSSC because of its high
catalytic activity, stability and high exchange current density, however, being expensive,
the use of Pt in DSSCs cannot be an economical proposition to scale up DSSC. Several
materials such as conductive polymers, carbon, carbon black, single wall carbon nanotubes,
multi wall carbon nanaotubes (MWCNT) have been tried as CE in DSSC to replace the
conventional Pt based CE and among these counter electrode materials, MWCNT has
attained a considerable attention owing to its low cost, high electron mobility and surface

area [148].
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In this work, nWOs-TiO2 nanocomposites of three different WO3-TiO2 mass ratios (n =
1%, 3% and 5%) were synthesized and applied for photovoltaic and photo-catalytic
applications. In photovoltaic part, we fabricated DSSCs using synthesized nWO3z-TiOz
nanocomposite paste as photo-anode and replaced the conventional Pt with MWCNT as
the CE and to the best of our knowledge; this [NWOs-TiO2/N719/MWCNT] DSSC
combination was developed for the first time. In order to single out the enhancement of the
performance brought about by the introduction of nWO3-TiO; as photo-anode and
MWCNT as CE in DSSC and also to make a comparative evaluation of [nNWOs-
TiO2/N719/MWCNT] DSSC, we also fabricated [TiO2/N719/Pt], [TiO2/N719/MWCNT]
and [nNWOz3-TiO2/N719/Pt] combinations of DSSCs. It was found that an efficiency of 6.12
% was achieved with [1%WOs-TiO2/N719/ MWCNT] combination, which is around 12 %
higher than the highest 5.47% reported efficiency in the literature for any DSSC with
photo-anode made up of nWOs-TiO2 nanocomposite semiconductors. In addition to
improving the efficiency of DSSC, the replacement of Pt with MWCNT as a CE can reduce
the production cost of this combination of DSSC. We also carried out various material
characterization on nWOz3-TiO2 nanocomposite anode films such as FE-SEM, TEM, XPS,
EDX and XRD, the photo-anode characterization studies such as UV-Vis spectroscopy and
Tauc plot, DSSC characterization such as J-V characteristics, electrochemical impedance
spectroscopy (EIS) and finally conducted cyclic voltammetry (CV), tafel, and
chronoamperometry tests to examine the catalytic activity and stability of MWCNTSs as CE
in the fabricated DSSC. In addition, the photo-catalytic reduction of Methylene blue (MB)
dye is presented in this work with the intention of proving the superiority of the synthesized

nWOz3-TiOz in terms of its increased inhibition to charge recombination, and increased
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light absorption, as these two characteristics are the desired features in photovoltaic
applications also. It was found that particularly 1%WO3-TiO2 was able to degrade 99.99%
of MB dye in 105 minutes and this performance is quite consistent with the photovoltaic

results.

5.3.2 Results and Discussions

5.3.3 UV-VIS spectroscopy

The optical spectral responses of plain nWOz3-TiO- films and N719 dye sensitized nWOs-
TiO: films each with three different WOs-TiO2 mass ratios (n = 1%, 3%, and 5%) are
shown in Figure 73a as the optical absorption spectra in the visible spectral region. It is
quite obvious from absorption spectra that the light absorbance of plain nWOs-TiO> films
increases with the increase of WO3 content in it and more importantly, when each of these
three nWOs-TiO> films are stained with N719 dye, the effects on the absorbance spectra
are that they get red shifted in addition to the overall enhancement of absorbance intensity
and the broadening of the spectra. The observed enhancement of the optical absorbance
and red shift could be brought about by either of or both of the following independent
mechanisms. When WOj is loaded on TiO2, W®" ions are replaced by Ti #* ions in TiO2
lattice and the newly formed W-O-Ti bonds in the TiO. lattice result in the charge
imbalance. This charge imbalance of W®* ion is neutralized by the introduction of
additional oxygen atoms and/or structural defects like cation vacancy and as a result the
defect and impurity energy levels are formed within the forbidden region of TiO2. The
absorbance spectra of N719 dye in ethanol are shown in Figure 74, where the absorbance
peaks centered at 385 nm and 525 nm are due to metal to ligand charge transfer and the

one centered at 310 nm is due to intra ligand m — =* charge transfer. When TiO: is stained
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with N719, the carboxylate group in N719 dye gets attached to Ti** ion, which leads to the
delocalization of * energy level to a lower value. Hence, the observed red shift and the
enhancement of the optical absorbance could be attributed to either of or both of the
independent mechanisms described above. Also to calculate the band gap energies (Eg) of
the pure TiO2 film and nWOs-TiO; films with three different WO3-TiO2 mass ratios (n =

1%, 3%, and 5%) were estimated using Tauc plots [164] and are shown in the Figure 73b.

For a semiconductor material, absorption coefficient (A), the incident photon energy (E),
and the band gap energy are related by equation 5.15, where K is a constant known as band
tailing parameter and n is the power factor of the transition mode which depends on the
nature of the material. Basically there are two types of semiconductor materials: direct band
gap materials and indirect band gap materials and in the case of direct band gap materials
the energy and momentum conservations in the associated electronic transitions from the
valance to conduction band is tallied by the photon itself, whereas in indirect band gap
material, for each electronic transition, photons account only the energy conservation but
the momentum is not conserved. Hence in the indirect band gap material, phonon
transitions intervene to tally the momentum conservation in order to make the electronic
transitions possible. Hence, the power factor n in equation 5.15 takes the value % and 2
respectively for the direct and indirect band gap materials. In our case the anatase form of
TiO2 is an indirect band gap material, the power factor is taken as 2 in equation 5.16 and
transforming this equation into linear form leads to equation 5.17. Equation 5.17
eventually used to estimate band gap energy of the synthesized materials through Tauc

plot, which is basically (A.E)%° versus photon energy (E)plot. It is quite clear from
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equation 5.17 that the extrapolation of the linear part of the Tauc plot and its intercept on

the X axis directly yield the band gap energy of the material.

_ K(E-Eg)"

A = (5.15)
A= @2 (5.16)
(A.E)?* =K(E — Eg) (5.17)

It is quite clear from the Tauc plots, that the band gap energies of the WOz modified TiO>

decrease with the increase of WO3 content in TiO».
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Figure 73 (a) UV-VIS spectroscopy of 1%WOs-TiO2, 3%WOs-TiO2, and 5%WOs-
TiO, films sensitized with and without N719 (b) Tauc plot for the estimation of the
band gap energies of pure TiO2, 1%WOs3-TiO2, 3%WOz-TiO2, and 5%WOz-TiO:

films.
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Figure 74 UV-VIS spectroscopy of N719 dye in ethanol.

5.3.4 The current-voltage (J-V) characteristics

The J-V characteristics of the solar cell is an essential characterization study to deduce the
key performance indicators of solar cells, e.g. short circuit current density (Jss mA/cm?),
open circuit voltage (Voc mV), fill factor (FF %), and efficiency (n %) . These important
figures of merit of a DSSC, intricately depends on characteristics of the materials used in
photo-anode, dye, electrolyte, and counter electrode and all these factors can be improved
by improvising the properties of materials used in the components of DSSC. Figure 75a

shows a set of nine J-V characteristic curves, [n"\WO3-TiO2/N719/MWCNT] and [nWO3-
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TiO2/N719/pt] DSSCs with three different WO3-TiO2 mass ratios (n = 1%, 3%, and 5%)
for each, along with standard bench mark [TiO2/ N719/Pt], [TiO2/ N719/MWCNT] and
[TiO2/ N719/TiO2] DSSCs for comparison and also these parameters are listed in Table 19.
In order to single out the enhancement brought about by the introduction of NnWO3-TiO> as
a photo-anode, we compared the performance of [nNWOs-TiO2/N719/Pt] DSSCs with
[TiO2/N719/Pt] DSSC  and [NWO3-TiO2/N719/MWCNT]  DSSCs  with
[TiO2/N719/MWCNT] DSSC in Figure 57a, where we can notice that the presence of WO3
in TiO2 in fact enhanced the efficiency and fill factors of the DSSCs with the maximum
value at the WO3-TiO2 mass ratio of 1%. The increased Jsc in the WO3-TiO> based DSSCs
in Figure 75a could be due to the shifting of the edge of the conduction band to more
positive level [165], [166] as shown in Figure 75b and c, which facilitates the increased
flow of photo-excited electrons to the conduction band of nWO3-TiO2 anode and reduced
charge recombination. It is quite clear from the band gap energies of WO3 and TiO; that
the conduction band of WOz lies favorably in such a way that the photo excited electrons
in the conduction band of TiO> tunnels its way out to the conduction band of WO3, while
the photo generated holes remain in TiO.. This excellent charge separation of photo-
generated electrons and holes inhibits the recombination of electron hole pairs in the anode
film and make these charge carriers available more for the photovoltaic process. Also, we
notice that [1%WO3-TiO2/N719/ MWCNT] vyielded a better efficiency than ones for
[3%WO3-TiO2/N719/ MWCNT] and 5%WOs3-TiO2/N719/ MWCNT. This is because,
although the charge separation is promoted by the presence of WO3, the higher WO3
contents in TiO2 causes less dye adsorption on the anode film [160], which in turn leads to

the generation of less electron hole pair. These two mutually competing factors resulted in
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the optimum efficiency in [1%WOz3-TiO2/N719/ MWCNT]. Also, as the position of
conduction band edge is directly related to Vo, the reduction of Vo in nWO3-TiO2
nanocomposite based DSSCs is quite expected, which has been observed in both modified
photoanode [NWO3-TiO2/N719/Pt] and [NnWO3-TiO2/N719/MWCNT] DSSCs with respect
to their unmodified photoanode [TiO2/N719/Pt] and [TiO2/N719/MWCNT] DSSC
respectively. The reduced Vo with the increased WO3 content in TiO2 observed in Figure
75a is in good agreement with reduced band gap energies with the increased WO3 content
in TiO2 observed in Tauc plot provided in Figure 75b and c. On the other hand, it is also
quite obvious from Figure 75a that values of Jscand FF enhanced with the increased WO3
content in TiOz till the WOs3 content in TiOz is as high as 1%, which can be attributed to
the availability of a greater number of conduction electrons and the enhanced suppression
of charge recombination brought about by the modified photoanode as explained above.
Further increase of WOzsin TiO>, leads to the reduction of the current density (Jsc) due to
the reduction in dye loading on nWOs-TiO2 photoanode [160]. Figure 75a and Table 19
also show that the photovoltaic performance in terms of Jsc, FF and overall efficiency n of
the nWOs-TiO2 based DSSCs is further enhanced when the Pt counter electrode was
replaced with MWCNT, which may be attributed to the faster redox reduction at the CE
due to the better catalytic activity of MWCNT along with reduced charge recombination

at photoanode due to the addition of WO3 in TiO2[167].
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Figure 75 (a) Current-Voltage (J-V) characteristics of fabricated DSSC with

different configurations of photo-anodes and counter electrodes (b & ¢) Schematic

and energy band diagram of pure TiO> (left) and nWOz3-TiO2 (right) based photo-

anode fabricated for DSSC.

Table 19 Photovoltaic parameters of fabricated DSSCs

Cell Structure Jc (MA/CM?)  Voc (MV)  FF (%) 71 (%)
[TiO2/N719/ TiO2] 0.079 443 25 0.01
[TiO2/N719/Pt] 15.76 761 36 4.36
[L%WO3-TiO2/N719/Pt] 15.96 734 44 5.18
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[3%WO3-TiO2/N719/Pt] 14.49 695 45 4.50

[5%WOs-TiO2/N719/Pt] 13.97 673 38 3.62
[TiO2/N719/MWCNT] 11.67 752 57 5.01
[1%WO3-TiO2/N719/MWCNT]  14.46 730 58 6.12
[3%WOs-TiO2/N719/MWCNT]  14.01 689 59 5.75
[5%WOs-TiO2/N719/MWCNT]  9.63 683 51 3.34

5.3.5 Electrochemical impendence spectroscopy (EIS) analysis

EIS is a very common technique used for the characterization of interfacial charge transport
properties of DSSC. EIS is measured by applying an AC voltage to the DSSC and observe
the current response at different frequencies. EIS data shown in Figure 76 is depicted as a
Nyquist plot, for the three variants of [nWOs-TiO2/N719/Pt] and [nWOs-
TiO2/N719/MWCNT] DSSCs, where the real and imaginary parts of the impedance of the
combined equivalent circuit are presented respectively in X and Y axes (complex plane) as
a function of varying frequency. The semicircle in the Nyquist plot is the characteristic of
a resistor capacitor parallel combination with a unique time constant. Inset of Figure 58
shows the equivalent circuit deduced from the Nyquist plot. The capacitances (C1 and Cy)
in the equivalent circuit come into being as a result of the formation of charge double layer
between electrode and electrolyte (counter electrode/electrolyte and anode/dye/electrolyte

interfaces), when the ions from the solution are adsorbed on the surface of electrode and
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separated from the ions by an intervening insulating space. Rs is the sheet resistance that
comes initially in series with the parallel circuit combination, R; and Rz are the charge
transfer resistances at counter electrode/electrolyte and semiconductor/dye/electrolyte
interfaces respectively, and Zw (Warburg impedance) is the impendence faced by the
charge carriers during their diffusion through the electrolyte. The semi-circle at higher
frequency and at the intermediate frequency is respectively due to the capacitance and
resistance  combinations at the back electrode/electrolyte interface and
semiconductor/dye/electrolyte interface in addition to Warburg diffusion impedance at low
frequency. Ideally Nyquist plot is expected to display the semicircles representing each of
the circuit elements, however, the absence of expected third semicircles in all the fabricated
DSSC are seen due to very large resistance R> as compared to Zw, which may
overshadowed the third semicircle. Therefore, in Figure 76, the two semi-circles appear in
the Nyquist plot correspond to R1 and Rz, and also it is quite clear from the plots that R»
corresponding to the DSSC with [1%WO3-TiO2/N719/MWCNT] is the largest among the
six variants. This highest resistance for the charge recombination in [1%WO3-
TiO2/N719/MWCNT] makes more charges available for the photovoltaic performance and
better charge transportation, which is quite instrumental in enhancing Jsc and makes this
particular DSSC combination the best among all the 6 variants under study, which is

evident from Table 19 [10].
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Figure 76 Electrochemical impendence spectroscopy (EIS) of fabricated DSSC

along with equivalent circuit of DSSCs (inset).

5.3.6 Catalytic activity and stability measurements of MWCNT as counter
electrode

5.3.7 Cyclic voltammetry, Chronoamperometry

In order to verify the stability of MWCNT, used as a CE in the fabricated DSSCs the cyclic
voltammetry (CV) was carried out using 10 mM acetonitrile solution of lodolyte (AN-50)
as an electrolyte, platinum electrode as a working electrode, and Ag/AgCl electrode as
reference electrode. It is quite clear from Figure 77a that the hysteresis effect due to the
forward and reverse ramp of the applied voltage remain intact after multiple cycles of

sweeping at the ramp rate of 50 mV/sec, which is the clear indication that MWCNT is quite
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stable. The stability of MWCNT is further substantiated by varying the ramp rate in the
CV study which is shown in Figure 77b. The two distinct peaks manifested in the CV
hysteresis curve in Figure 77a are due to the chemical processes that leads to the
regeneration of oxidized dye molecule by the donation of electrons from iodolyte
electrolyte and also the reduction of iodide by the oxidation of triiodide ions at CE as

depicted in the following two chemical equations 5.18 and 5.19 [168].

317 > I + 2e” (5.18)

215 = 31, + 2e” (5.19)

The stability of the MWCNTSs as the CE was further tested by the chronoamperometry
analysis, where 600 mV potential was applied, and the current density was recorded for
one hour (3600 seconds). It is clear from Figure 77c that although the current density

initially drops, it becomes quite stable after 500 seconds and remains stable.

5.3.8 Tafel Studies

The catalytic activity at the electrolyte/counter electrode interface were further investigated
by Tafel plot, where the logarithmic current density (log J) is plotted against the potential.
The two important parameters that can be deduced from that plot to evaluate catalytic
performance of the CE are exchange current density (Jo) and the limiting diffusion current
density (Jiim). Figure 77d shows the Tafel plots recorded for Pt and MWCNT counter
electrode based dummy cells with lodolyte (Z-50) as electrolyte. It is found that the
estimated value of Jo is almost equal for both Pt and MWCNT counter electrodes, which

ensures that the catalytic activity of MWCNT counter electrode is sufficient enough for the
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reduction of iodide by tri-iodide ions. The exchange current density J, has an inverse

relation with charge transfer resistance (Ry) at the electrolyte/counter electrode interface as

RT
nFR,

Jo= (5.20)

Where n, F, R, and T respectively are number of transferred (exchanged) electrons in
reduction reaction, Faraday’s constant, the gas constant, and temperature. The R1 value for
MWCNT based CE is less than Pt based CE, and hence higher current density J, for

MWCNT as compared to Pt based CE and is in good agreement with Figure 76.

Also from Figure 77d the limiting diffusion current density Jiim for MWCNT counter
electrode is greater than that of Pt counterpart, which means the former has greater
diffusion coefficient (D) of the I"/Is"redox couples in the DSSC according to the relation

[169], [170].

l
D = —— Jiim (5.21)

Where F, C, |, and n, respectively are Faraday’s constant and triiodide ion concentration,
the spacer thickness, and number of transferred (exchanged) electrons in reduction
reaction. The better Jo and Jiim in MWCNT back electrode made it a good choice for counter

electrode in the proposed structure of DSSC.
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Figure 77 (a) Cyclic voltamograms for different cycles at the scan rate of 50
mVsec?, (b) CV curves at various scan rates (c) Stability test of MWCNT as a
catalyst for counter electrodes with 10mM lodolyte Z-50as electrolyte, Pt as
auxiliary electrode and Ag/AgCl as reference electrode and (d) Tafel curves of

symmetrical cells (dummy) fabricated with MWCNT and Pt.

138



5.3.9 Photocatalytic performance of WO3-TiO2, nanocomposites films

In order to understand the photocatalytic behavior of nWO3-TiO2 nanocomposite films with
three different WO3-TiO2 mass ratios (n = 1%, 3%, and 5%), we investigated the photo-
catalytic degradation of MB dye in water under UV irradiation. In order to confirm that the
degradation of MB dye is not due to non-photo-catalytic (photo-induced) effect, the decay
curve in the absence of photo-catalytic thin film on FTO (i.e. only light) under the same
irradiation conditions was also examined. The decay curve for photocatalytic degradation
of MB dye in the absence of photo-catalytic film and also with nWO3-TiO2 nanocomposite
films (n = 1%, 3%, and 5% WOs3-TiO2 mass ratios) under UV irradiation are shown in
Figure 78a. In addition to this, the photo-catalytic degradation curves of MB, presented as
In(C/C,) versus time is depicted in Figure 78b, where it is quite clear that in the presence
of nWOs-TiO2 nanocomposite films (n = 1%, 3%, and 5% WOs3-TiO> mass ratio), the
photo-catalytic degradation of MB dye is much faster compared to the one without nWO3-
TiO2 nanocomposite films (only UV illumination). Also, by linearizing the decay curve,
we estimated the rate of degradation (k) of MB and their values are 0.424 min, 0.320 min-
Land 0.273 min respectively for 1%, 3%, and 5% WO3-TiO2 mass ratios in nWOs-TiOx,
nanocomposite films compared to a significantly lower k value of 0.0033 min in the
absence of photo-catalytic film. The bar diagram in Figure 78c demonstrates the
percentage photo-catalytic degradation efficiency of MB in water at different irradiation
times, where it is evident that the photocatalytic degradation efficiency of nWOs-TiO>
nanocomposite films (n = 1%, 3%, and 5%) are approximately 99.99%, 96.82% and
96.15% as compare to 34.11% without photo-catalytic film after 120 minutes of UV

irradiation. The absorbance spectrum of degradation of MB dye with nWOs-TiO>
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nanocomposite films (n = 1%, 3%, and 5%), from which the above results were deduced

are presented in Figure 79(a-c).
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Figure 78 (a) Decay curves for photocatalytic degradation of MB dye with nWO3-
TiO> films with three different WO3-TiO2 mass ratios (n = 1%, 3% and 5%) and
also in the absence of catalyst under UV light irradiation. (b) Plots of In(C/C,) vs.
irradiation time for the photo-catalytic degradation of MB dye with nWOz3-TiO>
films with three different WO3-TiO2 mass ratios (n = 1%, 3% and 5%) and also in
the absence of catalyst under UV light irradiation. (c) Percentage of photocatalytic
degradation of MB dye with nWQOz3-TiO> films with three different WO3-TiO2 mass
ratios (n = 1%, 3% and 5%) and also in the absence of catalyst under UV light

irradiation.
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Figure 79 Absorption spectra taken at a regular time interval in the process of
photo-catalytic degradation of MB dye with (a) 1%WO3-TiO2, (b) 3%WOs-TiOy,

and (c) 5%WOs-TiO: films as photo-catalyst under UV radiation.

5.3.10 Summary

In this study, three different mass ratios of synthesized nWOz3-TiO2 nanocomposite films
(n = 1%, 3%, and 5%), and MWCNT were used as photoanode and back electrode
respectively to fabricate [NWO3-TiO2/N719/MWCNT] combination of DSSC. In addition
to this, a set of [nWO3-TiO2/N719/Pt] combination of DSSC were also fabricated in order
to single out the improvement in the performance of DSSC due to the use of MNCNT as

the back electrode. The structural, morphological and optical characterizations of
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synthesized nWQOz-TiO2 nanocomposite photoanode films and the stability test of back
electrode were carried out. By comparing the photovoltaic performance of all the DSSCs,
it is quite clear that the cell with 1%WOs-TiO2 in nWOs-TiO. as a photoanode and
MWOCNT as back electrode [1%WO3-TiO2/N719/MWCNT] has the best efficiency of all
the six variants of fabricated DSSCs. It was found that an efficiency of 6.12 % was achieved
with [1%WO3-TiO2/N719/MWCNT] combination, which is around 12 % higher than the
highest reported in the literature for any nWQOz-TiO2 nanocomposite photo-anode in DSSC.
The enhancement of photovoltaic performance of fabricated [nWO3-TiO2/N719/
MWCNT] DSSC in general could be attributed to the reduced charge recombination and
increased electron injection into the conduction band of the composite semiconductor. In
addition to this the photo-catalytic degradation of Methylene blue (MB) dye was also
carried out using all three mass ratios of synthesized nWOs-TiO2 nanocomposites under
UV radiation and it was found that particularly 1%WOz3-TiO> was able to degrade 99.99%
of MB dye in 105 minutes, which is quite consistent with the photovoltaic results. The
photo-catalytic degradation experiment is presented with the aim that enhanced rate of dye
degradation would prove the increased inhibition to charge recombination and light
absorption of NnWO3-TiO>, the features essential for the better performance of photovoltaic

cells, the result of which supports the photovoltaic obtained performance.
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5.4. Efficient and Cost-effective Dye-Sensitized Solar Cells using
MWCNT-TiO2 Nanocomposite as Photoanode and MWCNT as Pt-

free counter electrode

5.4.1 Brief introduction

Ever increasing global need, over dependency on the fast depleting fossil fuels and
consequent environmental repercussions due to CO. emission instigated the quest for
renewable energy sources particularly from abundant solar energy through photovoltaic
process [50], [139], [140]. Photovoltaic technology has been going through three
generations of research and development, mainly focusing on novel materials that could
replace ubiquitous, yet expensive silicon based first generation solar cells, which achieved
an efficiency of 20% [141]. The second generation solar cells are developed from the thin
films of semiconducting materials such as cadmium telluride (CdTe), amorphous silicon,
or copper indium gallium selenide (CIGS) and the major constraint in the maturity of the
second generation solar cell is the use of rare elements that restrict large scale production
[171]. Dye-sensitized solar cells (DSSC) are the third generation low-cost multi junction
solar cells pioneered by Brain O’ Regan and M Gritzel in 1991, in which an organic dye
is excited by solar radiation, the photo generated electrons are injected to the conduction
band of mesoporous semiconductor, the oxidized dye is regenerated by iodide/ triiodide
redox mediator and this circuit is completed by the reduction of redox couple by the

incoming electron at a platinum counter electrode [33], [142], [172].

The output voltage of DSSC depends on the energy difference between the quasi Fermi
level of the semiconductor and the redox potential of the redox mediator under illumination
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and the photo-generated current depends on the absorption coefficient of the dye and the
charge transportation characteristics of the dye stained semiconductor as well as the
dye/TiO2 interface. Having more dye stained mesoporous semiconductor in the photoanode
(larger surface area) leads to the creation of more photo generated electrons and
consequently it leads to the enhancement in the efficiency of DSSC, however, with the
increase of interfacial area between the photoanode and the electrolyte, the probability of
recombination of conduction electrons of the semiconductor (or in any trap state) and the
diffused cations of the redox couple increases, which contributes negatively to the cell
efficiency. So in order to get good efficiency of a fabricated dye-sensitized solar cell, the
dye in the photoanode should have high visible light absorption coefficient and the excited
energy levels of the dye and the level of conduction band of the semiconductor should be
favorable for a good electron transfer from the excited dye to the conduction band of the
semiconducting material, compatible redox potential that enables effective regeneration of
dye and the faster catalytic activity of the counter electrode in reducing the oxidized

electrolyte [9], [152].

Unlike in the p-n junction photovoltaics, where the separation of the charges is mediated
by the induced field in the junction, in DSSC the charge separation is realized by different
competing kinetic and diffusion processes. The rate of injection of photo generated electron
from the excited dye to the conduction band of the semiconductor should be higher than
that of the relaxation time of the dye. In this process effective charge separation is achieved
in which the electron moved from the excited dye to the conduction band of the
semiconductor and the hole remained behind in the oxidized dye molecule. Then the

oxidized dye molecules are reduced by the redox mediator. This process is called dye
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regeneration and this process should be faster than the process in which the electrons in the
semiconductor are recombined with the oxidized dye and the redox mediator called as dark
current or charge recombination. Also the time taken for the electron to diffuse through the
semiconductor should be faster than recombination time and the diffusion length of the
conduction electrons should be more than the thickness of the semiconductor coating for

the efficient charge extraction [72], [143].

The intrinsic properties of semiconductor material and the dye used in the photoanode,
redox mediator and the catalyst as counter electrode along with the thickness and structure
are the key parameters that decides the interplay of different kinetic and diffusion processes
leading up to the enhanced efficiency of DSSC. The light absorbance, electron injection
from the dye, inhibition of recombination, electron transport is the key properties of
semiconductor material in the photoanode. Although different pure doped and composite
semiconducting materials have been used in the photo-anode of DCCS, TiO, remains to be
quite ubiquitous in DSSC fabrication due to its abundance, cost effectiveness, non-toxicity
and strong adsorption of dye, besides its remarkable properties mentioned above [158].
In spite of all these positive characteristics of TiO>, electron transport property of TiOg,
which decides the key photocurrent in DSSC is weaker than other semiconductors like ZnO
[157] and this deficiency of this wonderful material can be improved by synthesizing
nanocomposite of TiO2 with other suitable material and several works in the area of DSSC
with composite photoanode, with improved electron transport, dye adsorption and overall
increase of efficiency have been reported [130]-[132], [145], [173], [174]. Multiwall
carbon nanotubes (MWCNT) discovered by Sumio lijima[175] in 1991 has unique

electrical and morphological characteristics, that addition of small amount of MWCNT in
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TiO2 can enhance the key electron transport characteristics, when this composite is used
as a semiconductor material in the photoanode of DSSC. The enhancement of electron
transport in this material can be attributed to one dimensional structure and the formation

of complex interpenetrating network of MWCNTSs [176].

The role of material of the counter electrode (CE) of DSSC is to catalyze effective
reduction of oxidized electrolyte in order to win over the recombination of conduction
electrons of the photo anode semiconducting material with electrolytic cations. As
platinum (Pt) is well known for its chemical stability, catalytic activity and high exchange
current densities, this expensive noble metal is widely used as a CE in DSSC. However,
the use of platinum raises the cost of production and hence the very purpose of using DSSC
in the place of silicon solar cell is not completely justified. Many cost effective materials
such as carbon black, conductive polymer and carbon nanotubes have been used as a
counter electrode material [172], [177], [178]. In this focus of improvisation of the counter
electrode, MWCNT has also been tried owing to its positive attributes like high surface

area and rapid electron transport [179].

In this work, n-MWCNT-TiO2 nanocomposite with four varying mass ratios of MWCNT
in TiO2 (n = 0.03%, 0.06%, 0.09 and 0.12%) were synthesized, coated on FTO and soaked
in N3 dye and these dye soaked n-MWCNT-TiO films on FTO were used as photo anodes
for the fabrication of DSSC, in conjunction with iodide/triiodide redox mediator and pure
MWCNT coated FTO as counter electrode. The performance evaluation of the fabricated
DSSC was carried out by 1V characterization, which showed the highest efficiency of 7.15
% in [0.06%-MWCNT-TiO2/N3/MWCNT] DSSC configuration, which accounts for 13 %

enhancement in the overall efficiency compared to the conventional [TiO2/N3/Pt] DSSC.
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The improved efficiency of DSSC brought about by 0.06%-MWCNT-TiO photo anode is
explained in the light of the results of morphological (SEM, TEM), elemental and chemical
state (XPS) and optical (absorption spectrum) of characterizations of n-MWCNT-TiO2 and
electrochemical (EIS) analysis of the fabricated DSSC. The improved light absorbance in
the visible spectral region, high electron recombination resistance with oxidized dye and
redox mediator, improved electron transportation and better catalytic activity of MWCNT
at the counter electrode are some positive attributes for the improved performance of the
[0.06%-MWCNT-TiO2/N3/MWCNT] DSSC. As for this proposed [n-MWCNT-
TiO2/N3/MWCNT] DSSC configuration in particular, it has not been reported in the

literature to the best of our knowledge.

5.4.2 Results and Discussions

5.4.3 Optical Absorption Spectroscopy

The absorbance spectrum for N3 dye in ethanol in Figure 80, (also in Figure 81) shows two
absorbance peaks in the visible spectral regions centered at 419 nm and 547 nm and one
absorbance peak in the UV region centered at 322 nm. The visible region absorbance peaks,
originate from the characteristic low energy metal to ligand charge transfer (MLCT),
involving the excitation of electrons from 4d orbital of Ru to the unoccupied ©* molecular
orbitals and also the absorbance peak in the ultra-violet (UV) region is due to ligand
centered n- m* excitation. When TiO2 is added to N3, an electronic coupling between the
N3 dye molecule and TiOz is established and this coupling reorganizes the energy structure
in the intermolecular MLCT states. The titanium dioxide (TiO.) effect of on the dynamics

of the adsorbed N3 dye on its surface, is primarily due to both mode-specific vibrational
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and electronic de-phasing, where the latter process is more dominant. The restructuring of
the intermolecular MLCT states, brought about by the presence of TiO,, accompanied by
efficient photo-induced charge transfer enhances the visible light absorbance on TiO2-N3
dye as seen in Figure 80. This visible light absorbance is further enhanced with the addition
of MWCNT with the maximum visible light absorbance with 0.06% MWCNT in n-
MWCNT-TIOz in the presence of N3 dye, as it is quite obvious from Figure 80 and this
further enhancement of visible light absorbance could be due to the photosensitizing
property of MWCNT [180]. However, with higher MWCNT content, the light
transmission is restricted and also the agglomeration sets in, leading to reduced absorbance.
In addition to the enhancement of overall absorbance in the visible spectral region, there is
a slight red shift in the absorbance spectrum n-MWCNT-TIO;, originating from the
creation of defect states from the oxygen vacancy and/or structural defects in the MWCNT-
TiO, composite, resulting from the formation of Ti-O-C bonds in the TiO- lattice. The
observed red shift in the absorbance spectrum is attributed to the lowering of 7* energy

level due to the bonding between carboxylic group in N3 dye and Ti** ion.
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5.4.4 The current-voltage (J-V) characteristics of fabricated DSSC

The performance of the fabricated DSSC, having n-MWCNT-TiO- photosensitized by N3
dye as a photo-anode, and MWCNT as a counter electrode was evaluated by typical 1-V
characteristic study under standard test conditions (ambient temperature of 25 °C and 1 sun
illumination, equivalent to 1000 W/ cm? at air mass AM 1.5G) and the J-V curves are
depicted in Figure 82 for six different DSSC configurations. The key DSSC performance
indicators like open circuit voltage Voc (MV), short circuit current density Jsc (MA/cm?),
fill factor FF (%), and overall photovoltaic efficiency n (%) of all the configurations of
DSSC, deduced from the I-V characteristics are listed in table 20. In Figure 82 the
photovoltaic output indicators of our proposed [N-MWCNT-TiO2/N3/MWCNT] DSSC
configuration with four different n-MWCNT-TiO2 mass ratios (n = 0.03%, 0.06%, 0.09%
and 0.12%) in photo anode are shown along with the standard [TiO2/N719/Pt] and
[TiO2/N3/MWCNT] DSSC configurations for bench marking.

Table 20 indicates a systematic enhancement of short circuit current density Jsc for all the
MWCNT based DSSCs and this is due to the improved electron transport property brought
about by the presence of MWCNT. In the case of both [0.09%-MWCNT-
TiO2/N3/MWCNT] and [0.12%-MWCNT-TiO2/N3/MWCNT] configurations, all the
photovoltaic performance indicators are less than that of four other configurations
presented in Figure 82. This reduced photovoltaic performance in the above two
configurations is due to the reduced visible light absorbance due to the agglomeration of
MWCNT in the higher concentrations of MWCNT in photo anode, and also could be due
to the formation of undesired trap states that facilitates the rapid photo induced charge

recombination. Also, the higher recombination resistance (R2) as explained in
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electrochemical impedance spectroscopy analysis of these fabricated DSSC provided in
next section and the more intense visible light absorbance in [0.06%-MWCNT-
TiO2/N3/MWCNT] configuration should yield a higher short circuit current density Jsc for
[0.06%-MWCNT-TiO2/N3/MWCNT] configuration than that for [TiO2/N719/Pt]
configuration. But Jsc for [0.06%-MWCNT-TiO2/N3/MWCNT] configuration listed in
table 20 is less than that of [TiO2/N719/Pt] configuration and this discrepancy is due to the
fact that the MWCNT presence in photoanode reduced the transparency and hence the
number of electrons generated could be slightly lower in MWCNT-TiO2 photo anodes than
in [TiO2/N719/Pt]. On the other hand, the fill factors and the efficiencies of [0.03%-
MWCNT-TiO2/N3/MWCNT] and [0.06%-MWCNT-TiO2/N3/MWCNT] configurations
are higher than that of [TiO2/N3/MWCNT] and [TiO2/N719/Pt] DSSC configurations, with
the highest efficiency of 7.15% in the case of and [0.06%-MWCNT-TiO2/N3/MWCNT].
This performance enhancement could be due to (i) the presence of optimum level of
MWCNT in TiO, that serve as bridge for the better transport of electrons without being
trapped in the grain boundaries, thereby providing a conducting network for the transfer of
photoelectron to the outer circuit of DSSC [176], [181] (ii) the observed enhancement of
visible light absorbance originating from the trap states formed due to the Ti-O-C bonds
in the TiO; lattice, resulted in the generation of more photocurrents and (iii) the better
catalytic performance at the counter electrode side, resulted in the enhancement of charges
available for the efficient reduction of electrolyte [167]. It is quite clear from this study that
there is a 13% increase of efficiency in [0.06%-MWCNT-TiO2/N3/MWCNT] DSSC

configuration, compared to that of conventional DSSC configuration [TiO2/N719/Pt].
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Figure 82 J-V characteristics of fabricated DSSCs.

Table 20 Photovoltaic properties of DSSCs

Cell Structure Jsc (MA/CM?) Ve (MV) FF (%) n (%)
TiO2/N3/MWCNT 13.8 759 63 6.65
0.03%MWCNT-TiO2/N3/MWCNT 14.9 717 64 6.94
0.069%0MWCNT-TiO2/N3/MWCNT 154 752 62 7.15
0.09%MWCNT-TiO2/N3/MWCNT 13.6 707 62 6.03
0.12%MWCNT-TiO2/N3/MWCNT 13.1 683 63 5.69
Ti0O2/N3/Pt 16.8 726 52 6.33

154



5.4.5 Electrochemical Impendence Spectroscopy (EIS) analysis of fabricated
DSSCs

In order to elucidate the electrochemical charge transfer and transport behavior in different
pairs of charged surface layers and the media in DSSC during its operation, we carried out
the EIS analysis at the open circuit voltage, in the 0.1 Hz - 10° Hz frequency range. The
EIS results of all the six variants of DSSC are presented as Nyquist plots in Figure 83.
Further, the proposed equivalent circuit is provided in the inset of Figure 83 and the
numerical values of the fitted resistance and capacitance are listed in table 21. Nyquist plot
(in complex plane) is basically the wide range of frequency response of the imaginary and
components of the cell impedance of the equivalent parallel RC circuits at different
interfaces of DSSC. The smaller semicircles at the high frequency region (left) of the
Nyquist plots in Figure 83 arise due to the interface of MWCNT counter electrode and
electrolyte, where R1 is the charge transfer resistance and double layer C; represents
capacitance due to the charge formation in back electrode layer and the electrolyte
constitute RC network in the interface. The large semicircles at the mid frequency range
are due to MWCNT-TiO2/dye and electrolyte interface where R., the electron
recombination (back reaction or dark current) resistance and Cy, the capacitance between
the MWCNT-TIO> layer and the electrolyte constitute RC network in the interface. The
third semicircles which is expected to appear at small frequency is due to characteristics of
diffusion of the 17/1°~ redox electrolytes are obscured due to much higher resistance of Rz
than that of Zw (Warburg impedance). The Zw is the impendence that is resistance
encountered by the charge carriers when they diffused through the electrolyte. In addition

to these, there is sheet resistance Rs that is in series with the RC parallel circuit, which is
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more or less similar for all the fabricated DSSCs. Except [TiO2/N719/Pt] configuration, in
all the other 5 variants of DSSCs, we use same MWCNT as the counter electrode, Ry values
are almost same with slight variations. On the other hand, in the photo anode interface, the
value of R2 should vary according to the amount of MWCNT present in the photo anode
material. The increased level of MWCNT photo anode facilitates the easy transport of the
electrons within the semiconductor and also helps to reduce the recombination. It is quite
clear from Figure 83 and table 21 that the recombination resistance Rz corresponding to
the configuration [0.06%-MWCNT-TiO2/N3/MWCNT] based DSSC is the highest among
the all six different fabricated configurations. This largest R2 in [0.06%-MWCNT-
TiO2/N3/MWCNT] configuration offers high resistance for the charge recombination (also
called dark current) between the photosensitized electron in MWCNT-TIO:
semiconducting surface and the electrolytic cationic layer surrounding MWCNT-TiO2
directly from the conduction band of the photoanode (MWCNT-TiO3) or through some

trap states below [10].
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Table 21 Equivalent circuit parameters of fabricated DSSCs

Cell Structure R1 (Q) R2 (Q) C1 (uF) Cz (mF)
TiO2/N3/MWCNT 15.31 39.37 5.52 0.16
0.03%MWCNT-TiO2/N3/MWCNT 8.95 41.54 20.57 0.26
0.06%MWCNT-TiO2/N3/MWCNT 71.22 55.09 38.6 0.29
0.09%MWCNT-TiO2/N3/MWCNT 19.74 27.28 19.7 0.23
0.12%MWCNT-TiO2/N3/MWCNT 25.66 26.02 7.73 0.23
TiO2/N3/Pt 23.45 36.67 5.28 0.25
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5.4.6 Catalytic activity of MWCNT

Besides the optical, electron transport and material characteristics of photo anode, the
catalytic nature of the counter electrode (cathode), composition and configuration of
DSSC, the nature of redox electrolytes and the sensitizing dye are the crucial factors that
influence the performance of DSSC. Another improvisation introduced in the DSSC is the
use of MWCNT as the catalytic material to replace the expensive platinum electrode.
Although the [MWCNT-TiO2/N3/MWCNT] DSSC is found to be more promising than the
conventional [TiO2/N3/Pt] configuration, it is quite interesting to single out the
contribution of MWCNT counter electrode in the overall photovoltaic performance
enhancement. In DSSC counter electrode functions as catalyst in the chemical process of
efficiently reducing the redox mediator so that the dye molecules are rapidly regenerated.
The rapid reduction of redox mediator and the regeneration of dye can also effectively
inhibit the charge recombination at the conduction band of TiO> and electrolytic cations
interface and also recombination of conduction electrons with the oxidized dye molecule.
As the exchange current for the reduction of oxidized species in DSSC is proportional to
the catalytic performance of the counter electrode material, we carried out Tafel analysis
to estimate and compare the exchange current produced by the catalytic activity of Pt and
MWCNT in the DSSC. We fabricated dummy cells for both MWCNT and Pt materials
with lodolyte /15 as electrolyte. Tafel plot is bases on the Tafel equation, in which the
log J; logarithmic current density is plotted against the V; excess potential, and the
exchange current can be deduced by taking the antilog of the y intercept (at V=0) of the
tangent of the curve. Figure 66a shows the Tafel curves of dummy cells (also called

symmetrical cells) fabricated with Pt and MWCNT, from which it is clear that the exchange
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current Jo for MWCNT catalyst is considerably higher than that for Pt and hence it is quite
obvious that the MWCNT as a counter electrode is found to be better than that of Pt in
terms of catalytic activity in this DSSC configuration. The resistance Ry, at the electrolyte
I/13 /counter electrode interface called charge transfer has an inverse relation with

exchange current density Jo as shown in equation (5.22)

RT
TlFRl

Jo = (5.22)

Where, F, R, T and n are Faraday’s constant, the gas constant, temperature, and the number
of electrons involved in the reduction reaction respectively. Hence according to equation
1, the increased Jo for MWCNT is quite anticipated as the R1 of the MWCNT as counter
electrode estimated from the EIS study is found to be much less than that of Pt counter
electrode (table 21). Another important electrochemical parameter that can be deduced
from Tafel plot is the limiting current (Jiim), which is the saturated level of current in the
Tafel plot and from the Tafel plot in Figure 84a, the limiting current for MWCNT catalyst
is also found to be-higher than that for Pt. The limiting current density (Jiim), is related to

the diffusion coefficient (D) of the I"/Is"redox mediator as depicted in equation 5.23.

l
D = —— Jiim (5.23)

Where, F is Faraday’s constant, C is electrolyte concentration, I is the spacer thickness and
n is the number of exchange electrons involved in the reduction reaction. Hence the
improved exchange current and limiting current (improved diffusion coefficient) testify the
role of MWCNT counter electrode to partially enhance the efficiency of [n-MWCNT-

TiO2/N3/MWCNT] DSSC.
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5.4.7 Stability of MWCNT

Another desired feature of the counter electrode is that it should be chemically and
electrochemically stable in the electrolytic environment. In this work chronoamperometry
and cyclic voltammetry (CV) were carried out to study the chemical and electrochemical
stability of MWCNTSs as the CE. Figure 84b is the results of chronoamperometric analysis,
where the current density is found to be quite stable for the duration of 3600 seconds, when
600 mV potential was applied. Also cyclic voltammetry (CV) study was also carried out
and the hysteresis loops formed due to the oxidation process (forward ramp of the voltage)
and reduction process (reverse ramp of the voltage) remain quite similar in Figure 84c and
84d, which are respectively for different number of cycles of forward/reverse voltage
ramping (with the scan rate of 50 mV/sec) and for different voltage ramp rates. Therefore,
it is quite evident from the chronoamperometric and cyclic voltammetric analyses that

MWCNT counter electrode is electrochemically very stable.
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Figure 84 (a) Tafel curves of symmetrical cells (dummy cells) fabricated with
MWCNT and Pt. (b) Stability test of MWCNT as a catalyst for counter electrodes
with 7.5mM lodolyte Z-50 as electrolyte, Pt as auxiliary electrode and Ag/AgCl as
reference electrode, (c) Cyclic voltamograms for different scan rates, (d) CV curves

at different number of cycles at the scan rate of 50 mVsec™,

5.4.8 Summary

In this work, MWCNT based DSSC was fabricated, where the synthesized MWCNT-
TiO2 nanocomposites with different levels of MWCNT were used as a photoanode in

conjunction with MWCNT based, Pt free counter electrode. In photoanode, the

161



presence of MWCNT in TiO2 brought about many positive attributes like enhanced
light absorbance in the visible spectral region, high electron recombination resistance
and improved electron transportation. MWCNT in counter electrode showed better
catalytic effect than Pt in the reduction reaction of the oxidized iodine/triiodine redox
mediator in DSSC. All these improved features resulted in the enhancement of
photovoltaic efficiency in the [n-MWCNT-TiO2/N3/MWCNT] DSSCs, and among the
four different compositions of MWCNT-TiO2 nanocomposites used as a photoanode,
the one with 0.06%-MWCNT-TiOz, i.e.[0.06%-MWCNT-TiO2/N3/MWCNT] DSSC
configuration showed the highest photovoltaic efficiency of 7.15 %, which accounts
for an enhancement of 13% photovoltaic efficiency compared to the conventional
[TiO2/N3/Pt] DSSC configuration. This photovoltaic performance improvement and
use of low cost MWCNT in the place of expensive platinum will make MWCNT based
DSSCs efficient and cost effective.  Morphological, optical, elemental and
electrochemical studies of the material and DSSC were carried out and the improved
photovoltaic efficiency of [n-MWCNT-TiO2/N3/MWCNT] DSSC configuration is

explained on the basis of these results.

Rapid growth of 2D/3D Perovskite Single Crystals and their
Application as Efficient and Stable Solar Cells and Photodetectors

5.5.1 Brief introduction

A perovskite is any material with the following structure X""AZ* VIB4X3?" as shown in

Figure 85, where 'A" and 'B' are two cations, and X is an anion that bonds to both A and B.

Perovskite materials exhibit many interesting and intriguing properties especially their
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superconductivity, which makes them very promising for different uses in technology.
Moreover, perovskite can be very beneficial due to their abundant availability and low cost
[182].

There are different types of perovskite materials. They include, more common 3D and also
2D, 1D and 0D perovskite materials [183]. The 3D perovskite materials have stacking of
layers as shown in unit cell in Figures 86 and 87. However, if we replace cation “A” with
some bigger ionic radius cation, e.g. replacing methylammonium with buthylammonium
or propylammonium the stacking of 3D structures can be broken into different layers and
it can be controlled in many ways in terms of concentrations as shown in Figures 86 and
87.

There are two types of perovskite crystal (1) Polycrystalline and (2) Single crystal.
Polycrystalline growth of perovskite materials has many small crystals at nano level and
hence many grain boundaries. Many charge carriers are recombining at these grain
boundaries. Additionally, water molecules from the moisture are staked on these grain
boundaries and leads to the instability of the perovskite polycrystalline materials. A single
crystal is a solid in which the crystal lattice is continuous and unbroken throughout the
sample i.e. it does not contain any grain boundaries like polycrystals. Usually
polycrystalline perovskite materials are used to grow for various applications because of
their easy growth. However, single crystals have much more advantages over their
counterpart’s poly crystals. The single crystals have unique electrical and optical properties
due to the absence of the grain boundaries which decreases the loss of charge carriers at
grain boundaries. In addition to this important factor, single crystal has much more

advantages over poly crystal such as long diffusion length, long lifetime, higher mobility
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and low density of defects [184]. On the other hand, the polycrystalline perovskite
materials have a shorter lifetime and short diffusion length, many grain boundaries and less
mobility. Thus, single crystals were a better choice for this study which are subsequently
selected.

Crystallization is a process in which the stable crystalline phase emerges from the
metastable disordered phase. Various methods for the synthesis of perovskite single
crystals have been developed to date. These methods mainly include solution-processed
crystallization methods. There is the Classical Cooling Crystallization (CCC) and the Top-
Seeded Solution Growth (TSSG) methods which are both based on the loss of solubility
upon cooling the saturated solution [185]. We also have the anti-solvent vapor-assisted
Crystallization (AVC) that is based on a slow diffusion of an antisolvent vapor into a
solution containing the crystal precursors. Recently Bakr et. al discover a new method to
grow single crystals in minutes [186]. This method is called Inverse Temperature
Crystallization (ITC) method which we have used in this study.

The Inverse Temperature Crystallization (ITC) method is based on the loss of solubility by
solutes in a particular solvent upon heating, favoring their crystallization at elevated
temperatures as shown in Figure 88. In most of the solids, the solubility increases with
temperature thus cooling crystallization methods are used. However, in a few number of
solids the solubility trend is the opposite (inverse), they become less dissolve at high
temperatures [187]. Therefore, they are called inverse temperature crystallization. The
process of crystallization in ITC is reversible. The grown crystals can re-dissolve in the

solution upon cooling to the room temperature [188].
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applications in solar cells.
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Figure 87 Perovskite structures including 3D and 2D with different number of

layers. The figure also explaining the beneficial layer-edge states[189].

precursor
molecules

Figure 88 Inverse temperature crystallization method to grow perovskite single

crystals [190].

Perovskites can be used in many applications such as solar cells, photodetectors and X-ray
detection [191]. Here we are aimed to fabricate perovskite-based photodetectors and solar

cells.
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Photodetectors are a class of optoelectronic devices that respond to the change of light:
absence, presence or intensity variations. Photodetectors can also translate light into
electrical current. This property can help us innovate and develop better technologies to
help humanity. Photodetectors are also used in optical communications, medical and
scientific instruments (X-ray detection, fluorescence), surveillance and other applications
[192]. Solar cell is a device which convert sunlight to electrical energy. Unlike other
photovoltaics the efficiency of perovskite solar cells raised from 3.8% to 23.7% in just nine
years [193] which is best achievement for any type of solar cell in the history of
photovoltaic. However, instead of outstanding performance of perovskite solar cells they
cannot be commercialized at this stage due to their stability issues. These materials are
unstable when expose to ambient environment. 2D perovskite materials are hydrophobic
in nature and much more stable as compared to their 3D counterparts.

In this study, we prepared pure 3D and 2D/3D perovskite materials and then used them to
grow single crystals. The grown single crystals are used to fabricate photodetector and solar

cells. The 2D/3D materials are found more efficient and more stable.

5.5.2 Results and Discussions
5.5.3 Bulk Single Crystals

5.5.4 MAPDIs bulk single crystals

The MAPDIs bulk single crystal was grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 7mm as shown in Figure 89. The

temperature was elevated from 70 °C to 110 °C with 5 °C/hour.
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Figure 89 The 3D MAPbDIs perovskite bulk single crystal.

5.5.5 BAI: MAPbIsbulk single crystals

The BAI: MAPbIs bulk single crystal was grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 5mm as shown in Figure 90. The
temperature was elevated from 70 °C to 110 °C with 5 °C/hour. It was observed that the
surface of the grown single crystal was very smooth, and its SEM images are provided in

characterization chapter 4.
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Figure 90 The 2D/3D BAI: MAPDI3 perovskite bulk single crystal.

5.5.6 PAIl: MAPbIsbulk single crystals

The PAI: MAPbIs bulk single crystal was grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 6mm as shown in Figure 91. The
temperature was elevated from 70 °C to 110 °C with 5 °C/hour. It was observed that the
surface of the grown single crystal was very smooth, and its SEM images are provided in

characterization chapter 4.
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Figure 91 The 2D/3D PAI: MAPDI3 perovskite bulk single crystal.

5.5.7 Thin Single Crystals
5.5.8 MAPDI3 thin single crystals

The MAPbDIs thin single crystal were grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 5mm as shown in Figure 92. The
perovskite solution was poured between two ITO glasses and case-capping technique was
used. The temperature was elevated from 70 °C to 110 °C with 5 °C/hour. It was confirmed
that there are no grain boundaries on the surface of the grown single crystal, and its optical

microscope images are provided in characterization chapter 4.
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Figure 92 The 3D MAPDI3 perovskite thin single crystal between two ITO coated

glasses.

5.5.9 BAI: MAPDIs thin single crystals

The BAI: MAPDI3 thin single crystal were grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 4mm as shown in Figure 93. The
perovskite solution was poured between two ITO glasses and case-capping technique was
used. The temperature was elevated from 70 °C to 110 °C with 5 °C/hour. It was confirmed
that there are no grain boundaries on the surface of the grown single crystal, and its optical

microscope images are provided in characterization chapter 4.
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Figure 93 The 2D/3D BAI: MAPbI; perovskite thin single crystal between two ITO

coated glasses.

5.5.10 PAI: MAPDIzthin single crystals

The PAI: MAPDI3 thin single crystal were grown using inverse temperature crystallization
method. The size of the grown single crystal is ~ 3-4mm as shown in Figure 94. The shape
of these single crystal was star like as shown in the Figure 94 below. The perovskite
solution was poured between two ITO glasses and case-capping technique was used. The
temperature was elevated from 70 °C to 110 °C with 5 °C/hour. It was confirmed that there
are no grain boundaries on the surface of the grown single crystal, and its optical

microscope images are provided in characterization chapter 4.
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Figure 94 The 2D/3D PAI: MAPDI3 perovskite thin single crystal between two ITO

coated glasses.

The response of single crystals was measured using an advanced multimeter for calculating

the resistance in ohms to check if the grown single crystals are responding to the shinned

light or not. The response for all the three types of single crystals are tabulated below in

table 22.

Table 22 Experimental results for the photodetectors fabricated in this study.

Bottle# | Perovskite Crystal Substrate Without With room With mobile light
Materials | (Thin/bulk) type light (MQ) light (MQ) MQ)
1 FTO 21 19 18
Thin
MAPbDI; ITO 14 13 12
FTO 13 8 3
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Bulk ITO 23.9 20.9 11.9
FTO 38 31 27
2 BAI: Thin ITO 92 68 47
MAPDI;3
FTO 26 20 14
Bulk
ITO 76 61 52
3 FTO 40 30 22
Thin
PAI:
ITO 135 100 72
MAPDI;3
FTO 31 26 21
Bulk
ITO 92 81 73

Note: Responsiveness of these photodetectors can be determined by the difference rate in

the resistance when light luminosity changes.

5.5.11 Photodetector response by potentiostat and xnon lamp

For better understanding the response of the fabricated single crystal photodetector was
further tested using autolab potentiostat. Xnon lamp was used as a light source to check the
response of the fabricated photodetectors. The test was performed for 200 seconds with an
interval of 10 seconds for shinning of UV-Vis light to the photodetector and next 10
seconds keeping the photodetector under dark which are given below in Figures 95 to 100.
The response was very clear and quite satisfactory which confirmed the readings taken by
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the voltmeter. The overall current remained constant with slight changes for this period
which are due to the small degradation of perovskite materials because of 5% UV exposure

in the used lamp light.

9.00E-06

8.00E-06 e FT O/MAPDI3

7.00E-06 [

6.00E-06
S.00E-06
4.00E-06

Current (A)

3.00E-06
2.00E-06

1.00E-06
O U U - -

0.00E+00
1 21 41 61 81 101 121 141 161 181 201

Time (sec)

Figure 95 Planar photodetector fabricated using MAPbIs perovskite single crystal

grown on FTO glass substrates response to the UV-Vis Xenon lamp light.

175



7.00E-07
e FT O/BAI-MAPDHI3
6.00E-07 +
e o Sw ™ M ™M

':{ 5.00E-07 + ?‘ 1 F"-
p—
St -
= 4.00E-07
o
; 3.00E-07 +
O 2.00E-07 -

1.00E-07 + L

o b - ww W W
0.00E-+00 ' ' ‘ ' - -

1 21 41 61 8 101 121 141 161 181 201
Time (sec)

Figure 96 Planar photodetector fabricated using BAI: MAPDbIs perovskite single

crystal grown on FTO glass substrates response to the UV-Vis Xenon lamp light.
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Figure 97 Planar photodetector fabricated using PAI: MAPDI3z perovskite single

crystal grown on FTO glass substrates response to the UV-Vis Xenon lamp light.
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Figure 98 Planar photodetector fabricated using MAPbIz perovskite single crystal
grown on ITO glass substrates response to the UV-Vis Xenon lamp light.
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Figure 99 Planar photodetector fabricated using BAI: MAPDbI3 perovskite single

crystal grown on ITO glass substrates response to the UV-Vis Xenon lamp light.
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Figure 100 Planar photodetector fabricated using PAI: MAPDI3z perovskite single

crystal grown on ITO glass substrates response to the UV-Vis Xenon lamp light.

5.5.12 Fabrication of carbon-based printed perovskite solar cells using
inverse temperature crystallization (ITC) technique

The carbon-based printed perovskite solar cells were fabricated using ITC technique. The
schematic diagram for the fabrication of carbon-based printed perovskite solar cells using
ITC technique is shown in Figure 101 below. First, the FTO glass were masked for the
desired area and then etched using zinc powder and hydrochloric acid. After cleaning of
the etched FTO substrates, the substrates were tape casted for the desired area to be coated.
The tape casted FTO substrates were spin coated with titanium dioxide (TiO2) blocking
layer using spin coater with speed 5000 rpm for 30 seconds. The spin coated blocking

layers substrates were annealed at 500 °C for 60 mints. Subsequently, the FTO substrates
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were tape casted again for desired area to be coated with TiO- layer to provide the electron
transporting layer. We used doctor blade method to coat this layer and annealed it at 475
°C for 30 mints. The FTO substrates were tape casted again to coat the third layer of ZrO;
using doctor blade method and annealed at 475 °C for 30 mints. In the next step, the FTO
substrates were tape casted again for the desired area to be coated with carbon paste to
prepare porous carbon layer to replace both hole transporting layer as well as counter
electrode. This layer was coated using doctor blade method and annealed at 450 °C for 30
mints. Finally, the prepared Kits were poured with perovskite solutions. The four samples

were prepared, one with conventional method and three with ITC technique.

Porous Carbon

Ti0, blocking layer

FTO glass

Figure 101 Schematic diagram for the fabrication of carbon-based printed perovskite

solar cells using ITC technique.
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5.5.13 Current-voltage characteristics of Carbon-based printed perovskite

solar cells using ITC technique

The current-voltage characteristics of the fabricated solar cells were measured using class
AAA solar simulator equipped with standard simulated light AM 1.5G and data acquisition
system (IV-5 solar simulator, Sr. No. 83, PV measurements, USA). The 1V curves for all
four carbon-based printed perovskite solar cells using ITC technique can be found in Figure

102.
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Figure 102 Current-voltage characteristics of carbon-based printed perovskite

solar cells fabricated using ITC technique.
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The current-voltage characteristics parameters i.e. current density Jsc (mA/cm?), open
circuit voltage Voc (mV), Fill Factor (%) and power conversion efficiency 1 (%) for the
fabricated solar cells are provided in the table 23 below. It is evident that the current density
became better for MAPDIs single crystals based solar cells. This is due to reduced
recombination of the charge carriers. It is also observed that the current density of the
2D/3D perovskite single crystal based solar cells decreased due to the long chain perovskite
2D material layers which behave as charge barriers. However, single crystal based solar
cell are more stable as there are no grain boundaries, so no moisture will be sticking on the

grain boundaries, ultimately no degradation of the single crystals.

Table 23 Current voltage characteristics of carbon-based printed perovskite solar

cells fabricated using ITC technique.

Cell structure Jsc (MA/cm?) Voc (MV) FF (%) n (%)
MAPbI; PC 11.9 724 60 5.17
MAPbDI3 SC 16.7 711 60 7.09

BAI: MAPDI; SC 11.7 722 59 4.98
PAI: MAPbI; SC 11.2 721 59 4.76

Through the analysis of all these fabricated solar cells, we can conclude that single crystal
based solar cells are more efficient and more stable due to absence of grain boundaries.
Further research can lead these solar cells to large scale application due to utilization of
inexpensive carbon as counter electrode instead of costly gold as well as removal of hole

expensive hole transporting material like Spiro-OMeTAD.
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5.5.14 Summary

Perovskite bulk and thin single crystals were grown using ITC technique. Three types of
single crystals were grown including pure MAPbIs, BAIl: MAPbIs and PAI: MAPbDIs. The
2D/3D perovskite single crystals (BAl: MAPbI3) showed a more significant difference in
the resistance at the three different circumstances (room light, without light and with
mobile light) than the other perovskite single crystals i.e. MAPbIz and PAI: MAPDI3, which
means greater responsiveness to light that makes it an excellent photodetector. The
photodetector responses to the light were measured using auto lab potentiostat, which
further verify the better efficiency of BAI: MAPDIs. Furthermore, 2D/3D perovskite
materials-based single crystals shown more smooth and shiny surfaces. Finally, we
fabricated solar cells based on perovskite single crystals which shows better efficiency as
compared to the poly crystalline solar cells. The carbon-based printed perovskite solar cells
were fabricated using ITC technique to grow single crystals. The current-voltage

characteristics confirm the better efficiency in case of single crystal method.
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CHAPTER SIX

CONCLUSION AND FUTURE RECOMMENDATIONS

In this chapter the conclusion of the entire work carried out for this thesis and future

recommendations are presented.

6.1. Conclusion

The two main reasons for low efficiency of DSSCs are (i) low absorption coefficient (ii)
the recombination of photogenerated electrons with the oxidized electrolyte/dye. This
recombination of charges is also called dark current. On the other hand, platinum which is
an expensive noble metal, is conventionally used as a counter electrode in DSSC. In this
thesis we used various strategies to reduce the fabrication cost and enhancement of the
efficiency of the DSSCs by improving its absorption coefficient as well as reducing dark
current. The first strategy to enhance absorption coefficient, and hence ultimately
enhancing the efficiency of DSSC is co-sensitization technique. Co-sensitization approach
is an effective approach to enhance the performance of DSSC. We used organic sensitizer
SQ2 as a co-sensitizer with ruthenium-based dye Z907. Dye solutions of seven different
concentrations were prepared for the fabrication of DSSC. The fabricated DSSC were
characterized by UV-Vis spectroscopy, I-V characteristics, and EIS analysis. Our main
findings from this study demonstrated that the co-sensitization approach is a highly
effective method to boost the photovoltaic performance of a DSSC. Additionally, our

results proved that the absorption of dye solution increases with the increase of SQ2
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content. However, absorption spectra become more intense, sharp and broader when
anchored to TiOz film coated on the FTO surface. It has been also observed that the PCE,
Voc, Jsc, FF and charge recombination resistance of solar cells strongly depend on the
concentration of SQ2 dye. This study also confirmed that the charge recombination
resistance at photoanode/dye/electrolyte interface increases with co-sensitization and thus
reduces the dark current. Under optimal conditions, the DSSC assembled with 0.3mM
Z907 + 0.2mM SQ2 delivered PCE of 7.83%, which is significantly higher than the
individual sensitized solar cell (Z907 = 5.08% and SQ2 = 1.39%). This research has been

published in International Journal of Energy Research.

The costly platinum as counter electrode and the dark current which is the second main
problem of DSSC low efficiency was investigated using different approaches. We
fabricated hybrid composite using WO3-TiO2 which showed reduced recombination of free
carriers at photoanode/electrolyte interface. Additionally, we replaced expensive platinum
with cost-effective MWCNTS as counter electrode. In this study, three different mass ratios
of synthesized nWOs-TiO2 nanocomposite films (n = 1%, 3%, and 5%), and MWCNT were
used as photoanode and back electrode respectively to fabricate [nWOs-
TiO2/N719/MWCNT] combination of DSSC. In addition, a set of [nNWO3-TiO2/N719/Pt]
combination of DSSC were also fabricated in order to single out the improvement in the
performance of DSSC due to the use of MNCNT as the back electrode. The structural,
morphological and optical characterizations of synthesized nWO3z-TiO2 nanocomposite
photoanode films and the stability tests of back electrode were carried out. By comparing
the photovoltaic performance of all the DSSCs, it is quite clear that the cell with 1%WOs3-

TiO2 in nWOz3-TiO2 as a photoanode and MWCNT as back electrode [1%WOs-
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TiO2/N719/MWCNT] has the best efficiency of all the six variants of fabricated DSSCs. It
was found that an efficiency of 6.12 % was achieved with [1%WO3-TiO2/N719/MWCNT]
combination, which is around 12 % higher than the highest reported in the literature for
any nWOz3-TiO2 nanocomposite photo-anode in DSSC. The enhancement of photovoltaic
performance of fabricated [NWOs-TiO2/N719/ MWCNT] DSSC in general could be
attributed to the reduced charge recombination and increased electron injection into the
conduction band of the composite semiconductor. This study has been published in

Ceramics International journal.

From the motivation of the previous study we used another strategy to enhance the
efficiency of the DSSC using a completely new cost-effective approach. We prepared
hybrid composite anodes using MWCNT-TiO and used them for photoanode and at the
same time MWCNT were used as counter electrode to replace the expensive platinum. In
this study, MWCNT based DSSC was fabricated where the synthesized nanocomposites of
MWCNT and TiO2 used as a material for photoanode with variant compositions and
MWCNT with the precise fixed composition as Pt free counter electrode. In photoanode,
the presence of MWCNT in TiO2 brought about many positive attributes like improved
light absorbance in the visible region, high electron recombination resistance, improved
electron transportation and MWCNT in counter electrode showed improved catalytic effect
in the reduction reaction of the oxidized iodine/triiodine redox mediator in DSSC. All these
improved features resulted in the enhancement of photovoltaic efficiency in the [n-
MWCNT-TiO2/N3/MWCNT] DSSCs, particularly the efficiency enhanced as high as 7.15
% in the case of [0.06%-MWCNT-TiO2/N3/MWCNT] DSSC configuration. This

photovoltaic performance improvement and use of low cost MWCNT in the place of

185



expensive platinum will make MWCNT based DSSCs efficient and cost effective.
Morphological, optical, elemental and electrochemical studies of the material and DSSC
were carried out and the improved photovoltaic efficiency of [n-MWCNT-
TiO2/N3/MWCNT] DSSC configuration is explained on the basis of these results. This

study is under review in Solar Energy journal.

Perovskite are more efficient materials as compared to dyes due to their better absorption
coefficient in the visible region. However, the perovskite solar cells are not stable yet. The
usual 3D perovskite materials are more efficient, while 2D perovskites are more stable. We
carried out our research to make perovskite more efficient as well as stable. For this
purpose, we mixed 2D/3D perovskite materials to achieve both efficiency as well as
stability. Furthermore, we worked to grow 2D/3D perovskite single crystals e.g. BAI:
MAPDI3, PAI: MAPDI3. Finally, these grown perovskite single crystals were used for
fabrication of photodetectors. The fabricated photodetector using 2D/3D perovskite single
crystals i.e. BAI: MAPDIz and PAI: MAPbI3 showed a more significant difference in the
resistance at the three different circumstances (room light, without light, and with mobile
light) as compared to the 3D perovskite materials MAPDbI3, which showed more efficient
photodetector. Additionally, these 2D/3D photodetectors showed great stability in
comparison with the 3D perovskite materials-based photodetectors. Moreover, we
fabricated perovskite solar cells using 3D as well as 2D/3D perovskite materials. The
results show more efficiency and stability in case of 2D/3D perovskite materials single
crystals. Concludingly, as DSSC is more stable but less efficient as compared to PSC, and
PSC is more efficient but less stable. In this thesis we worked to fix these gaps.

Additionally, we worked to make them more cost-effective.
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6.2. Future recommendations

Low efficiency and high cost for platinum counter electrode are the major challenges for
the commercial growth of DSSCs. The following factors are responsible for the low

efficiency and expensive counter electrode of DSSCs,

1) Non-optimized dark current

2) Poor performance of dyes in the NIR region
3) Poor contact between the electrodes

4) High cost of platinum being a noble metal

Following steps are recommended in order to further enhance the efficiency and cost
effectiveness of DSSCs;

1) Improvement in the morphology of semiconductors to reduce dark current like
addition of MWCNT or any other efficient and cost-effective materials
2) Dyes design can be improved to enhance extinction coefficient
3) Contact improvement at interfacial surfaces
4) Use of additives for dyes and electrolytes that enhance their properties.
On the other hand, perovskite solar cells are efficient, but they are not stable as well as they
have toxicity problem. The stability and toxicity problem of perovskite solar cells could be

improved by the following steps and actions,

1) Use of 2D perovskite materials in combination with the 3D perovskite materials

2) Growth of single crystals using pure 3D perovskite materials as well as quasi 2D
materials.

3) Growth of large as well as controlled single crystals

4) Use of Sn, Ge i.e. lead-free materials to avoid toxicity problem.
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