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Abstract

Bi»S3 is a promising material for Quantum Dot sensitized solar cells (QDSSCs). Probably the
major reasons are: its low toxicity, low cost and its high absorption coefficient. The band gap
of bulk Bi>S3 material is 1.3eV but in Quantum Dots (QDs) it varies from 1.3 to 1.7eV. In
present work, we are reporting Bi>S3 QDs Sensitized over mesoporous oxide (TiO2) and
application of copper Nanoparticles (NPs) fabrication on TiO2/Bi2Sz devices. The deposition
of Bi»Sz QDs on TiO2 was done by Successive lonic Layer Adsorption and Reaction (SILAR)
and fabrication of Cu NPs on TiO2/Bi2Ss by electrophoretic deposition method. Finally, the
maximum power conversion efficiency (PCE) is 3.90 % for TiO2/Bi»Sz/Cu with functionalized

multi walled carbon nanotubes (MWCNTS) as a counter electrode.
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Abbreviations:

QDSSCs - Quantum Dot sensitized solar cells.
QDs - Quantum Dots

NPs - Nanoparticles

Bi>S3 - Bismuth Sulphide

TiO2 - Titanium dioxide

PCE - Power Conversion Efficiency
MWCNTSs - Multi Walled Carbon Nanotubes
PV — Photovoltaic

CdTe - Cadmium Telluride

eV — Electron Volt.

CIGS- Copper Indium Gallium Selenide.
MEG - Multiple Exciton Generation.

ZnO — Zinc Oxide

Voc — Open Circuit Voltage

Isc — Short Circuit Current

FF — Fill Factor

IPCE — Incident Photon to Carrier Efficiency
FTO - Fluorine doped Tin Oxide

XRD — X-Rays Diffraction

CV - Cyclic Voltammetry

ITO — Indium Tin Oxide

UV — Ultra Violet

EPD - Electrophoretic Deposition

DC — Direct Current

EIS - Electrochemical Impedance Spectroscopy
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SEM - Scanning Electron Microscopy

LSPR — Localized Surface Plasmon Resonance
SPR - Surface Plasmon Resonance

VB — Valance Band

CB — Conduction Band
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Chapter 1
Introduction
1.1 Background:

The photovoltaic effect was first observed by Alexandre-Edmond Becquerel in
1839. I The first p-n junction solar cell came in knowledge by RCA and the Bell labs with an
efficiency of 6% (In 1954). PIBI Until late 1980s, the development was on silicon based solar
cells. Even today silicon based solar cells are popular due to a high efficiency-to-cost ratio, the
absence of environmental degradation issues, and great reliability. 1 First-generation solar
cells based on crystalline silicon are already commercialized, and associated with high
efficiencies of 15-20%. But due to tedious manufacturing processes and high producing cost,
researchers focused on alternatives to silicon solar cells, which led to the discovery of second
generation solar cells, known as amorphous or polycrystalline thin-film solar cells e.g. CdTe
and CIGS thin-film cells. ! Third generation of PV has vision of high efficiency and also low
production cost. Dye-sensitized solar cells and organic solar cells and QDSSCs are typical
examples of 3" generation solar cells. Dye-sensitized solar cells have reported a high efficiency
of more than 12 %!® In the case of organic solar cells, the recently reported efficiency is
10.3%." First QDs-sensitized solar cell was reported in 1998.11 Now a days the efficiency of
QDs-sensitized solar cells is above 8%.!
1.2 Motivation on QDs-sensitized Solar cells research:

In case of QDs-sensitized solar cells we are using QDs as sensitizer and due to tunability
of their band gap they are very useful in PV cells. Quantum dots are semiconducting
nanoparticles that are able to confine excitons in three dimensions. The advantages of using
QDs are many fold, namely,

e Band gap tunability
e Large extinction coefficient
e Higher stability towards oxygen and water.
e Multiple electron-hole pair generation
e Low cost
1.2.1 Band gap tunability:

Quantum dots are nano particles or nanocrystals of a semiconducting material with
diameters in the range of 2-10 nm (mostly). In QDs, electrons and holes are confined in three
dimensions. Photons with energies below the semiconductor band gap are not absorbed. QDs

absorbs the photons which are of same energy or higher in energy as of band gap energy. The

1



most important property of semiconductor nanocrystals is that optical density is function of
size of NPs. Fig.1 shows as the size reduced the electronic excitations move towards higher
energy.
Conduction band
Conduction band ‘
Conduction band

Eg Eg
Eg

Valence band

Valence band v
Valence band

Y

Size of particles decreasing

With decrease in size band gap increases —>

Fig. 1 Quantum confinement effect i.e. the effect of size on band gap.

This is due to quantum confinement, which occurs when nanocrystal radius being
smaller than the exciton Bohr radius. The Bohr exciton radius is the average distance of electron
and hole when an excitons are created in the bulk semiconductor. Electronic energy levels are
not continuous in QDs as in the bulk, but are discrete due to confinement in physical
dimensions of the electronic wave function. For, e.g. CdSe can be tuned from 1.7eV (deep red)
to 2.4eV (green) by varying size 200 to 204°. 2%

Varying the size of PbSe from bulk (which have band gap 0.28eV) to PbSe nanowires of
size range 26.4 to 5.6 nm NWs can be tuned from 0.3eV to 0.6eV. XY So, by changing size of
particles the band gap of QDs also vary and absorb different wavelength of light which can
ultimately change the color of QDs. Also previously reported 12 size dependent property
includes the extinction coefficient.

1.2.2 Multiple exciton generation (MEG):

On shining QDs with the radiation of wavelength equal to band gap generates one pair of
electron and hole. When the energy is higher than of the band gap, the electron and hole pair
will be generated with excess kinetic energy. So, when absorbed photon have energy at least
twice of the band gap then due to that excess energy another electron and hole pair can be
generated shown in Fig.2. So, due to MEG effect, more than one electron and hole pair from

absorption of one photon. 3
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Fig. 2 Multiple excitation generation effect. [*4]

1.3 Bi2Ss is promising material for future solar cells:

QDs can be made by different materials and QDSSCs are promising devices for power
production in the future. Now a days researchers are keen to increase efficiency and want to
prepare devices of low cost. Today lot of devices are formed based on quantum dot sensitization
and among them CdS, CdTe, PbS, PbSe, and CdSe are common due to their optoelectronic
properties. As Cd and Pb shows metal toxicity and we want to go towards environment friendly
devices so, we can say that stabilization of Bi.S3 as a good material for PV is going away from

metal toxicity.

® Bi>Szband gap is 1.3eV- 1.7eV so it absorbs visible and Near IR part of solar

spectrum.
® Bi,S;3 shows high absorption coefficient. (151

® Also Bi,S3 is low cost material.
1.4 Effects of metal nanoparticle:
Metal nanoparticles are playing an important role in PV cells to improve the efficiency as

well as from cost point of view. Metal NPs and QDs lead to increase photovoltaic behavior.
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Metal NPs enhance the PV characteristic due to:
e Large specific area means after metal NPs sensitization device shows large absorption
e Fermi level equilibrium

e Localized surface plasmon resonance(LSPR)

Localized surface plasmon resonance (LSPR) is oscillation of conduction band electrons
when metal NPs interact with the electromagnetic field induced with light of smaller
wavelength than that of size of metal NPs. Due to oscillating electric field the electrons of
conduction band oscillate coherently because of restoring force arises from coulombic
attraction between opposite charges (electrons and nuclei) gives oscillation of electron cloud

are shown in Fig. 3 [1®1 LSPR effect mostly shown by Au, Ag, and Cu NPs.

1.4.1 Effect of metal NPs on optical absorption:

The improvement of PCE is expected when metal NPs are in close neighbourhood to QD
supported TiO2. This is due to larger specific surface area, "1 multiple scattering effects and
improvement in oxidation and reduction of electrolyte due to their porous nature of the
electrodes.

1.4.2 Fermi level equilibrium between shell-core:

When a semiconductor is illuminated radiations which are energetically equal to the band
gap or higher energy then it gets excitation and electron and hole pairs are generated. When
metal nanoparticles are in contact with excited QDs, due to electron transfer between shell and
core Fermi levels of both equilibrate. The Plasmon absorption of gold shows blue shift due to

presence of high energy resonance. [*81 Fermi level shift in case of copper NPs is reported by



authors when copper NPs are brought in contact with CdS QDs which are sensitized over TiO>
i.e. TiO2/CdS/Cu, as shown in Fig.4.1%]
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Fig. 4 Fermi level shift Cu NPs are in contact with CdS. !

1.5 Fabrication Methods of Quantum Dots:
Fig. 5 shows the most common fabrication methods of Quantum dots over mesoporous

photocatalysts.

Molecular Linker

Electrophoretic
Deposition

Drop Cast/Spin Coat

Fabrication Methods
of QDs deposition

Chemical Bath

Fig. 5 Quantum dots deposition methods



Performance of device depends on method of preparation that alters surface area,
morphology, optical properties. Also we know that with size of QDs, the positions of

conduction band and valance band varies, which reflects in the performance of the device.

1.5.1 Successive lonic Layer Adsorption and Reaction (SILAR):

In this method both cationic and anionic precursors are separately held, to deposit
directly on the electrode surface. First electrode is immersed in cationic precursor and rinsed
with solvent for removing unabsorbed salts and dried in an oven. After that the electrode is
immersed in anionic precursor followed by washing with solvent, dried in oven. This is
completion of one cycle and now with repetition of this process we can form number of cycles
as the requirements of experiment. SILAR process have its own advantages like less expensive
method and QDs deposition occurs on larger surface area than that of other deposition
techniques. That’s why it is very popular method to deposit QDs on desired surface. Fig. 6
shows deposition of QDs on mesoporous TiO2 by SILAR method.

.........

v

IMMmersion
In anionic
Precursor

ImMmersion

In cationic

Washing

with solvent

Fig. 6 SILAR deposition method of quantum dots.

1.5.2 Electrophoretic Deposition Method:
This method is used when QDs are pre-synthesized. In this method QDs are sensitized
over electrode surface by applying DC electric field and already synthesized QDs suspension

is present in between two electrodes [Fig. 7].
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Fig. 7 Electrophoretic deposition method

1.6 Fundamental Parameters to study cell:

After designing solar cells we have to study its properties and concepts on which that is
working so, according to concept there are lots of characterizations but J-V, plot is most
fundamental parameter to study a solar cell.

1.6.1 J-V Plot:

J-V plot [fig.8] of solar cell is obtained by measuring the values of produced current with
different applied potential. J-V curve is useful to check how ideal the device, which is under
observation. J-V curve is the most fundamental characteristic in sense to the performance of
the device i.e. it gives the address of Vo, Isc, FF and n. Open Circuit Voltage (Vo) is the
maximum voltage of solar cell which occurs at zero current and Short circuit current (lsc) is the

current obtained at zero voltage.
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Fig. 8 J-V Plot for a solar cell (201



1.6.2 Fill Factor (FF):

Fill factor is area under the 1-V curve and it is defined as:

Ise X Voc

FF

Py, = I XV,. X FF

Vo is Open Circuit Voltage

Isc is Short circuit current

1.6.3 Power Conversion Efficiency (PCE) [n]:
Solar cell is conversion of solar energy to electric current i.e. conversion of photon

energy to electricity. PCE is relation between input photon power and output electrical power.

=P—m><100%
1 I XA

| is 100mW/cm? with standard one sun condition and A is area of cross-section of device

1.6.4 Incident-photon-to-carrier-efficiency (IPCE):
IPCE is another parameter which defines the performance of solar cell, it is photocurrent

produced by cell at different wavelengths where excitations occur in semiconductor.

1240 x I, (2)

L) is J.in Alem? and observed at different wavelengths.
I(2) is incident light density in W/cm? it is also wavelength dependent.

A is excitation wavelength in nm.



1.7 Working principle of QDSSCs:

Solar cell is a device which converts photonic energy to electrical energy. In QDSSCs,
QDs are fabricated on TiO2 or ZnO mesoporous photocatalyst because once electrons are
injected into the conduction band then they transfer it to collecting electrode surface. TiO2 and
ZnO have large band gap so they are transparent in visible region of sunlight. In QDSSCs we
are using QDs as sensitizer which have narrow band gap and absorbs light in visible region or
near IR region. Fig.9 shows the working principle of QDSSCs; with excitation of QDs electron
and hole pairs are generated and electron is injected to mesoporous catalyst. Then transfer of
electron occurs towards FTO surface and after that hole (which was generated with excitation
of QD) would have oxidized the electrolyte. After reaching on FTO surface, electron flows
towards counter electrode by external circuit and once electron was collected by counter
electrode then it reduces the oxidized electrolyte.

-o& -tl

e O €
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[Fig.9] Working principle of QDSSCs 1]



Chapter 2

Experimental section

2.1) Chemicals:

TiO2 P25 powder, Titanium Chloride (TiCls), Triton X-100, Bismuth nitrate Bi(NOz)s,
Sodium sulphide (NazS), Acetyl acetone, Deionized water, methanol, Acetone, Isopropanol,
Ethanol, FTO (fluorine doped tin oxide glass) plates having resistance less than 30 Q cm™2,
Cu(NO3)2.3H20 i.e. copper nitrate trinydrate, Sodium hydroxide, Ethylene diamine (C2HgN2),
Hydrazine hydrate (NH2NH>), tetrahydrofuran (THF).

2.2) Synthesis of Cu NPs:

In order to synthesize Cu NPs (shown in Fig.10), in a Teflon vessel first addition of 7 M
NaOH (25 mL) followed by 0.1 M copper nitrate (0.15 mL), ethylene diamine (170 uL)
which is used to control the size of NPs and hydrazine hydrate as reducing agent (30 uL) .
After adding all the reagents, the colour of solution was clear and used NaOH in excess for
maintaining pH 14. This was heated into autoclave at 150 °C for 200 min. The copper NPs of

Henna color were collected and stored in dark conditions. %

01M Cu(NO,),3H,0 7M NaOH C,H,N,

NH,NH,.H,OQ (reducing pH 14 maintained for whele process and
agent) heated in an autoclve for 150 °C

CulNF'S

Fig.10 Synthesis of Cu NPs.
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2.3) Fabrication of photoanode:

There are mostly deposition of three layers of TiO2> mesoporous semiconductor and then
deposition of QDs on photocatalyst. First layer: Active layer, Second layer: Scattering layer
and Third layer: It is obtained by oxidation of aqueous TiCls to increase the surface area and
to improve QDs depositions.

Deposition of Active Layer:

Now for deposition of TiO> mesoporous semiconductor first paste is formed by TiO2 P25
powder and by using solvent acetyl acetone 1.5 mL and 8.5mL Deionized water. And after
sonication when the paste is completely uniform then addition of 20 mg of Triton X-100
followed by sonication. Then deposition of TiO first layer on unmasked surface by doctor
blading technique. Now after deposition of first layer on FTO plate the evaporation of solvents

was done and settling the mesoporous particles followed by annealing at 500 °C for 30 min.
Deposition of Scattering layer:

After deposition of first layer the active area was again unmasked and same paste of TiO>
P25 powder and solvent, Triton X-100 is pasted by doctor blading. And heating at 60 °C
followed by annealing at 500 °C for 30 min.

Deposition of Third layer:

This layer is very thin layer as compared to above two deposited layers, main function of
this layer to increase the active surface area and to improve QDs deposition. This layer is
deposited by pouring the aqueous solution of TiCls (0.04 M) on the electrodes and heating at
70 °C for 30 min. Then washing of the electrode with deionized water and again annealing at
500 °C for 30 min.

Deposition of Bi2S3 QDs:

So, mesoporous TiO; catalyst is prepared i.e. FTO/TiO2. Now fabrication of Bi»Sz QDs on
this surface was done by SILAR method. First cationic precursor i.e. Bi3* was prepared by
dissolution of 0.01 M of Bi(NOz)3 in acetone and anionic precursor was prepared by 0.01 M
NazS in methanol. Now, FTO/TiO> plate was immersed in the solution of 0.01 M of bismuth
nitrate and put for 10 s and after washing was put in oven at 60 °C for 2 min. Now, again

FTO/TIiO: plate was immersed in anionic precursor (0.01M solution of sodium sulphide in

11



methanol) solution and then rinsed with methanol, remove unabsorbed salts and dried at 60° C
for 2 min. This was completion of 1 SILAR cycle shown in Fig.11 and deposition of 6 more
SILAR cycles i.e. total 7 SILAR cycles of photoanode i.e. FTO/TiO2/Bi.Ss of brown color

electrode was obtained.

FTO/TIO,

ie

1.
Electrode surface

FTO/TIO,

l

. Washing
Washing with methanol
with acetone
Cationic precursor
0.01M Bismuth nitrate Anionic precursor
in acetone 0.01M sodium sulphide
in methanol.
7 cycles 1 SILAR CYCLE

Fig. 11 Experimental setup of SILAR method of deposition of Bi,Sz QDs.
Deposition of Cu NPs on photoanode:

10 mg of synthesized copper nanoparticles were dissolved in 10 mL of deionised water and
sonicated the mixture. Deposition of Cu NPs on TiO./Bi.Ss electrode was done by
electrophoretic deposition method where TiO2/Bi.Ss electrode was used as the working
electrode and FTO as counter electrode. DC voltage of 15 V was applied for 5 min. Then Cu

NPs were deposited on TiO2/Bi»S3 electrode and dark green colour was obtained.
2.4) Electrolyte:

Electrolyte was used 0.1 M NaS in methanol/water of 7:3 (v/v) ratio. For all experiments

same electrolyte was used.

12



2.5) Counter electrode for experiment:

A solution of 6 M H2SO4 and HNOs in 1:3(v/v) was formed and 0.2 g of MWCNTSs were
added to it followed by refluxation for 12 h at 80°C. [?*1 When the reaction mixture came at
room temperature then the reaction mixture was diluted with deionized ultrapure water and was
done till pH was 7. So, brown colored solid was collected and dispersed in water by sonication
for 2 h. Then by EPD at 60 V a thin layer of functionalized MWCNTSs was deposited over

FTO/glass plate. After washing and evaporation of solvent used as counter electrode.

2.6) Spot-Shot Photos of photo-anode:

Three Layers
of mesoporous 7 Layers deposited Putting Cu NPs in
semiconductor of Bi,S; QDs on TiO, neighbour to 7 Layers
TiO, by SILAR. of Bi,S; QDs on Ti0,

13



Chapter 3

Result and discussion

3.1 UV- Visible Spectroscopy Analysis:

The absorption spectra of Cu NPs, Bi2Ss, TiO2 and composite photoanode (TiO2/Bi2Ss/Cu)
were recorded and shown in Fig.12. Fig.12 (a) shows absorption wavelength of Cu NPs was
observed at 580 nm. Fig. 12 (b) Bi>Sz QDs shows absorbance at 740 nm (near infrared
region). In Fig. 12 (c) TiO2 absorbed in UV region at 380 nm. In Fig. 12(d) photoanode
Ti02/Bi2S3/Cu shows absorption nearly in all region i.e. Cu NPs at 580 nm and Bi>Sz QDs
shows at 740 nm and similarly TiO2 shows at 380 nm. In the presence of Cu NPs, the

photoanode (TiO2/Bi»S3/Cu) shows strong absorption in the range of 350 -900 nm and it

covers both visible and NIR regions.

Alau
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Fig. 12 UV-Visible spectra of (a) Cu NPs, (b) Bi>S3 QDs, (¢) TiO2 and (d) various

photoanodes.
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3.2 X-Ray Diffraction (XRD):

The crystal structure and lattice planes of TiO2, Bi»Sz and Cu NPs are shown in figure
(13). From XRD, the planes positions of TiO: are at (101), (103), (004), (200), (105), (211),
(204), (116), (220), (215) and (224) [Fig.13 (b)] concurred with d = 3.51, 2.43, 2.36, 1.89, 1.69,
1.66,1.47,1.36, 1.33, 1.26 and 1.16 A° respectively. Crystal system of TiO. is Tetragonal Body
Centered Cubic lattice (JCPDS-894921). The planes of Bi>Szare (110), (130), (211), (510) and
(611) [Fig.13 (a)] with interplanar distances at d = 7.61, 3.56, 3.24, 1.69, 1.48 A° respectively.
The crystal system is orthorhombic with primitive lattice (JCPDS — 17-0320). The planes of
Cu NPs are (111), (200), (220) and (311) [Fig.13(c)] with interplanar distances d = 2.08, 1.8,
1.5 and 1.27 A° respectively and crystal system is Face Centered Cubic lattices. (JCPDS —
892838).
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Fig. 13 XRD OF (a) Bi>Ss (b) TiOz and (c) Cu NPs.
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3.3) Cyclic voltammetry analysis:

Cyclic voltammetry (CV) of TiO2 and Bi»S3 films are shown in Fig.14. Herein, CV of TiO2
and Bi»Sz thin layer films were recorded in an aqueous 0.1 M KOH solution, which are working
electrode & FTO plate as the counter electrode and Ag/AgCI/KCI was used as Reference
electrode. Electrode potential of reference electrode is +0.197 V.

Calculation of CB and VB positions of TiO2 and Bi2Sa:
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32000 g,
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Evs Ag/Ag /V EvsAg/Ag /V

Fig.14 (a) CV of TiOz and Fig.14 (b) CV of Bi2S3
Reduction potential of TiO2 was observed at -0.613V [Fig.14 (a)]
Electrode potential of reference electrode is +0.197 V.

Now, Ereq relative to NHE is (- 0.613 V + 0.197 V) = - 0.416 V (NHE). A potential of 0 V

(versus NHE) corresponds to 4.5 eV (w.r.t. vacuum level).

So, the position of CB in eV of TiOzis -4.084 eV. From UV-Visible spectroscopy the band
gap of TiO2 is 3.2eV. VB position of TiOis (-4.084-3.2) eV = (-7.284 eV).

Similarly the CB and VB positions of Bi»Sz are found with the help of CV.
Reduction potential of Bi»Sz QDs is observed at -0.85 V [Fig.14 (b)]
Ered=-0.85V +0.197 VV = - 0.65 VV (NHE).
Ered = -4.5 eV (0 V vs NHE) — (- 0.65 V) = - 3.84 eV. (CB)

Now, VB position is -3.84 eV + (- 1.67 eV) =-5.51 eV.
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3.4) J-V Curve:

Under an irradiance of 100 mA cm? Current density-Voltage (J-V) characteristics of the
cells, were recorded and the counter electrode was MWCNTS/FTO. The power conversion
efficiency (PCE) of devices (TiO2/Bi>Sz and TiO2/Bi»S3s/Cu) were calculated with the help of
J-V curve [Fig.15].

30

—0— TiO/Bi,S, dark
—O— TiO/Bi,S, light
—/— Ti0,/Bi,S,/Cu dark
—<— Ti0/Bi,S/Cu light

20

J/mA em?

10

0.0 0.1 0.2 0.3 0.4 0.5 0.6
E/V

Fig. 15 J-V curve of experimentally prepared devices.

Due to thermoelectric behaviour of Bi2Ss, dark current may be produced and hence
efficiency. The highest efficiency of TiO2/Bi.Ss devices are 0.516 and 1.202 in dark and light
respectively. (Table 1) shows PCE improvement in photoanode when Cu NPs deposited on
Bi2Ssz QDs.
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Photo anode Voc(V) ]sc(mA/sz) FF T]%
configuration

Ti02/Bi2S3 0.435 5.08 0.23 0.516
dark

TiO2/Bi2S3 0.501 6.12 0.39 1.202
Light

TiO2/Bi2S3/Cu | 0.448 26.02 0.29 3.407
dark

TiO2/Bi2S3/Cu | 0.462 25.12 0.33 3.902
light

Table 1 J-V characteristics of TiO2/Bi»S3 and TiO2/Bi»S3/Cu electrodes.

3.5) Impedance analysis:

The fitted parameters [Fig. 16] gives the valuable information as from following parameters:
R1 is the bulk resistance of the 0.1 M NaxS solution; Rz is the resistance offered to charge
transfer at the photoanode /electrolyte interface and Rs is the differential resistance offered

by the solution to movement of redox species in the electrolyte. Yo (1) represents the ease

with which charge can flow and Y, (2) is the measure of differential conductance for the

electrolyte.
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Fig. 16 Impedance study TiO2/Bi>Sz and TiO2/Bi>Ss/Cu devices.
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S.No. Device RiQ |R2Q R3Q | YO() YO0(2) N1 N2 wW

(uMho) | (uMho)
1 TiO2/Bi2S3 179 Q | 1.84(KQ) | 7859 | 198 11.8 0.621 | 0.826 | 1.10(TMho)
2 TiO2/Bi2S3/Cu | 61.5Q | 161 Q 55.6Q | 27.6 414 0.766 | 0 2.76(mMho)

Table 2 Impedance data of TiO2/Bi,S3 and TiO2/Bi,S3/Cu electrodes.

From Table 2 data, it can be conclude that R1, R2 and R3 of device TiO2/Bi>S3/Cu are lesser
than that of TiO2/Bi2Ss devices.

3.6) Energy-Level positions of the device:

From CV we found CB positions and by UV-Visible spectra band gap of TiOzand Bi>Sa.

NHE

0OeV

_}? VB

-7.28eV. Bi,S;

Fig. 17 Electron flow of TiO2/Bi»S3/Cu device.

Fig. 17 represents the energy-level diagram of electron flow of TiO2/Bi.S3/Cu photoanode.

The ultimate electron collector are Cu NPs as shown.
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Conclusions:

Titanium dioxide/bismuth sulphide (TiO2/Bi2S3) and Titanium dioxide/bismuth
sulphide/Copper nanoparticles (TiOz/Bi2S3/Cu) devices are successfully formed and
deposition of Bi2S3 on mesoporous photo-catalyst was done by SILAR process and then
deposition of Cu NPs was done by Electrophoretic deposition method. Probably due to
thermoelectric behaviour of Bi2S3, considerable efficiency in the dark efficiencies were
observed. TiO2/Bi2S3 devices showed the efficiency of 0.516 and 1.202 in dark and light,
respectively. On depositing Cu NPs on Bi2S3 QDs, the performance of devices increased to

3.40 % and 3.90 % in dark and light respectively.
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