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Abstract:

To make Quantum Dot Sensitized Solar Cells (QDSSCs) competitive, it is necessary to achieve
power conversion efficiencies comparable to other solar cell technologies. In this work, a
photoactive electrode consisting of CdS (visible light absorbing) and CdSeTe (alloyed quantum
dots with an excitonic absorption onset at 859 nm) and Carbon Nanospheres (CNS) were prepared
by assembling them onto a mesoporous TiO: electrode for the first time. Carbon Nanospheres were
prepared from starch by an acid treatment and they were dissolved in ethanol and deposited onto
TiO:electrophoretically. CdS QDs were formed over TiO2 and the TiO2/CNS electrodes by SILAR
(Successive lonic Layer Absorption and Reaction) method and CdSeTe QDs were deposited over
them by an electrophoretic deposition method. Both the electrodes (photoanode and cathode) were
characterized by electron microscopy, cyclic voltammetry, Raman and X-ray diffraction analyses.
QDSSCs were constructed with photoanodes of different compositions, and with a 0.1 M NaxS in
water-methanol (3:7) solution as electrolyte and a Reduced Graphene oxide based counter
electrode. The best overall power conversion efficiency was achieved for the
TiO2/CNS/CdS/CdSeTe photoanode-based cell and it is 2.82%. The use of a near-infrared absorber
like CdSeTe and electron acceptors like Carbon nanospheres in realizing remarkable

improvements in solar-cell performance metrics is demonstrated.
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1. Introduction:

Solar energy in one form or another is the source of mostly all energy on this earth. Humans, like
all other animals and plants, rely on the sun for warmth and food. However, people also harness
the sun's energy in several other different ways. For example, fossil fuels, plant matter from a past
geological age, is used for fuel and electricity generation and is essentially just stored solar energy

from millions of years ago.

Photovoltaics by definition is a process of converting sunlight directly into electricity using solar
cells. Today it is a rapidly growing and increasingly important renewable alternative to
conventional fossil fuel electricity generation, but compared to other electricity generating
technologies, it is a relative fresher, with the first practical photovoltaic devices demonstrated in
the 1950s. Research and development of photovoltaics received its first major boost from the space
industry in the 1960s which required a power supply separate from "grid" power for satellite
applications. These space solar cells were several thousand times more expensive than they are
today. The perceived need for an electricity generation method apart from grid power was still a
decade away, but solar cells became an interesting scientific variation to the rapidly expanding
silicon transistor development with several potentially specialized niche markets. Their application
to the "remote™ power supply area was quickly recognized and prompted the development of
terrestrial photovoltaics industry. Small scale transportable applications (such as calculators and
watches) were utilized and remote power applications began to benefit from photovoltaics [1].

1% generation solar cells: Traditional solar cells are made from silicon wafer-based solar cells.

2" generation solar cells: Usually called thin-film solar cells because when compared to crystalline
silicon based cells they are made from layers of semiconductor materials only a few micrometers
thick.

3" generation solar cells:

e Currently there is a lot of solar research going on in what is being referred to in the in the

industry as 3 generation solar cells.
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e This new generation of solar cells are being made from variety of new materials besides
silicon, including nanotubes, silicon wires and solar inks using conventional printing press

technologies, organic dyes, and conductive plastics.
e Currently, most of the work on third generation solar cells is being done in the laboratory.

e The goal of course is to improve on the solar cells already commercially available — by
making solar energy more efficient over a wider band of solar energy (e.g., including
infrared), less expensive so it can be used by more and more people, and to develop more

and different uses.

Potentials Figure 1: The Potential for Renewable Energy Sources

(Exajoule) (Base on Today's Technology level)
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1600 World energy demand in 2050
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Source: State of the World 2009, Worldwatch Institute, 2009 &

Figure 1.a: The solar energy is the only choice that can satisfy such a huge and steadily increasing

demand among the all others renewable energy sources.

1. a. Materials required for Solar cell:

Most of the solar cells produced worldwide are composed of the semiconductor material
Silicon (Si), as the second most abundant element in earth’s crust. At first produce a solar cell in
which, the semiconductor is “contaminated” or “doped”. “Doping” is the introduction of chemical
elements into the semiconductor. By doing this, depending upon the type of dopant, one can obtain
a surplus of either positive charge carriers (p-type semiconductor) or negative charge carriers (n-
type semiconductor layer). If two differently contaminated semiconductor layers are combined,

then a so-called p-n-junction results on the boundary of the two layers. By doping trivalent
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elements, we get p-type semiconductors (with excess amount of holes) and n-type semiconductors

(with excess amount of electrons) are obtained by adding pentavalent elements.

In QDSSCs several important types of semiconductor nanomaterials (sensitizers such as CdS,
AQ>S, CdSe, CdTe, CdHgTe, InAs, PbSe, PbSSe, CulnS, CulnSe,, CdSSe GaAs and PbS) [2] and
other nanomaterials like TiO., ZnO, and carbon-based species are used. Understanding the
mechanism of several photosensitization processes can provide design guidelines for future

successful applications [3].
1. b. Photovoltaic effect:

In order to generate power, a voltage must be generated as well as a current. VVoltage is generated
in a solar cell by a process known as the "photovoltaic effect”. The collection of light-generated
carriers by the p-n junction causes a flow of electrons to the n-type side and holes to the p-type

side of the junction.
1. c. Types of Solar Cells:

There are several kinds of solar cells that are currently available. However, each of them is based
on different concepts and each has it’s unique advantages. Analysis and comparison between
different cells (or technologies) will help us to adopt the most efficient and beneficial technology,

given a specific set of conditions.
1. c. 1. Silicon cells:

Silicon or other semiconductor materials used for solar cells can be single crystalline, multi
crystalline, polycrystalline or amorphous. The key difference between these materials is degree to
which the semiconductor has a regular, perfectly ordered crystal structure, and therefore

semiconductor material may be classified according to their size of the crystals.

Single crystal sc-Si >10cm Czochralski (CZ) fleat zene (FZ)
Multicrystalline mec-Si 1mm-10cm Cast, sheet, ribbon
Polycrystalline pc-Si 1pm-1imm Chemical-vapour deposition
Microcrystalline Hc-Si <1lpm Plasma deposition

Figure 1.b: Difference in grain size and techniques for various types of silicon cells [4].
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1. c. 1. 1. Single-crystalline silicon cells:

Single-crystalline wafers typically have better material parameters but they are more expensive.
Crystalline silicon has an ordered crystal array, with each atom ideally lying in a pre-determined
position. Crystalline silicon exhibits predictable and uniform behavior but because of the careful
and slow manufacturing processes required, it is also the most expensive type of silicon.

1. c. 1. 2. Multi-crystalline silicon cells:

Techniques for the production of multicrystalline silicon are more simple and cheaper, than those
required for single crystal material. Multicrystalline materials consists of grain boundaries and this
is why the material quality is lower than that of single crystalline materials. Grain boundaries
introduce high localized regions of recombination due to the introduction of extra defected energy
levels into the band gap, thus reducing the overall minority carrier lifetime from the material. In
addition, grain boundaries reduce the performance of the solar cell by blocking carrier flows and

providing shunting paths for current flow across the p-n junction.
1. c. 2. Thin film solar cells:

Multiple compounds like CdS, CdTe, Cu(In,Ge)Se., GaAs etc. are used to fabricate thin filmsolar
cells. One example of thin Film is a ZnO/CdS/CulnGaSe; thin-film solar cell. Conversion

efficiencies exceeding 19% have been achieved here [5].
1. c. 3. Polymer solar cells:

A polymer solar cell consists a conjugated polymer, with delocalized m electrons, which can absorb
visible light and conduct electrical charge. For example, a low-band-gap alternating copolymer
consisting of terthiophene and isoindigo has been designed and synthesized. Solar cells based on
this polymer and PC7:BM ([6,6]-phenyl-C71-butyric acid methyl ester) show a power conversion
efficiency of 6.3%, which is a record for polymer solar cells based on a polymer with an optical
band gap lower than 1.5 eV [6].

14



1. c. 4. Dye Sensitized Solar Cell:

Dye-sensitized solar cells (DSSC) provide a credible alternative concept to present day p—n
junction photovoltaic devices with respect to the technical and economical view. Here, light is
absorbed by the sensitizer, which is anchored to the surface of a semiconductor having wide band
gap. Charge separation takes place at the interface via photo-induced electron injection from the
dye to the conduction band (CB) of the solid. The carriers are transported in the CB of the
semiconductor to the charge collector. Nearly quantitative conversion of incident photon into
electric current is gained over a large spectral range from the UV to the near IR region. It is possible

to produce these cells at a lower cost than other conventional devices.

The work on dye sensitized solar cells (or Gratzel cells) was first published in 1991. Highest Lab
level efficiencies are more than 15%. They are cost effective compared to Si solar cells, easy to
assemble and fairly stable [7].

In the figure below, the schematic of a DSSC is shown applied on a conductive FTO glass plate
and the sensitizing dye (like Ru-dye) is deposited on the wide gap semiconductor. The electrolyte
is a redox couple (usually iodide/tri-iodide) that is in contact with the dye and it reduces the
oxidized dye and carries the positive hole to the counter electrode. The overall reactions are given

below.
1/213+ e’(Pt) ==y 3/2 | (at counter electrode)

3/21" == 1215+ e (at dye)
I3+ 2e7(Ch) w——pp 3|
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Figure 1.c: A schematic representation of dye working mechanism of a DSSC [8].

1. c. 2. a. Advantages:

[EY

Dye-sensitized solar cells have a good depth in their nanostructure and hence absorb well
the photons well in the sunlight. Furthermore the dyes used in the cells are efficient in
converting the absorbed photons into electrons.

As the manufacturing cost is reduced, DSSCs are less expensive when compared to other
semiconductor cells.

The dye used in dye-sensitized solar cells can absorb diffuse sunlight and fluorescent light
as well. DSSCs can also work in cloudy weather and low-light conditions without much
impact on efficiency, while other traditional cells would fail at illumination below a certain
range.

Unlike other thin-film cells, DSSCs do not degrade in sunlight over time which makes the
cells last long.

DSSCs are mechanically robust. They are made of lightweight materials and require no

special protection from rains or trees or any other harsh objects [9].

. C. 2. b. Disadvantages:

The major disadvantage of a DSSC design is the use of the liquid electrolyte, which has

temperature stability problems. At low temperatures the electrolyte can freeze, ending
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power production and potentially leading to physical damage. Higher temperatures cause
the liquid to expand, making sealing the panels a serious problem.

» Another disadvantage is that the costly ruthenium (dye), platinum (catalyst) and conducting
glass or plastic (contact) are needed to produce a DSSC.

« Athird major drawback is that the electrolyte solution contains volatile organic compounds
(or VOCs), solvents which must be carefully sealed as they are hazardous to human health
and the environment.

» Replacing the liquid electrolyte with a solid has been a major ongoing field of research.
Recent experiments using solidified melted salts have shown some promise, but currently

suffer from higher degradation during continued operation, and are not flexible.

1. ¢. 3. Quantum dot sensitized solar cells (QDSSCs):

The emergence of quantum dot-sensitized solar cells (QDSSCs) has provided an alternative way
to harvest solar light for energy conversion [10]. Quantum dots are used as a photosensitized
materials in QDSSCs. Quantum dots are tiny particles, have discrete energy levels and band gaps
are tunable across a wide range of energy levels by changing the QD size in contrast to bulk

materials, where the band gap is fixed.
1. c. 3. 1. Quantum Dots:

Quantum dots are tiny particles or nanocrystals of a semiconducting material with diameters in the
range of 2-10 nanometers (10-50 atoms). Quantum dots display unique electronic properties,
intermediate between those of bulk semiconductors and discrete molecules, that are partly the

result of the high surface-to-volume ratios for these particles.

The discrete, quantized energy levels of quantum dots relate them more closely to atoms than that
of bulk materials and this is why quantum dots are nicknamed as 'artificial atoms’. Quantum dots

can be classified into mainly three types based on their composition and structure.
1.c. 3. 1. a. Core-Type Quantum Dots:

These type of QDs are mainly single component materials with uniform internal compositions,

such as chalcogenides (selenides or sulfides) of metals like cadmium or zinc. Example: CdSe
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1. c. 3. 1. b. Core-Shell Quantum Dots:

One QD embedded in another, with both comparative wide band gaps are known as core-shell
quantum dots (CSQDs) or core-shell semiconducting nanocrystals (CSSNCs). For example,

guantum dots with CdSe in the core and ZnS in the shell.
1. c. 3. 1. c. Alloyed Quantum Dots:

Multicomponent QDs offer an alternative method to tune properties without varying crystallite
size. Alloyed semiconductor quantum dots with both homogeneous and gradient internal structures
allow tuning of the optical and electronic properties by merely varying the composition and
internal structure without changing the crystallite size. For example, alloyed QDs of the
compositions CdSxSe1x/ZnS of particle size of 6 nm emits light of different wavelengths by just

changing the composition.
1. ¢. 3. 2. Quantum confinement:

It describes how electronic properties (organization of energy levels into which electrons can climb
or fall) and optical properties change when the semiconductor material size is in the range of 10
nm. Specifically, the phenomenon results from electrons and holes being squeezed into a

dimension that approaches a critical quantum measurement, called the exciton Bohr radius.

Energy for the lowest excited state relative to Eggp iS;
NC B 2,2 2, % 2,
E,~ =E, + (hFn”/2R7)(1/mg + 1/my ) — 1.8¢”/eR

An analytical expression for how the electronic band gap of the semiconductor nanocrystal is
modified relative to that bulk semiconductor. R is the radius, m”es are the effective masses of
electron and hole. 2" term represents the confinement energy tends to increase the energy of the
band gap as it scales with R2, 3 term is a small Coulomb correction factor which accounts for
the attraction between the e and the hole. In the bulk, the confinement energy term is absent so

that the excitonic peak can be found below the band gap absorption [11].
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Figure 1.d: Density of states versus confinement. The electronic density of states for different
dimensionalities of confinement: a) bulk; b) 1D confinement, 2D material; ¢) 2D confinement, 1D

material; d) 3D confinement, OD material [12].

1. c. 3. 3. Parameters of QDSSCs:

Here is some short discussion of parameters related to QDSSCs.
1.c.3.3.a. IV curve of a solar cell:

The IV curve of a solar cell is the superposition of the IV curve of the solar cell diode in the dark
with the photo-generated current. The light has the power to shift the IV curve down into the fourth
quadrant where power can be extracted from the diode. Illuminating a cell adds to the normal

"dark™ currents in the diode. So that the diode law becomes:
| = lo [exp(qv/nkT)-1] - IL
The equation for the IV curve in the 1% quadrant is:

I =1L - lo [exp(qv/nkT)-1]
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The -1 term in the above equation is usually neglected and the exponential term is usually >> 1
except for voltages below 100 mV. Further, at low voltages, the light generated current I_

dominates over the lp term so the -1 term is not needed under illumination.

1. c. 3. 3. b. Short-circuit current (ls):

The short-circuit current is the current through the solar cell when there is no voltage across the
solar cell (i.e., when the solar cell is short circuited).

1. c. 3. 3. ¢. The open-circuit voltage (Voc):

It is the maximum voltage available from a solar cell, and this occurs when the current is zero.

-

IV curve of the solar cell

\ The short circuit current, lgc,

is the maximum current from a
I= solar cell and occurs when the
2 voltage across the device is

3 Zero.

IV curve of the solar cell

-
o

Current

The open circuit voltage,V e,

is the maximum voltage from a
solar cell and occurs when the

Power from

the solar cell Power from net current through the device
the solar cell 15 Zero.
Voltage v -
»
Voc Voltage Vo

Figure 1.e: Representation of Iscand Voc in characteristic I-V curve.

1. c. 3. 3. d. Fill Factor:

The "fill factor", more commonly known by its abbreviation "FF", is a parameter which, in

conjunction with Vo and lsc, determines the maximum power achieved from a solar cell.

Imax X Vmax
FF = (D
Isc X Voc
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1. c. 3. 3. e. Efficiency:

It is the most commonly used parameter in a solar cell to compare the performance of one solar
cell in that of another. Efficiency is defined as the ratio of energy output from the solar cell to input

energy from sunlight.

Voc Jsc FF
n= )
Pin

Where in the above equation, Pin is the input power, and the input power for efficiency calculations
is 1 kwW/m? or 100 mW/cm?. Thus the input power for a 100 x 100 mm? cell is 10 W and for a 156
x 156 mm? cell, it is 24.3 W.

1. c. 3. 4. Working mechanism of QDSSCs:

The working mechanism of the QDSSC is as follows. At first the QDs absorb energy in terms of
incident photon from sunlight and due to this the electrons are excited from the valence band of
the QDs to the conduction band of the QDs. The excited electrons will be the transferred to the
conduction band of the wide band gap semiconductor (TiO.) attached to the FTO glass and a hole
is created in the valence band of the QDs. These holes are trapped by the redox couple of the
electrolyte (sulfide or polysulfide). As a consequence, the electrolyte is reduced at the counter

electrode and it moves to the anode and regenerates the QDs.
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Figure 1.f: Schematic representation of working mechanism of QDSSC [13].
1. c. 3. 5. Advantages over DSSCs:

» QDSSCs have a special property of tunability of optical properties with size.

» Most of the dyes are more susceptible to U.V. degradation, but QDs are not.

* (QDSSCs form better hetero-junctions with solid hole conductors in comparison with
DSSCs.

« Higher intrinsic dipole moment of QDs may lead to rapid charge separation and band

alignment.
1. c. 3. 6. Deposition of semiconductor QDs over mesoscopic TiOz films:

Quantum Dots are developed over a wide gap semiconductor (TiO2) through mainly in two
approaches, post synthesis assembly, and direct growth. In the first method, pre-synthesized
quantum dots (QDs) are bound to TiO2 where organic molecules acts as a linkers. The latter
method (direct growth) includes SILAR (Successive lonic Layer Absorption and Reaction), CBD
(Chemical Bath Deposition), Electrophoretic Deposition (EPD), Drop cast and spin coating etc.
[14].
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Deposition of QDs over mesoporous metal oxides is focused on mainly two approaches:

Molecular Linker

Drop Cast
/Spin Coat

>
/
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precursor precursor or (CdS)

SILAR

Figure 1.9: Representation of different methods of QD deposition [15].

1) Colloidal QDs are attached to the surfaces of metal oxides either by linker assisted method
or other attractive forces through surface ligands.
2) QDs are deposited directly over TiO2anodes in CBD process under normal or hydrothermal

conditions.

In a CBD process, cationic and anionic precursors are dissolved in either one bath or in two
separated beakers and the bare electrode dipped alternatively in each other. The cationic and
anionic precursors are reacted slowly to grow the QDs. Another one is the SILAR process which
has been used to prepare various inorganic-semiconductor-modified electrodes. Mainly this
process is followed for metal sulfides, but not of metal selenides or tellurides because of difficulties

in preparing stable Se?” and Te? precursors [16].

A maximum photo conversion efficiency of 3.67% was achieved for this CdS-sensitized TiO>
electrode under a visible light illumination of 100 mW cm 2 using Pt as a counter electrode [17].
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1. c. 3. 7. Recent trends of CdSeTe based on QDSSCs:

To increase the capable of arising solar cell efficiency, alloyed semiconductor quantum dots can
be used near-IR region. CdSeTe (or CdSexTe1), the ternary alloy, has the capacity to deliver high

efficiencies.

CdSeTe is used in developing near-infrared fluorescent probes for in vivo molecular imaging and
biomarker detection as it shows change in optical properties without changing the particle size
[18].

In another work, CdSeTe QDs were deposited over TiO2 and TiO2/Cds films with a coating of ZnS
by using various counter electrode like Pt nanoparticles, Cu,S, Au, carbon nanomaterials and
electrolytes iodide/tri iodide electrolytes (17/15°), polysulfide electrolytes (S*/Sx%), and cobalt redox
couples ([Co(o-phen)s?*/**]) to get 50% IPCE over 400-710 nm wavelength region [19].

CdSeo.45Teoss alloyed quantum dots (QDs) with an excitonic absorption at 800 nm and particle
size of 5.2 nm were prepared via a non injection high-temperature pyrolysis route which gave a
record conversion efficiency of 6.36% (Jsc= 19.35 mA/cmz, Vo= 0.571 V, FF = 0.575) under full

1 sun illumination with Cu>S counter electrode and polysulfide as electrolyte.
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Figure 1.h: Temporal evolution of J-V curves (a) and photovoltaic parameter values, n (b), Jsc,
Voc(C), and FF (d), for the CdSeTesoo cells based on Cu.S counter electrodes via electrode position
of Cu on FTO glass [20].

In new of the above described advantages CdSeTe QDs, in this thesis, CdSeTe based solar cells
were developed with Reduced graphene oxide as the counter electrode.

2. Experimental details:
2. 1. Chemicals:

Degussa TiO, P25 (with surface area 50+15 m?g™) was a gift from Evonik; Titanium Chloride
(TiCls), Triton X-100, Cadmium Acetate [Cd(CHsCOO)2], Sodium sulfide (Na.S), Zinc acetate
dihydrate ultrapure[(CH3COO).Zn.2H,0] were purchased from Merck; Acetyl acetone, Graphite
powder (<20um), Cadmium oxide (CdO), Trioctylphosphine(TOP) from Sigma Aldrich. Ultra-
pure water with a resistivity of ~18.2 MQ cm was obtained through Millipore Direct-Q 3 UV
system. Hydrogen peroxide (H202, 30 wt %), Potassium permanganate (KMnQs), methanol,
ethanol, Acetyl nitrile, toluene, Sulfuric acid (95 %), Hydrochloric acid, Hydrogen monohydrate,
Paraffin heavy, Oleic acid, Starch soluble GR, n-hexane were obtained from Merck. Selenium
powder (99+ %), Tellurium powder (-200mesh, 99.5 % metal basis gray powder) were obtained
from Alfa Aesar. Inorganic transparent electrodes of SnOz:F coated glass (FTO, Pilkington, sheet
resistance: 25 Q/sq) were cleaned in a soap solution, Ethanol, double distilled water, propan-2-ol

and acetone prior to use.
2. 1. 1. Preparation of CdSexTeix:

Here a literature method was followed with minor modification. Typically, 0.5 mL of 0.1 M Se
and Te precursor solutions, prepared by dissolving Se or Te in TOP and paraffin (v/v, 1:3) at 60
or 250 °C under N, atmosphere, respectively. Both of the precursors were mixed with 10 mL of
0.1 M Cd (50 mg) stock solution (when it became colorless), obtained by dissolving CdO in oleic
acid (460 mg); TOP and paraffin and (v/v, 1:2) at 200 °C under N in a three-neck flask clamped
in a heating mantle with a Cd:Te:Se molar ratio of 10:1:1. Afterwards, the resulting reaction
mixture was further heated to 320 °C at a rate of 10 °C/min under a N2 atmosphere with vigorous

stirring. After maintaing at 320 °C for 15 min the reaction mixture was removed from the heater
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and cooling to 60 °C. Then 30.0 mL of hexane-methanol (v/v, 1:1) was used as the extraction
solvent to separate the nanocrystals from by products and unreacted precursors, if present. The
prepared CdSexTe1.x QD solution was further purified by centrifugation and decantation with the
addition of acetone. The prepared QD solution was used in toluene solvent after washing it by

acetonitrile and toluene [20].
2. 1. 2. Preparation of Carbon Nanospheres:

Starch, the carbon source, was dissolved in 6 M sulfuric acid (16.3 mL of 18.4 M was taken to
form 50mL 6 M acid solution) to form a starch solution, which was placed in a round bottom flask
and refluxed at 120 °C for 12 h. The resulting black suspension was filtered and washed by distilled
water. Next the product was dried overnight and annealed at 350 °C for 3 h. [21].

2. 2. Preparation and reduction of Graphite Oxide (GO):

Graphite powder (200 mg) was mixed with 5 mL of H.SO4 (95%) and the mixture was stirred for
30 min by maintaing the temperature at 20 °C. Potassium permanganate (600 mg) was added very
slowly in the suspension with vigorous stirring while maintaining a reaction temperature of 20 °C.
Then the ice bath was removed, and there action mixture was stirred overnight at 35 °C. In the next
step water was added to the pasty solution with constant agitation and the color of the solution
changed to yellowish brown .After 2 h of vigorous stirring, 5 mL of 30% H,O> was added to the
yellowish brown solution and immediately it turned to golden yellow. The mixture was washed
with 5% HCI and then deionized water to make the solution became acid free. Then the mixture
was filtered and dried under vacuum at 65 °C. The GO was obtained as a gray powder. In order to
prepare reduced GO, 0.1 g of GO was dissolved in 50 mL of deionized water. Then 1 mL of
hydrazine monohydrate was added to the reaction mixture and heated up to 95 °C for 12 h. The
reduced graphite oxide was collected by filtration as a black powder. The product thus obtained
was washed with deionized water to remove excess hydrazine, and the final product was dried in

a vacuum oven at 75 °C for one day [22].
2. 3. Fabrication of Photoanode:

A dense TiO; layer was laid over FTO using a paste of TiO2 powder dispersed uniformly in a clear

formulation of acetyl acetone (1.5 mL), ultrapure water (8.5 mL) and Triton X-100 (20 mg) by
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doctor blading. The as-deposited TiO- plates were heated at 58 °C for 30 min, which was followed
by annealing at 500 °C for another 30 min. Again one more layer of TiO2 was also deposited using
the same steps as mentioned above, followed by heating and annealing as performed for the active
layer. Then the TiO> layered FTO substrates were kept immersed in an aqueous TiCls (0.04 M)
solution at 70 °C for 20 min and the resulting TiO; film was rinsed in distilled water and sintered
at 500 °C [23].

A CdS layer was deposited over the TiO. plates by Successive lonic Layer Absorption and
Reaction (SILAR) process by immersing a FTO/TiO: in a 0.1(M) methanolic solution of Cd(OAc):
and NaxS for 2 min followed by a methanol rinse and dried. In case of TiO2/CNS/CdS was prepared
by using very dilute solution of carbon nanospheres in ethanol over TiO; plates by electrophoretic
deposition, then CdS layer was formed by usual SILAR process. CdSeTe quantum dot was
deposited over TiO. or CdS through electrophoretic deposition at high voltage. In case of CdSeTe
QDs ZnS layer was grown over CdSeTe through SILAR process thus it can make shield on excess
Cd (Cd:Se:Te = 10:1:1 in CdSexTeix).

2. 4. Fabrication of Counter Electrode:

The newly formed reduced graphene oxide was annealed at 350 °C for 3.5 hours and it was
deposited over FTO plates at 60V for 10 minutes in Ethanol solution. Then the FTO plates with a
RGO layer were annealed at 140 °C for another 10 minutes. Now these plates were used as a
counter electrode in this QDSSCs.

2. 5. Electrolyte:

All experiments were performed using a 0.1 M NazS in ultrapure water/methanol 3:7 (v/v)

solution employed as the electrolyte.
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3. Results and discussion:
3. 1. UV-Vis spectroscopy analysis:

Ultraviolet/Visible (UV/Vis) spectroscopy is a technique used to quantify the light that is absorbed
and scattered by the sample. The sample is placed between a light source and a photodetector, and
the intensity of a beam of light is measured before and after passing through the sample. These
measurements are compared at each wavelength to quantify the sample’s wavelength dependent

extinction spectrum. The data is plotted typically a function of wavelength.
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Figure 3.a: UV-Vis spectral analysis of (a) TiOz, (b) CdS, (c) CdSeTe and (d) all the photoanode
films used in QDSSCs.

From the above absorption spectrum it is observed that TiO2, CdS, CdSeTe show absorption peaks
at 383 nm, 548 nm and 859 nm respectively. The optical band gap is easily calculated by using the
formula: Band gap (eV) = [1240/A (nm)].
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Using the above formula the calculated optical band gaps of TiO,, CdS and CdSeTe are 3.23, 2.26

and 1.44 eV respectively.

3. 2. Cyclic Voltammetric analysis:

A typical cyclic voltammogram is recorded for a reversible single electrode transfer reaction.

CV is a cyclic diagram, voltage vs current plot from which the conduction band and valence

bands are determined.
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Figure 3.b: Cyclic voltammograms of (a) CdS, (b) TiO2 and (c) CdSeTe.

Cyclic voltammograms were recorded at a scan rate of 20 mV s* in a 0.1 M NaOH solution in
three electrode electrochemical cells with (a) CdS/FTO, (b) TiO2/FTO and (c) CdSeTe/FTO as

working electrodes in each case, Ag/AgCI/KCI as reference electrode.
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The cyclic voltammograms of CdS, TiO. and CdSeTe show the first reduction peak (labeled as Ry
for each electrode in Figure 3.b) at, -0.89, -0.589 and -0.99 V (versus Ag/Ag") in their cathodic
branches respectively. The potential of reference electrode (Ag/Ag™) was +0.197 V (versus NHE).
The reduction potential (versus NHE) corresponds to the LUMO of the electroactive

material.

Therefore, the reduction potential of TiO, (versus NHE) will be: Er= (-0.589 + 0.197) V = —
0.392 V. Similarly, the reduction potential of CdS (versus NHE) will be: Er = (-0.89 + 0.197) V
= -0.693 V and that of CdSeTe (versus NHE) will be: Er= (-0.99 + 0.197) V = -0.793 V. A
potential of 0 V (versus NHE) corresponds to 4.5 eV (w.r.t. vacuum level). The LUMO or CB
positions of TiOz, CdS and CdSeTe were therefore calculated to be 4.1, 3.8 and 3.7 eV and these

values were used in the energy band diagram shown in Figure 3.p.

From the UV-Visible spectrum analysis we had calculated the corresponding band gaps and by
combing this data with the CBs obtained from CVs, the calculated HOMO or VB positions of
TiO2, CdS and CdSeTe were 7.33, 6.06 and 5.14 eV.

3. 3. XRD analysis:

X-ray diffraction is used in two main areas: for the fingerprint characterization of crystalline
materials and to determine their structures. Each crystalline solid has it’s unique characteristic X-
ray powder pattern which is used as a "fingerprint" for its identification. Once the material has
been identified, X-ray crystallography may be used to determine its structure, i.e. determination of

the size and the shape of the unit cell.
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Figure 3.c: XRD patterns of (a) a TiO- film, (b) a CdS QDs film, (c) a CdSeTe QDs film and (d)

a carbon nanospheres all on glass.

X-ray diffractograms of a TiO2 film and films of CdS and CdSeTe QDs grown by SILAR
separately on glass substrates are shown in Figure 3.c. The XRD pattern of TiO2 shows peaks at d
=3.51,3.24,1.89, 1.69, 1.47, 1.34 A, which concur well with the (100), (100), (200), (211), (204),
and (116) planes of the body-centered tetragonal crystal structure of TiO2, respectively, as per the
PDF number 894921. The XRD pattern of CdS QDs shows broad peaks at d = 3.42,2.97, 2.1, 1.79
A, which can be attributed to the (101), (103), (004), and (203) planes of the face-centered cubic
or fcc lattice of CdS (PDF: 652887). CdSeTe QDs produced d lines at 2.94, 1.87, 1.66, 0.954 A,
which have been assigned to (002), (201), (201), (211) planes of CdSeTe with a fcc lattice (PDF:

411325).
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An X-ray diffraction study of Carbon Nanospheres (CNS) has been done and by comparing with
previous literature data the (hkl) planes are assigned. The XRD pattern of CNS shows peaks at 20
= 26.18°, 45.085° which concur well with the (002), (100) planes [24] of graphite.
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Figure 3.d. XRD patterns of (a) Graphene oxide (GO) and (b) Reduced graphene oxide (RGO).

X-ray diffractograms of Graphene oxide shows peak at d = 4.47 A which can be attributed to the
20 =20.35°. Similarly the XRD pattern of RGO shows a peak at d = 2.02 A assigned to 20 =
24.67°.

3. 4. SEM analysis:

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons to generate

images of surfaces of solid samples.
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Figure 3.e: SEM images of TiO2. A TiO; films have a granular porous morphology with pore
sizes in the range of 25-175 nm. Such a porous structure is most advantageous for anchoring CdS
and CdSeTe QDs through SILAR across the cross-section of TiOs.
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Figure 3.f: SEM image of Carbon Nanospheres with pore sizes in the range of 200-250 nm.
3. 5. Determination of equilibrated Fermi level of Carbon Nanospheres:

In KPFM (Kelvin probe force microscopy), an ac bias is applied to a conducting Pt/Ir tip of a
known work function, it scans the sample surface and the localized contact potential difference
(Vcrp) that arises between the conducting tip and the sample surface, is used for generating the

surface potential map, as shown in the following equation.
Vcpp= (Dtip— Psample) / e (1)

®yjp Is the work function of the conducting Pt/Ir coated Si cantilever (5.5 eV) and ®sampie is the
work function of the sample, i.e. the CNS/FTO electrode, which can be approximated to its’ Fermi
level position. The work function of Pt/Ir tip was first calibrated with highly ordered pyrolytic
graphite (HOPG) (®Horc= 4.6 V) to convert the measured Vcpp to absolute surface work function.

The absolute surface work function of the sample was calculated with equation (2).

Dsample = 4.6 €V + VcppHore - Veppsample (2)
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In KPFM, the topography of the film surface is measured in tapping mode and the surface potential
variation is measured with conducting tip. The tip was held at ~100 nm above the film surface,
and it is charged due to the applied ac potential. The sample surface is also charged since it is in
the vicinity of the charged tip. The surface potential of the CNS/FTO assembly was 65 mV and
the corresponding work function calculated using equation (2) was 4.55 eV. KPFM was performed
on the electrode using a Veeco, Multimode 8 with ScanAsyst (Nanoscope 8.10 software)
microscope. The sample deposited on FTO coated glass was affixed on a stainless steel disk with
a conducting carbon tape. A thin strip of pin-hole free silver paste was used for taking contacts.

The equilibrated Fermi level position of the photoanode is 4.55 eV, which was used in Figure 3.p.

300 nm 65.0 mV

0.0 1.0 pm 0.0 1.0 pm

Figure 3.9: (a) Topography and (b) surface potential maps of the CNS/FTO electrode.
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3. 6. Determination of conductivity by Linear Sweep Voltammetry analysis:

In linear sweep voltammetry (LSV) a fixed potential range is employed much like potential step

measurements.
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Figure 3.h: Linear sweep voltammograms of (a) Carbon Nanospheres and (b) Reduced graphene

oxide; linear part of the each plot is shown in the insets from where the slope were calculated.

From figure 3.h (a) the average conductivity (s) of Carbon Nanospheres was deduced from the
slopes, using the eqn. o(S cm™) = J/V (slope, A cm? V1) x d (distance between the electrodes,
cm). The conductivity was deduced to be 10.365 S cm™. A linear part of the same plot is shown
in the inset from where the slope is determined. The J-V dependence of CNS was non-linear in
the -1.5 to +1.5 V range.

Similarly from figure 3.h (b) The average conductivity of Reduced graphene oxide was deduced
from the slope was deduced to be 6.69 S cm™. The J-V dependence of RGO was non-linear in the
-1.5t0 +1.5 V range.

3. 7. Mott-Schottky analysis:

The Mott—Schottky equation can be used to determine the flat-band potential of the semiconductor
materials. It’s derivation is essential for this experiment because it reinforces many key concepts
associated with the semiconductor—electrolyte interface. However, in short, the starting point for
the derivation is Poisson’s equation in one dimension that describes the relationship between

charge density and potential difference, @, in a phase,
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d? o/ dx? = - pl & &0 (1)

where p corresponds to the charge density at a position X away from the semiconductor surface
and e, go are the dielectric constant of the semiconductor and permittivity of free space respectively.
Poisson’s equation can be solved to give the Mott—Schottky equation:
1 2 ( kBT)

= — = |V - Ve - B2

Cl € EOAZEND b e (2)
Here C and A are the interfacial capacitance and area, respectively, Np is the number of donors, V
is the applied voltage, ks is the Boltzmann’s constant, T is the absolute temperature, and e is the
electronic charge. Therefore, a plot of 1/C?against V should yield a straight line from which Vi,
can be determined from the intercept on the V axis. The value of Np can also be conveniently

found from the slope knowing € and A.
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Figure 3.i: Mott Schottky diagram (linear part is in inset) of Carbon Nanosphere and the image of
CNS in acid solution filtrate after washing (left) before washing (right).

In the inset the linear part of Mott Schottky plot is shown. From the line two points are assigned
and slope is calculated which is 8.77. The slope with negative value represents that the Carbon
Nanospheres is p type.
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3. 8. FTIR spectroscopic analysis of RGO:

FT-IR stands for Fourier Transform Infrared, preferred method of infrared spectroscopy. In

infrared spectroscopy and IR radiation is passed through a sample and as a result some of the
infrared radiation is absorbed by the sample and some of it is passed through. The resulting

spectrum represents the molecular absorption and transmission, creating a molecular “fingerprint”

of the corresponding sample.
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Figure 3.j: FTIR spectra of (a) GO and (b) RGO.

The FTIR peaks corresponding to the oxygen functionalities of GO were observed, and the

assignments are presented below.

Data analysis:
3154 cmt O-H str. (H-bonding)
1722cm Carbonyl (C=0) Carboxylic acid group
1630 cm™? Ether or primary alcohol
1617 cm™ C=C stretching
1176 cmt C-C stretching
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3. 9. Raman spectroscopy analysis of GO and RGO:

Raman spectroscopy is a vibrational technique that is extremely sensitive to geometric structure

and bonding within molecules and this sensitivity to geometric structure is extremely useful for
the study of the different allotropes of carbon.
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Figure 3.k: Raman spectra of (a) GO and (b) RGO.

The above figure shows the Raman spectra of Graphene oxide and Reduced graphene oxide. The
D-band and G-band in RGO and GO are typically observed at 1347.29, 1583.07 cm™ and 1343.68

and 1582.94 cm™. From the spectrum D/G ratio has been calculated by considering the area under
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the D and G bands. The D/G ratio of GO and RGO is 1.10 and 0.85. From the D/G integrated ratio

formation of the GO and RGO has been confirmed.

3. 10. Fluorescence spectral analysis:

Fluorescence is a spectrochemical method, wherein the molecules of the analyte are excited by an
irradiation at a certain wavelength and emit radiation of a different wavelength. The emission

spectrum provides information for both qualitative and quantitative analysis.
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Figure 3.1: (a) A comparative fluorescence spectra of glass/CdS, FTO/CdS, FTO/TiO,/CdS and
FTO/TiO2/CdS/CNS and (b) the fluorescence spectra of Carbon Nanospheres in ethanol solution
obtained at an excitation wavelength of 370 nm. It shows a broad peak from 430 nm to 460 nm

range and the intensities of emission peaks are strong.

Table 1:
Composition Excitation wavelength | Emission wavelength Intensity
(nm) (nm) (a.u.)
Glass/CdS 370 550 100856
FTO/CdS 370 550 51428
FTO/TiO2/CdS 370 550 46069
FTO/TiO2/CdS/CNS | 370 550 27746
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Photoluminescence (PL) spectra of films were measured on a Horiba Fluoromax-4 fluorescence
spectrometer where a suitable filter was utilized during the measurement, and the background
correction was also applied. The spectrum of CdS QDs on glass obtained at Aex = 370 nm shows a
broad highly asymmetric peak spanning from 477 to 620 nm, indicating it to be composite of
multiple components. Deconvolution yielded four peaks: one at 542 nm due to band edge emission
and the remaining three components at 502, 571, and 482 nm due to intra gap states. The intensity
of the broad peak decreases to 11% of its original value for the TiO2/CdS/FTO film suggestive of
excited electron transfer from the CB of CdS to the CB of TiO2. Similarly 66% decrease is

explained when carbon nanospheres in introduced to the TiO2/CdS/FTO film.
3. 11. Impedance measurement and determination of back electron transfer for all cells:

The impedance in the intermediate frequencies originates from the charge transfer at the
photoanode/S? interface. The distorted response in the low frequency domain in both electrodes is
due to diffusion of the electrolyte species. We fitted the data into an equivalent circuit, shown in

Figure 3.m, comprising three resistors and two capacitors for Carbon Nanospheres.

4000
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3000 A ™
2500 f
2000 g
1500 3
1000
500

z7 (Q)

0 ¥ L] ¥ ] ¥ L} ' L ¥
0 2000 4000 6000 8000 10000
(b) 7 (Q)

Y0 = 1.30 nMho Y0 = 14.2 nMho

N = 0919 N = 0.977

Figure 3.m: (a) Nyquist plots recorded under an ac amplitude of 10 mV for Carbon Nanospheres

and (b) The Randles equivalent circuit used for fitting the experimental data.
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Figure 3.n: Nyquist plots recorded under an ac amplitude of 10 mV, and under Voc for
photoelectrochemical solar cells with (a) TiO2/CdSeTe, (b) TiO2/CdSeTe/CNS, (c)
TiO2/CAS/CNS, (d) TiO2/CdS, (e) TiO2/CdS/CdSeTe/CNS, and (f) TiO2/CdS/CdSeTe as
photoanode and Reduced graphene oxide as counter electrode. A 0.1 M NaxS in ultrapure water-

methanol 3:7 (v/v) solution was employed as the electrolyte.
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Figure 3.0: A plot of phase vs log of frequency (x) for all the cells with different photoanode.

42



By finding the peak value of respective plots, one can find the t (back electron transfer time) from

this simple equation:

=1/ (2my)

1)

This back electron transfer time and R1, Rz, Rs, C1, C2, W values from Randles equivalent circuit

for all the respective cells are provided in a tabular form.

Table 2: Electrochemical Impedance spectroscopy fitting provided

parameters of the

QDSSCs:

No. | Composition R, R, R, C, C, W T (back
¥, =x(n | electron
Mh) transfer

0 time; ms)

1 TiO2/CdSeTe 398Q2 | 130Q | -120uQ | 376nF | 758nF | X=12.2 | 4.01

2 TiO2/CdS/CdSeTe | 262Q | 101Q | 14.5uQ | 473nF | 1.03uF | 18.8 3.99

3 TiO2/CdS 3090 | 141Q | 78.0uQ | 265nF | 1.81uF | 15.9 15.24

4 TiO2/CdS/CNS 291Q | 116Q | 52.1puQ | 1.15uF | 2.43uF | 11.1 16.50

5 Ti02/CdSeTe/CNS | 446Q | 137Q2 | 7.58Q2 | 794nF | 1.80uF | 9.36 16.52

6 Ti02/CdS/CdSeTe/ | 223Q2 | 300Q2 | 29.0kQ | 9.92uF | 5.26uF | 37.9 21.93

CNS
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3. 12. Energy Band diagram:
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Figure 3.p: Energy band diagram of a FTO/TiO2/CNS/CdS/CdSeTe photoanode showing the

various electron transfer modes.

Energy (eV)

In the presence of sunlight, there are three different modes of electron transfer process in the CdS-
CdSeTe based QDSSCs. Firstly, the electron is excited from the valence band of CdSeTe QD to
the conduction band and directly transported to the conduction band of TiO2 and then to the FTO
via the Fermi level of CNS. Secondly, the electron is excited from the valence band of the CdS
QD to the conduction band and directly transported to conduction band of TiO2 and then to FTO
via CNS. And finally, an electron is excited from the valence band of CdSeTe QD to the
conduction band and directly transported to conduction band of CdS QD injection into the
conductuion band of TiO», and then to FTO via CNS. The whole electrons finally transported
through external circuit and taken by the counter electrode ( here RGO) and removed to electrolyte,

sulfide.
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3. 13. J-V characteristics:
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Figure 3.g:

The J-V characteristics

TiO,/CdS/CdSeTe and TiO,/CdS/CdSeTe/CNS.

The solar cell parameters for QDSSCs based on different cells are collated in Table 3. The overall
power conversion efficiency for the TiO2/CdS QDs cell is 1.981%, for the TiO2/CdSeTe QDs cell
PCE is 0.43%, for the TiO2/CdS/CNS QDs cell it is 2.21%, for the TiO2/CdS/CdSeTe QDs cell it
IS 2.42%, and for the quaternary cell, TiO./CdS/CdSeTe/CNS QDs is 2.821%. The electrolyte was
a mixture of 0.1 M NaxS in dry methanol and water (v/v) electrolyte and reduced graphene oxide

(RGO) was used as a counter electrode.

Table 3: Solar cell parameters, QDSSCs prepared in this work:

of TiO2/CdS, TiO2/CdSeTe,

TiO2/CdS/CNS,

Photoanode Voc (MV) | Jsc (MA cm?) | Fill factor | npest (%) | navg (%0)
configuration

TiO2/CdSeTe 0.740 1.39 50.92 0.43 0.3+0.13
TiO2/CdS 0.881 6.27 35.93 1.986 1.85+0.13
TiO2/CdS/CNS 0.896 7.88 31.29 2.21 2.10+0.11
TiO,/CdS/CdSeTe 0.939 9.02 26.63 2.42 2.38+0.04
TiO2/CdS/CdSeTe/CNS | 0.849 8.14 40.77 2.82 2.65+0.17
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4. Conclusion:

A TiO2/CdS/CdSeTe/CNS assembly was constructed where in the CdS and CdSeTe QDs allows
the utilization of both visible and infrared regions of the solar system. Carbon Nanospheres serve
as efficient electron acceptors due to a large electrical conductivity (10.36 S cm™) and a suitable
work function. The successful transformation of Graphene oxide to Reduced graphene oxide is
confirmed by XRD, SEM and Raman studies. Here Reduced graphene oxide was used as a counter
electrode and it worked very efficiently, for cells based on same showed high open circuit voltages,
high current densities (Jsc) and high fill factors value. The most achievement of this work is the
use of Reduced graphene oxide, which is cheaper than that of Carbon cloth or Carbon nanotubes,
while at the same time, it shows comparable a work function and high conductivity. The cell based
on the TiO,/CdS/CdSeTe/CNS electrode also delivered a high PCE of 2.82% compared with
1.98% produced by the TiO2/CdS-based cell when RGO acts as a counter electrode. The optimal
solar-cell performance offered by the TiO,/CdS/CdSeTe/CNS assembly indirectly reflects the
synergy between the components of this electrode that permit a high current collection and

manifests in high efficiency.
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