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INTRODUCTION
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1.0 Hydrogen as a fuel source:

Hydrogen is a renewable energy source and global energy demand is increasing
rapidly. Primary source of energy for global economy is fossil fuels. Fossil fuel are
non-renewable energy source and is replaced by hydrogen as a new future fuel.
Hydrogen is an only carrier for future fuel [1-4]. Hydrogen has a potential to meet the
energy demands in future and as a clean non fossil fuel in the future .There is a lot of
space still between our required global energy demand which is just2% (13 Tera watt)
and potential of the sun which is still untapped is (120,000 Tera watt ).

1.2 Why is hydrogen so importantz

Hydrogen is ~75% of the known universe. On earth, it's not an

energy source like oil or coal. Only an energy carrier like

-~
‘\

electricity or gasoline a form of energy, derived from a source,

that can be moved around [5-7]. The most versatile energy

carrier, can be made from any source and used for any Figurel.l:hydrogen the ﬁ,'st

. . . element in periodic table
service, readily stored in large amounts. 3 pe

Almost never found by itself; must be liberated,
“Reform” HCs or CHs with heat and catalysts.

“Electrolyze” water {split H2O with electricity).

Experimental methods: photolysis, plasma, microorganisms.

1 kg of H2 coniains same energy as 1 U1.S. gallon

of gusoline, which weighs not 2.2 but 6.2 pounds

1.2.1 How hydrogen can be used as fuel source?
Hydrogen is a promising solution to global oil dependence. Hydrogen's availability
is limited in atmosphere that's why it is produce from other elements and compounds.
One method to produce hydrogen is reforming natural gas but the most simplest and
efficient way to produce hydrogen is called “electrolysis”. Electrolysis involves the

splitting of water required an external DC supply [8].
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1.2.2 Draw Back Of Electrolysis?
Drawback of electrolysis is that it required external voltage for hydrogen production.

1.3 Hydrogen applications

1.3.1 Internal combustion engines

Internal combustion engine is a type of heat engine
which utilizes an air to combust the fuel, expansion
of gases at high temperature and high pressure

apply force on some components of the engine,

these forces allow a gap in components which cause

,,,,,

Figurel.2: In -coirll-iusﬁt.ﬁnﬂ engine
encrgy. which uses a hydrogen as a source fuel

conversion of chemical energy into the mechanical

1.3.2 Fuel cells

Secondly, it can be used in fuel cells to store energy and produce electricity, fuel and
a power source for vehicles. A fuel cell is like a battery in that it generates electricity
from an electrochemical reaction. Fuel cells and batteries both convert Mm

into electrical energy and it's by product into heat.

However, a closed store of energy is holded within a battery and once this store energy
is depleted it must be replaced or discard or another option is to recharge it by using

a DC supply to reverse the

electrochemical reaction. A fuel cell
run indefinitely as long as hydrogen
and oxygen supply is available [9] .
Hydrogen is refer to as a fuel source
and it gives it a name “fuel cell” and
there is no combustion involved

hydrogen  oxidation take place

electrochemically, during oxidation

oxygen and hydrogen atom combine

Figurel.3: (PEMF) proton exchange membrane fuel cells
mechanism.




to form water, and electrons are released in this process and flow through an external

circuit as a carriers for electric current.

Fucl cells can vary from tiny devices producing only a few watts of electricity, right
up to large power plants producing megawatts.

“The "forever fuel" that we can never run out of”

Water + energy — hydrogen + oxygen

Hydrogen + oxygen -—> water + energy

1.4 Hydrogen demand upto 2050

500 T v T ¥ 4 T 7 v I ' A_l
7 M Renewable ’,,/

| Ml Fossil Fuet  _ _ -~ business |
§5400-1 - as usual |
e

=3 3004 i
W

2 200

>

Q

Lﬁ 100

Figurel.4: Global energy demand up to 2050

World’s energy demand will increase to double up to 2050, so there is a need of a
renewable energy source in cover coming the world’s requirement of energy ie
electricity and hydrogen etc. Sun is a best source to full fill this requirement, therefore
there is a need of efficient system which full fill the global energy demand up to 2050
, PEC water splitting approach is best solution to all the problems, through which we
will be able to get renewable energy i.e hydrogen , and electricity [10].

17




1.5 Artifical Photosynthesis:

A chemical process called artificial photosynthesis is replica of phoboéynthesis. Itisa
process that converts sunlight, water, and carbon dioxide into carbohydrates and
oxygen [11-25] .This term is related to any scheme for harvesting and capturing energy
from sunlight in the chemical bonds of the fuel .Photocatalytic water splitting is the
main research area in artificial photosynthesis [25-29] , Photocatalytic water splitting

converts water into hydrogen and oxygen .

Photosynthesis

- Sugar + O,

N

E cO, + H,0 Chemical

1] energy

Artificial
Photosynthesis

. (Water splitting) H,+ O,

o _ —

e Chemical energy
w H,0 ANG2=237kJ/mol

Figure 1.5: photocatalytic watet splitting an artificial photosyniﬁesis'

There are many technologies such as solar heating, solar photovoltaics, solar thermal
electricity for harvesting solar energy [29-38] , but artificial photosynthesis is the one
that could full fill all energy demands as it produces actual liquid fuel.

1.6 PEC water splitting approach:

The important technical issue facing humanity is the development of the long lasting
sustainable energy economy. Although global energy demand is full fill by sufficient
coal reserves which provide energy needed for centuries, but this strategy rise with
catastrophic societal expense, to achieve environmentally sound and cost effective

technologies that will meet the global need of energy consumption thatis 15 Tera watt

18




is just by scientific discoveries and innovations, that global energy demand will
increase to 30 Tera watt by the year 2050 [39-51]. The only technology called “solar
PhotoFElectro-Chemical (PEC) “hydrogen production that has potential to full fill all
energy demands of the future and it provide cost effective ,clean and domestically
produced energy carrier by advantage of 120,000 TW of sun radiations that strikes the

earth surface.
1.6.1 History:

Discussion for PEC water splitting for hydrogen production has been carried out for
decades but first demonstration was in 1972. Estimated world record solar to
hydrogen efficiency still achieved is 12.4% and was achieved over a decade ago in
1998 [52].

-PEC technology combines the features of electrolysis and light harvesting of solar
energy [53, 54]. In this PEC cells semiconductor which acts as a working electrode is
immersed in a electrolyte and irradiated with sunlight ,then conversion in energies
take place i.e photon energy to electrical energy ,which is used for splitting of the
water i.e into hydrogen and oxygen (chemical energy) [55]. Solar energy is inherently
converted into a more store able form of energy i.e in the chemical bonds. A general

schematic [55-58] of a laboratory photo electrochemical cell is shown in Figure 1.6.

Single Vessel Cell . . Double Vessel Cell

Circulstion
system

Mhrrainalion

(a)
Figurel.6: photo electrochemical cell (PEC) {a} single and (b) double vessel cell.
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For PEC water decomposition to occur there are several criteria’s which should be

full filled.

Sufficient voltage should be generate by semiconductor system upon irradiation to
split water.

Band gap of bulk should make efficient use of solar spectrum.

Band edge potentials on the surface must straddle the oxygen and hydrogen redox
potentials.

Semiconductor system should have long term stability in electrolyte.

Charge transfer mechanism from the surface of the semiconductor to the solution
must only for the water splitting mechanism rather than corrosion or for energy losses

due to kinetic over potentials,

&0 — Ty R
35 o _35 - 0.18

- - L 0.16
30+ -30

AM1.5G
Photon Flux

=
S :

5 20- 20 3 [-0.10
_g ] I N
£ 15. 15 € [008
_fm.. _102 . 0.06 :
_*E | : E - 0.04
= 5 5 i

& ' L 0.02

40 35 ‘30 25 20
band gap energy / eV

it

To date no material still satisfied these requirements fully.

Figure 1.7: STH conversion efficiencies in accordance with band gaps, photo currents and
photo irradiance

1.7 Efficiency definitions of PEC

To characterize PEC device the most important measurement is STH (solar to

hydrogen) efficiency, Materials are thus define by their high STH efficiency, and it is

20



the singlc measurement through which all PEC cells can reliably ranked against one

another.

Unfortunately published literature have in valid mathematical relations and
calculations to find the solar to hydrogen conversion efficiency and mostly improper
experimental methods for calculating efficiency values and wide scale reporting of

STH which is not a true efficiency benchmark.
There are several advantages and pitfalls for different type of efficiency measurements

Due to the several different measures of efficiency that's why there exists much

pluralism in demonstrating PEC efficiency [59-62].

Four primary measures of efficiency exists and they are split into two main categories

as described below,

1. The Benchmark efficiency (suitable for main stream reporting)

Solar-to-hydrogen conversion efficiency (STH)

2. The Diagnostic efficiencies (to understand material performance)

Applied bias photon-tocurrent efficiency (ABPE)

* External quantum efficiency (EQE) = incident photon-to-current efficiency
(IPCE)

. Infemal quantum efficiency (IQE} = absorbed "photon-to-current efficiency
(APCE). " |

1.7.1 Benchmark efficiency

The most important measurement of all the efficiencies for pec water splitting device
when exposed to solar air mass 1.5 Global illumination is STH efficiency under zero
bias conditions [63-69].

Meaning of zero biasing is that there is no external applied voltage between counter
electrode (CE) and working electrode (WE). For 2 electrode system WE and CE should
be short circuited, for measuring solar to hydrogen efficiency calculating the solar to

hydrogen conversion efficiencies open circuit voltage v/s voltage should never ever

be involved.
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Same PH electrolyte should be used to calculate the accurate solar to hydrogen

conversion efficiencies.

Chemical energy produced

STH effici =
SRSy Solar energy input

(mmol H, /s) x (237 kI /mol) ]
PlOlq‘.l' (mW/sz) X Al‘ea (sz) AM1.5G

STH= [

—_—
e e g

h+ h‘f'h-Jt _q4H++ 02
/ r‘tran;,}gu rlnteri"‘ace
7

Figure 1.8 various process held in PEC water splitting cell e-/h* excitation, transportation of charge,

absorption of photons and reactions at interface. Region I (ohmic contact) ,region Il (n-type semiconductor),

region Il {electrolyte), region IV (counter electrode)
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1.8 Production of H: from Water Using Solar Light

It is a great technological challenge to develop that sort of renewable energy carrier
that doesn’'t utilize fossil fuel. Production of hydrogen as a renewable energy carrier
is of great important and it is only attractive option ahead. Industrial production of
hydrogen consumes huge amount of fossil fuel and required large amount of budget
and resulting by products involves CO2 emissions.
Hydrogen water splitting is the clean approach
towards the hydrogen production and without
utilization of huge amount of fossil fuel and budget
and by products [70].

In photo electrochemical cell (PEC) water splitting,

solar light is converted into chemical energy and

increase in Gibbs free energy by water splitting [71-
73] Figure 1.9: H; evolution in PEC cell

H20 + hv — Ha2 -'{-.__ﬁ_"i

Photosynthesis in green plants resembles PEC water splitting or we can say that it is
artificial photosynthesis. Similarly, semiconductor heterogeneous photo catalysts
have lot of advantages over the PEC systems and due to the lower cost and

simplification in its synthesis and utilization[74, 75].

Approximately, 100 metal oxide photocatalytic system has been reported so far and
they are active for water splitting and production of hydrogen and oxygen [76-78],
they required ultraviolet (<400) mostly due to the large band gaps of semiconductors.
Solar light which fall on earth covers visible region (400-800 nm) figure 1.10 .Therefore,
it is essential to utilize the visible light efficiency for the production of hydrogen on a
large scale through pec water splitting[79-85]. Different efficiencies can be counted in
different spectrum regions i.e in UV region 2% STH conversion efficiency, in visible
region upto 600 nm there is a drastic change in STH conversion efficiency that would

increase to 16% and upto 800 nm STH conversion efficiency exceed to 32%.

23




i ligh
uv Visible light

 (Z4000m) . ca. 16 %
(~ 600 nm)

ca. 32 % i
(— 800 nm) ;

semcuendves |.

i
8
N
L

o L EERL DL DL L EE LY LY

O =temvnas
Q

4))

o-

Q

o)

200 4

O 1000

Figure 1.11: solar conversion efficiencies for photoelectron chemical water splitting phenomena.

1.9 Materials for pec water splitting:

Matzrials suitable for pec water splitting are semiconductors. Semiconductors absorb
photons and release (conveft to) electron hole pair [86-97).How semiconductor

materials are best for efficient pec water splitting..... ?

1.9.1 Semiconductor’s a suitable material for pec water splitting;:

Electrons occupied discrete fevels according to quantum mechanics, but Pauli's
exclusion principle applied this restrictions because according to this principle “no
two electrons can occupy same set of 2 quantum numbers” [98-103]. When molecular
orbitals combine together they formed anti-bonding and bonding energy levels, when
more and more atoms combined together they give rise to energy levels which are
called valence band and conduction band. Valence band is always filled with electrons

and conduction band is empty at Zero kelvin.

Conduction and valence band are different from each other by a band known as

“forbidden gap or band gap” in forbidden gap no energy state exists.
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There are three different ty pes of materials who are classified on the basis of their band

gap as shown in the figure 1.12

- Conductors

- Semiconductors

- Insulators

Overlapping of band gap occurs in conductors (1 ev) such as metals, whereas
insulators (8 ev) have wide band gap which don't allow free electrons to participate
in conduction. In between both of conductors and insulators, semiconductors exists.
Semiconductors have band gap of 3ev approximately, at zero kelvin semiconductors
behave like insulators, but increasing temperature electrons gain sufficient energy to

take part in conduction.

metal’ semiconductor  insulator

Figure 1.12: band gaps of metal, semiconductor and
insulator.

Semiconductors have very unique properties that is the reason they are globally used
in different research areas and being utilized as a novel material. Why
semiconductors have this unique behaviour?...semiconductors have combine
properties of conductors and insulators. Firstly, semiconductors have band gap in
range of 1-3ev but this band gap is not sufficient enough for thermal excitation of the

electrons to occur at room temperature.
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Secondly, semiconductors have energy range which lies in energy range provided by
sunlight. This property make semiconductors very unique and reliable for pec water
splitting and in solar cells and in many other applications as well. Thermal excitation
of electrons occur upon illumination. Creation of two mobile carriers occur due to
excitation, first one are photo generated hole in the valence band and second carriers
are photo generated electrons n the conduction band. Both the carriers have their own
specific role in solar cells and pec water splitting mechanism.

For practical applications intrinsic semiconductors are doped according to the
requirement, this doping is mostly done due to the relatively poor conductivity of the
semiconductors. Through doping there conductance is rectify. This type of
semiconductors are extrinsic semiconductors. There are two types of dopants
depending on their valencies, acceptors and donors. When semiconductor is doped
with 3 group elements then holes are majority carriers who have tendency to accept
electrons, that's why these semiconductors are called acceptor doped
semiconductor’s or p-type semiconductors [104-112). When semiconductor is doped
with 5t group elements then electrons are majority carriers who have tendency to
donate electrons, that's why these semiconductors are called donor doped

semiconductor’s or n-type semiconductors[113-117]. = -
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Figure 1.13 Energy band diagram for N-type and P-type semiconductor’s.
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1.10 Interface of semiconductor and electrolyte

In pec cells arrangement of electrodes are such that semiconductor anode and counter
electrode is immersed in electrolyte. Now here is a question that what mechanism

occur when semiconductor has a contact with the electrolyte.

When semiconductor contact with the electrolyte, charge transfer mechanism take
place .charge transfer mechanism take place unless the electrochemical equilibrium is

reached, which don't allow further charge transfer reaction to take place.

(D)

camirnndnedtar ‘hm

Figure 1.14: energy band diagram when n-type semiconductor are at equilibrium (a) Formation
of Space Charge region when potential is applied (b).

In the figurel.14 whole charge transfer mechanism is shown, in semiconductor

species the number of ionized (+) acceptors and ionized (-) donors are at equilibrium.

When n-type semiconductors is in contact with the electrolyte charge transfer
mechanism take place such that electrons move towards the electrolyte from the
semiconductor ,when redox potential of the electrolyte and Fermi level of
semiconductor reached at the same level the no further transfer of electron take place

further, at this equilibrium condition ,upward bending of n-type semiconductor takes
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place and formation of space charge region/layer where electrons are depleted across

the semiconductor/ electrolyte interface.

Space charge region has a vital role in pec water splitting because this region
established a potential drop , this potential drop established a electric field , this
electric field act as a barrier between the photo generated holes and photo generated
electrons and don’t allow them to recombine ,in other words it hinders
recombination. More width of the space charge region, there will be slow

recombination which increase the solar to hydrogen conversion efficiency (STH)
[118-125].

In n-type semiconductor motion of carriers are such that photo generated electrons
semiconductor/FTO interface. Similarly, Photo generated holes move towards the

semiconductor/ electrolyte interface.

Hence, different types of efficiencies are associated with STH conversion efficiency

within this mechanism [125-132].

total amount of electrons and holes reaching the interface
Total amount of photogenertaed e /h* pair

Separation efficiency (rlg;'rﬁ)

S Amount of holesthat _| ~ To the ones reaching the
Cata]}’t‘c effl‘f“?n"-'}’ (r'.‘:al) = undergo water ’ semiconductor/ elech'olyl:e

oxidation interface

Absorption efficiency (nabs) Amount of electron-hole pair regenerated

Amount of the incident photons
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Hence, for n-type semiconductors water oxidation take place across the anode due to
the transfer of holes from semiconductor/electrolyte interface and reduction at the
cathode because electrons from the external circuit reaches the cathode and undergo
water reduction reaction[133-142].

Same process occur for PEC splitting for p-type semiconductor except reverse the
reactions and oxidation takes place on its surface and reduction on the counter
electrode. Half reactions occurs at the surface of the semiconductor in PEC water
splitting mechanism. Depending on the type of the semiconductor oxidation and
reduction take place i.e

— n-type semiconductor is called “photo anode (oxidation }”

—  p-type semiconductor is called “photo cathode (reduction )’

T LA ] i L e S s o,

R Sk S A i S e P, O R TN T

franaparent N © mstal sounter- transparent OnLCOr sectiolytel
conductor nmmonqugor _ ¢l T elecirode CONUCHr - seml )

Figurel.15: upon illumination on n-type semiconductor (a} efficiencies involved due to PEC mechanism.

Fermi level of the semiconductor is at higher potential then that of the solution or
electrolyte. To achieve equjlibrium electrons must move/flow into the electrolyte
from the semiconductor, this dampness of the electrons into the electrolyte reduce the
Erand equilibrium is maintained, this disrupting charge neutrality of semiconductors

develop the built in voltage (Vi ).

Vi (built in voltage) = Electrostatic potential at -  Electrostatic potential
the surface at the buik
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This built in voltage forms “depletion region “. Depletion region is deprived of the
electrons- hole pair or we can say that it is field free region, this charge difference

creates electric field

1.12 Mechanism fowolled for PEC water splitting,.

For n type semiconductor band bending is upward .PEC cell schematic illustration of
n-type semiconductor [143-145Jand counter electrode as a metal is immersed in
desired electrolyte is shown in figure {146-158], Reduction and oxidation reactions for

alkaline electrolyte are,

4H20 + 4e
40H +4ht —__ y 2H,O+ 02 Epr=-0401 VvsNHE  (1.1)

2H; +4OH™ E,.q=-0828 V vs NHE (1.0)

Reduction and oxidation reactions involve in acidic electrolyte are,

4H* +4e— 4 2H> E,q=0.0Vvs NH (1.2)

2H;O +4h* + 4H* + Oy Eox=-1.229 Vvs NHE - (13)
Overall water splitting mechanism can be wrltten as the follows:

2H,O__sunlight . 2H, +O5 AG = 237 kj /mol 4

: L A t of incident phot d
Absorptlon efficien cy (I‘labs) _ Amount of incident photons create

Amount of incident photons

There are two possible transport mechanism through which electrons and holes are

separated, (1) Drift (2) Diffusion.
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1.13 Graphene as a transporter

Due to graphene’s excellent electron mobility and enhanced surface area (2600m2g-
1).Graphene can be utilize in enhancing the photocatalytic efficiency of semiconductor
{photo-catalyst)[159-175]. In - photocatalytic areas the graphene-semiconductor

composites have pull a attracted demand.

Graphene is a thin 2D sheet of single sp? bonded carbon atoms arranged themselves

in a periodic hexagonal structure.

Graphene enhanced electrochemical, mechanical and electronic properties, high
electrical conductivity (108 S m ) and high thermal conductivity of ( 5000 W m-1k)
had gained a lot of attention, graphene’s application in photovoltaics and in energy
conversion , materials i.e in batteries and PEC (photo electrochemical cell) , energy
demand will be double in 2050 ,hence there is a need of efficient material which full
fill all these requirements. According to new researches when Graphene absorb
photon then it generates multiple electrons , therefore Graphene is now considering
an efficient substrates then ITO and silicon substrates .graphene erthance the STH

conversion efficiencies when make composite with metal oxides.

'8

Organk poliotants €03 + H;0

Figure 1.16: Graphene-Metal Oxide nano composite as photocatalysts.
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1.14 Scope and aim of the thesis:

In this thesis, semiconductor-Graphene nano composites thin films of different metal
oxide e.g a-Fe0; and WO; are explored, which are used as photo anodes in efficient
PEC {Photo electrochemical) water splitting.

Research direction and aim is to improve the visible light absorption of a-Fe203 and
WO3 by utilizing Graphene as a electron acceptor and transporter .Graphene’s
enhanced surface area (2600 m2 g1), excellent electrical conductivity (108 Sm-1), high
thermal conductivity (5000 Wm-lk) and its high tensile strength make it promising
material to use in energy conversion devices. Graphene enhance the electncal
conductivity and hence its efficiency. In this thesis electrochemical properties of metal
oxide nano-composites with graphene are investigated by linear sweep voltamhelry
(LSV) and observed their synergic effect. Objective of thesis is to enhance the Solar to
hydrogen (STH) conversion efficiencies by designing a metal oxide-graphene
composite photo anode which should be efficient enough to split the water and
improve hydrogen and oxygen evolution rates , hence efficient PEC cell requirement
is needed to check un denying need of electricity and remewable energy sources in

coming years ,
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CHAPTER 2
EXPERIMENTAL METHODS AND
MATERIALS
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2.1 Synthesis of Graphene from Graphite by modified
Hummers method:

Reagents:

Commercial graphite
Hydro chloric acid
Distilled water
Ethanol

Acetone

o=

Potassium permanganate
Hydrogen peroxide

Fluorine doped tin oxide substrates
Sulphuric acid

oo N G

2.1.1 Purification of commercial graphite:

Modified hummers method is used for purification of commercial graphite.
Take 3g of commercial graphite and mix itin 225 ml of HCL/HFA, then stir the
solution for 2 hours to fully disperse the graphite layers.

Figure2.1: Dispersed layers of graphite (a) purification of commercial graphite (b)
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Neutralise the PH, by several washing steps, washing is done by distilled water. Stir
the mixture for 1 hour and then decant, similarly add
{40 ml) ethanol and acetone for further washing to
normalize the PH .Then filtration through suction
pump with 0.2 micron pore size filter paper. After
filtration collect the paste in china dish carefully and
dry the sample in vaccum oven for 6 hours at 100°C.

After drying grind the powder through motor and

piston for refinement. Greyish shiny powder is obtained,

Figure2.2: pure graphite

at the end we get fine pure graphite.

2.1.2 Oxidation of graphite

Product obtained from the above procedure is 2.4g. Now take 1.25 g of sodium nitrate
and 2g of graphite, such that it would be in 1:2 ratio. Then grind it to homogenize the

powder.

Take 150 ml/ g of sulphuric acid and add 3g (1g sodium nitrate and 2g graphite) and

mix them, fumes were observed due to the heat operation of acid.

Ice bath

During regular stirring add ég of potassium permanganate and 3g of purified
graphite. Add potassium permanganate gradually otherwise it will spoil the sample.

After adding potassium permanganate (KMNQO4} temperature rises but care should be
taken that it should be in range of 5-100C. Then, stir it for 30 min when temperature
settled down then exothermic reaction stop [176-178).

Now, remove the ice bath and simply placed it on the hot plate for 18 hours at 35-40°C.
After 18 hours graphite oxide form .Add distilled water for washing and stir it for

about 15-min and decant the solution.
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Figure2.3: brownish paste obtained during oxidation of GO (a) washing of GO (b)

Again add water (50 ml) and also add 5-6 ml of hydrogen peroxide, which is used for
oxidation. Add hydrogen peroxide during stirring to normalize the PH.

Add 200 ml of distilled water and again stir it for 10-15 minutes and allow residue to

settle down and then decant the solution.

After decantation 30 ml of hydrochloric acid for further washing and 50 ml of distilled
water and again decant it. At the end, use ethanol/ acetone (20-30 ml) for washing.

Now stir the solution for 15 min and check the PH, if it is normalized then we get

graphene oxide.

Filter the solution it will take 4-5 days through suction pump. After filtration copper
like brownish paste is obtained. Collect the paste in china dish and dry it in vaccum
oven at 80°C, till it dry. When it will dry we get mat black sheets of graphene, grind
to get fine blackish powder of graphene.

2.1.3 Reduction of graphene

Effective way to reduce graphene oxide is through chemical method[179].
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Take 1.4 g of graphene oxide in 70 ml of distilled water, add
30% of ammonia and adjust its PH to 10.

Now, add 2 ml of hydrazine and stir_it for 10 minutes and

transfer it in 100 ml auto clave for 80-200°C for 3 hours.

Its collection by centvifugation Washing is done with

distilled water, then filter the solution and dry it at 80°C for
2 hours. Grind sheets carefully. Figure2.4: Reduced Graphene Oxide

Shiny black powder of Reduced Graphene Oxide is obtained,

2.2 Hydrothermal Synthesis of Hematite (a-Fe:Os3) nano
particles with different precursors:

2.2.1 Method 1
Prepare 0.1 molar solution of iron chloride (FeCls.2H20) in 50

ml of distilled water. Similarly, also prepare 0.1 molar
sodium hydroxide (NaOH) solution in 20 ml of distilled

water,

Mix 2 solution in 100 ml beaker, Add 5 ml of tween 80 which
is used as a surfactant. Stir the solution for 20 min to
homogenize the mixture, After stirring ,place that solution in

100 ml auto clave, care shmﬂd be taken that auto claire is

tightly screwed or closed, now place it in vaccum oven for 5 p, gure2.5; washing of a-Fe:0;

hours at 130°C. particles,

After b hours and 40 minutes, sample mixture is taken out of the auto clave in 200ml
beaker Next step is washing, which is done by distilled water, now decant the solution
after 5-6 hours.

Collect the particles by filtration, Colour of particles are rusted sort off.

Now, filter the solution and dry the sample for 3 hours at 80°C.
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2.2.2 Method 2

Second method followed the same steps as described in method 1, but we just change

the salt and quantities of the precursors.

Prepare 0.1 molar solution of iron nitrate in 50 ml of distilled water JAlso, 0.1 molar
solution of sodium hydroxide in 25 ml of distilled water. Now mix both solutions and

add 4-5 ml of tween 80, Stir the solution for 30 minute to homogenize the mixture.
Place the solution in 100 ml auto clave, and place it in oven for 5 hours at 1300C.

Take the viscous mixture out of auto clave in 200 ml beaker, which is orangish in
colour. Next step is washing to neutralize the PH of the solution, done by using
distilled water. Filter the solution at the end and dry it at 80°C in vaccum oven for 2

hours. After drying, collect the orangish particles in glass viol.

2.2.3 Method 3

Prepare 0.1 molar solution of iron (IIT) chloride hexa hydrate ( FeCls .6H>0) in 50 ml
of ethylene glycol (EG ).

Figure 2.6: viscous suspension of a-FezO; nano particles obtained after hydrothermal treatment
(a) washing of a-Fe;Os nano particles (b) dried powder sample.

Stir the solution for 30 min to homogenize the mixture , now place the solution in auto
clave for 15 hours at 130°C in vaccum oven[180, 181]. Reddish mixture is obtained,
dilute the solution and filter it, and dry it at 40°C for 5 hours in vaccum oven, Rich red
powder is obtained after drying,.
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2.3 Hydrothermal Synthesis of tungsten trioxide (WO3) nano
particles

2.3.1 Method 1
Add 2 grams of sodium tungstate (NazWO1.2H20) in 60 ml of distilled water to

prepare solution, stir the solution for 5 minutes and add 0.4 grams of sodium chloride

(NaCl} in the solution and stir it for 3 hours.

@y T 7(b) 7(¢)

Figure2.7: solution preparation, washing, dried powder sample (a), (b), (c)

Now add hydrochloric acid (i-ICL) drop wise to maintain its PH at 2, and stir the
solution for 2 hours. Now place the solution in 100 mi_ Ié;ﬁbo clave for 6 hours at 180 «C
in vaccum oven. Final product is collected by centrifugation by different steps of
washing using distilled water: Dry the product in the vaccum oven at 25°C for 30

minutes . Yellowish particles are obtained, collect them in glass viol,

2.3.2 Method 2

Make a solution of 0.4 g of citric acid and 0.52 g of sodium tungstate in 300 mi
distilled water. Stir the solution for 30 minutes, and add hydrochloric acid drop wise

to maintain its PH to 1, yellowish turbid solution is formed
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During acidification White
solution changes to
yellowish turbid solution

Figure 2.8: acidification during reaction, cause formation of yellowish turbid solution.

Transfer the solution in Teflon lined stain less steel auto clave at 1200C for 12 hours,

Allow autoclave to cool down at room temperature[182).

Now, washed the yellow precipitates with ethanol and their collection by

centrifugation.

Dry them in vaccum oven at 80°C for 24 hour. Pale ye]lbw nano particles of tungsten

trioxide are obtained. Collect them in glass viol.

2.4 Thin film deposition on Fluorine doped tin oxide (FTO)
substrates ;

Thin films are deposited by different methods but here we use 2 metliods;

- Hydrothermal deposition method.
- Spray deposition.
2.4.1 Substrates Cleaning:

Kept FTO's in acetone for 3 hours for sonication, then place them in ethanol for 2 hours
followed by sonication. At the end sonicate them in distilled water for 1 hours. Dry

them under nitrogen environment.
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2.4.2 Spray deposition
Precautions

Spray gun should be kept 12 inches above the the substrate .Avoid changing the
position and distance it cause non uniform deposition of films.

9(a)

Figure2.9: spray gun (a) films deposited through spray gun (b)

2.4.2.1 Iron oxide {a-Fe203) nano particles deposmon on FTO (prepared
from method 1 and method 3)

For a thin film deposition of nano particles, 200mg of iron oxide nano particles were
ultra-sonicated in 50 ml of ethanol. Nitrogen is used as a carrier gas in the spray gun
to maintain pressure. Nano particles were deposited steadily on the film. The films

were then dried properly under nitrogen environment.
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Ja0a) o 2.10(c

Figure2.10: Deposition of a-Fe203 (M1, M2, and M3) on FTO'S.... (a){b)(c}

Make connections to the films, contacts wires were attached to the deposited films

with silver paste and dried them under the tungsten filament lamp.

2.4.2.2 Tungsten trioxide (WQ3) nano particles deposition on FTO
(prepared from method 1 and method 2)

For a thin film deposition of nano particles, 200mg of tungsten trioxide nano particles
(M1, M2) were ultra-sonicated in 50 ml of ethanol.

Nitrogen is used as a carrier gas in the spray gun to maintain préssure. The nano
particles were deposited steadily on the film. The films were then dried properly

under nitrogen environment.

11(a) 1)
Figure2.11: deposition of WO; nano particles (M1, M2) on FTO... (a)(b)

Make connections to the films, contacts wires were attached to the deposited films

with silver paste and dried them under the tungsten filament lamp.
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2.4.3 Deposition of nano-composites:

Figure2.12: different nano composites films

2.4.3.1 Iron oxide-tungsten trioxide (a-Fe20s) - (WO3) nano-composite
deposition on FTO

For a thin film deposition, 100 mg of tungsten trioxide nano particles and 100 mg of
iron oxide nano particles (method 1) were ultra-sonicated in 50 ml of ethanol, such

that both are in 1:1 rato.

Nitrogen is used as a carrier gas in the spray gun. The (nano particles) were deposited
slowly and steadily on the film. The films were then dried properly under nitrogen

environment.

T 13(0)

Figure2.13: solvothermal preparation of nano composites (a) a-Fe2O3-WO3 nano composites
deposition on FTO (b} (¢)

Make connections to the films, contacts wires were attached to the deposited films
with silver paste and dried them under the tungsten filamentlamp. Similarly, prepare

another film with same ratios but iron oxide nano particles used are of (method 2} .
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2.4.3.2 Tungsten Trioxide -Graphene (WO3-RGO) nano- composite
deposition on FTO

For a thin film deposition, 100mg of tungsten trioxide nano particles and 100 mg of
graphene oxide were ultra-sonicated in 50 ml of ethanol, such that they were in 1:1
ratio. Nitrogen is used as a carrier gas in the spray gun. The (nano particles) were

deposited steadily on the film.

The films were then dried properly under nitrogen environment.

14{a)

Figure2.14: ultra-sonicated WQ3-RGO particles in ethanol (a) WO3-RGO film prepared through
spray deposition (b) '

Make connection to the film, contacts wires were attached to. the deposited film with
silver paste and dried them under the tungsten filament lamp.

2.4.3.3 Iron oxide-Graphene (a-Fe203-RGO) nanocomposite deposition
on FTO

For a thin filn deposition, 100mg of iron oxide nano particles and 100 mg of graphene
oxide were ultra-sonicated in 50 ml of ethanol, such that they were in 1:1 ratio.




Nitrogen is used as a carrier gas in the spray gun. The (nano particles) were deposited

steadily on the film. The films were then dried properly under nitrogen environment.

Figure2.15: a-Fe203-RGO nano composite

Make connection to the film, contacts wires were attached to the deposited film with

silver paste and dried them under the tungsten filament lamp.

2.4.3.4 Iron oxide ~Tungsten Trioxide-Graphene (a-Fe203-W0O3-RGO)
nano -composite deposition on FTO

For a thin film deposition, 100mg of iron oxide nano particles (method 3) and 100 mg
of graphene oxide and 100 mg of tungsten trioxide nano particles (method 1) were

ultra-sonicated in 50 ml of ethanol, such that they were in 1:1:1 ratio.

Figure2.16; a-Fe203-WO3-RGO nano composite film with (b) and without connection (a}
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Nitrogen is used as a carrier gas in the spray gun. The (nano particles) were deposited

steadily on the film. The films were then dried properly under nitrogen environment.

Make connection to the film, contacts wires were attached to the deposited film with

silver paste and dried them under the tungsten filament lamp overnight.

2.4.3.5 Iron oxide -Tungsten Trioxide-graphene (a-Fe203-WO3-RGO)
nano -composite deposition on FTO with different concentration

For a thin film 100mg of iron deposition , oxide nano particles(method 3) and 200 mg
of graphene oxide and 100 mg of tungsten trioxide nano particles(method 1) and 100
mg WO3 nano particles from method 2 were ultra-sonicated in 50 mi of ethanol, such

that they were in 1:2:2 ratio.

Figure2.17: a-Fe203-WO3-RGO nano composite film.

Nitrogen is used as a carrier gas in the spray gun, The (nano particles) were deposited

steadily on the film, the films were then dried properly under nitrogen environment.

Make connection to the film, contacts wires were attached to the deposited film with
silver paste and dried them under the tungsten filament lamp overnight.

2.5 Hydrothermal deposition

2.5.1 Hydrothermal deposition of Tungsten Trioxide (WO3) nano
particles on FTO '

Make a solution of 0.4 g of citric acid and 0.52 g of sodium tungstate in 300 ml distilled
water, Stir the solution for 30 minutes, and add hydrochloric acid drop wise to

maintain its PH to 1, yellowish turbid solution is formed . Transfer the solution in
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Teflon lined stain less steel auto clave at 120°C for 12 hours . Place the FTO in auto
clave such that its conducting side is in upward face. Allow autoclave to cool down at

room temperature. Carefully, remove the FTO from auto clave and rise it with

clave

distilled water to clear its surface from residues. Dry it under nitrogen environment it

was pale yellowish in colour.
2.5.2 Hydrothermal Deposition of Tungsten Trioxide-Graphene (WO3-
GO) on FTO

Make a solution of 0.4 g of citric acid and 0.52 g of sodium tungstate in 300 ml distilled
water, Stir the solution for 30 minutes, and add hydrochloric acid drop wise to

maintain its PH to 1, yellowish turbid solution is formed .

Add 0.2 g of graphene in the mixture. Transfer the solution in Teflon lined stain less

steel auto clave at 1200C for 12 hours.

t Figure2.19: hydrothermally deposited WO3-RGO nano composite
 film

Place the FTO in auto clave such that its conducting side is in upward face. Allow
autoclave to cool down at room temperature. Carefully, remove the FTO from auto

clave and rise it with distilled water to clear its surface from residues. Dry it under

nitrogen environment, it was greyish in colour.
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2.6 Characterization techniques

2.6.1 Scanning electron microscope (SEM)

SEM is an electron microscope that utilizes an electron as a illumination source.
Wavelength of electron is many times greater than photons wavelength therefore, it
is used in high resolution imaging .SEM provides the information about of suxface
morphology and composition,[183] high resolution images are taken through SEM,

similarly , elemental analysis are also taken from it.

It is comprised of the following parts.

Figurez.20: schematic of SEM

Electron gun, condensed lenses, apertures , scanniné sjfstem . chéﬁber in which
sample is placed and vacuum system as well. Secondary beam is focused on the
sample and scanned randomly by EM radiation , pattern is observed when beam strike
the sample surface and produce energetic signals , SEM large depth of field and higher

resolution make it prior to OM.

I had my focus on the study of the surface and coarseness of GO and its composites

with iron oxide and tungsten trioxide.

2.6.2 X- ray diffraction (XRD)
To study the crystalline structures and crystal size and other crystallographic

information a techniques known as X-Ray diffraction is extensively used, in this -
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technigue measurements are taken between brags’ angle (2 theta } and intensity of the
incident beam when it falls on the surface of the specimen. XRD is extensively used

for crystallographic measurements [184].

Mechanism involve in XRD is basically a beam of light (x-ray) fall on the surface of the
sample by certain incident angle, reflection occurs when it strikes the surface and and
is angle of diffraction is known as brags’ angle. Detector read these beams and
conclude the pattern, these patterns are matched with required JCPDs No's, and to

calculate the crystal size sheers formula is used.
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Bragg's Law Figure2.21: diffraction phenomena in XRD and brag's
J law
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2.6.3 Ultraviolet visible spectroscopy

Figure2.22: sample preparation for uv-vis analysis.

To measure the sample absorption in UV-visible range a technique known as UV-
Visible spectroscopy is used extensively[185], it give information about absorption of
sample in certain wavelength i.e in ultra violet or visible range. Absorption in actual
deals with the electrons transitions taking place UV-Visible light fall on it ,
transmission of light is well explained by beer in his BEER- lamberts law, which

provides the information of fraction of light before when it was incident on the sample
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and after when it pass through the sample and cross section of absorption for
transitions of electrons ,BEER law is in simple is just the amount of molecules absorbed
in the sample vary the concentrations and absorption , beer lamberts law is not

dependent on the intensity .

2.6.4 Photo electro chemical measurements

Current voltage curves are of great importance in calculation of efficiencies in
electrochemical analysis, IV curves are taken to check the performance and efficiency
of the photo anodes or photo cathodes in photoelectron chemical cells, also analyse

the nano composites working,.

Figure2.22: Gamry Instrument, PEC Cell under Source Illumination

Sodium sulphate is used as a electrolyte solution in PEC measurements , PEC cell is
composed of three electrode system in which one is photo anode act as working
electrode, other is counter electrode to complete the circuit which is mostly platinum
or graphite , other is reference electrode which is Ag/AgCl, for accurate
measurements. Connections to cells were made through silver paste and copper wire
with less resistance. PEC measurements are taken in dark and white light to check the

cell efficiency, measurements in white light are.
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CHAPTER 3
Results and discussions
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Structural analysis
3.1 X-Ray diffraction analysis

3.1.1 X-RD analysis of oxidized and reduced graphene (GO-RGO}
Figurc 3.1(a) shows XRD pattern of GO (graphene oxide).

Graphene oxide shows intensé peak at 10.1° degree with d-spacing of 8.57A.

Inter layer spacing calculation form xrd is 27.1 nm [186, 187], because chemical
oxidation of graphite cause disruption of graphite layers and addition of functional
groups of oxygen[188, 189]. These results matched with JCPDs No. (00-012-0212).

Counts/s

Figure 3.1{(a): XRD pattern of Graphene oxide (GO)
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Figure 3.1(b) shows the XRD pattern of reduced graphene oxide (RGO) corresponding

to (002) plane.

Graphene oxide is reduced chemically, due to strong chemical reduction with

hydrazine, a low intensity peak appears at 24.732° at d-spacing of 4.284A.

These results matched with JCPDS No. (00.0320.0415), Calculated ﬁ,};'(gize from XRD

is 43nm.

Counts/s

8-

Figure 3.1(b}: XRD pattern of Reduced Graphene Oxide (RGO )

53




3.1.2 XRD- analysis of tungsten trioxide (WQO3)

Figure 3.2 shows the XRD pattern of tungsten trioxide (WO3) prepared under

hydrothermal conditions (120°C) [190-192].

Pattern was matched with JCPDs No. (01-075-2187), fyxale size calculated from XRD
is 47 nm ,Peaks observed at 14.033[°] , 22.853[°] ,24.403["] ,26.566(°] , 28.242[],
33.669[°] ,36.594[° ,37.833["] ,42.819]°] ,46.627[°] ,49.922[°] ,51.56["] ,54.630[°] ,55.50[°]

58.34[°].

Counts
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Figure 3.2: XRD pattern of tungsten trioxide (WQs) matched
with JCPDs card no.
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3.1.3 XRD-analysis of hematite (a-Fe203)

Figure shows 3.3(a) the XRD pattern of hematite prepared under hydrothermal
condition (120°C). Pattern was matched with JCPDS No. (00-024-0072), 8§4¢b&9ize

calculated from XRD analysis is 16nm[193, 194].

Figure 3.3 (b) shows peak positions of hematite.
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Figure 3.3(b): Peak positions of hematite in XRD- analysis



3.14 XRD analysis of Tungsten Trioxide-Graphene nano
composite (WO3-GO)

Figure 3.4(a) shows the XRD pattern of WOs-GO nano composite prepared under
hydrothermal conditions (180°C)[195]. Pattern was matched with JCPDs No. (00-012-
0212) and (01-075-2187)%7{:’:&5&(3 calculated from XRD analysis is 24 nm

Peak positions observed are shown in figure 3.4(b).
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3.1.5 XRD- Analysis of Hematite- Graphene nano composite

(a-Fe; 03 -RGO) |
Figure 3.5(a) shows the XRD pattern of a-Fe203-RGO prepared solvothermaly with
same ratios (1:1). Results matched with JPCDS No. (00-024-0072) and JPCDS No.
(00.0320.0415). Rydicle size calculated from XRD analysis is 34 nm. Peak positions

observed are shown in figure 3.5(b).

Figure 3.5(a): XRD pattern of a-Fe;03-RGO nano composite. ..
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Figure 3.5(b): peak positions of a-Fex0;.RGO nano compositel. 57




3.1.6 XRD- Analysis of WOs-a-Fe203-RGO nano composite:

Figure 3.6(a) shows the XRD pattern of WOs-a-Fe203-RGO nano composite, prepared
solvothermaly with 1:1:1 ratio, Results matched with JPCDs No. ((0-024-0072), JPCDs
No. {00.0320.0415) and JCPDs No. (01-075-2187). faygiclesize calculated from XRD

analysis is 38 nm. Peak positons observed for nano composites are shown in figure

3.6(b).
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3.1.7 XRD- Analysis of WOs-a-Fe203-RGO nano composite with
different ratios:

Figure 3.7(a) shows the XRD pattern of WOs-a-Fe:05-RGO nane composite. Results
matched with JPCDs No. {00-024-0072), JPCDs No . (00.0320.0415) and JCPDs No. (01-
075-2187). Baxttisize calculated from XRD analysis is 42nm. Peak positions observed

are shown in figure 3.7 (b).
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3.1.8 XRD-analysis of WO;-a-Fe203 nane composite:

Figure 3.8 (a} shows the XRD pattern of WOs-a-Fe>O; nano composite, prepared
solvothermally with same ratios. Results matched with JCPDs No. {00-024-0072) and
JCPDs No. (01-075-2187). Paicle size calculated from XRD analysis is 34nm. Peak

positions observed from xrd analysis are shown in figure 3.8 (b).
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3.1.9 XRD-analysis of WOs-a-Fe2O3 (dary nano composite:

Figure 3.9(a) shows the XRD pattern of WOs-a-FexOs nano composite, prepared
solvothermally with same ratios. Results matched with JCPDs No. (00-024-0072) and
JCPDs No. (01-075-2187). &,h?lr_size calculated from XRD analysis is 23nm. Peak

positions observed from xrd analysis are shown in figure-3.9 (b).
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3.2 Scanning Electron Microscopy (SEM)

3.2.1 SEM analysis of a-FesOs nano particles prepared from
method 1 and 3

SEM analysis of a-Fe;Os nano particles prepared from 2 different precursors through
hydrothermal route , figure (a) present hematite porous square block nano particles
with particle size 40 nm, (b) shows the hematite spherical nano particles with w;‘“’
size range 16nm hardly to see through 2p magnification , at different magnifications
i.e at 5pm and 2pm.

(b}

Figure3.10: SEM images of a-Fe2(3 nano particles prepared with different precursors, nano
particles prepared from method 1 (a) nano particles prepared from method 2 (b)
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322 SEM analysis of WO3; nano pafﬁcles prepared from
method1 "

SEM images of WO; nano particles prepared from method 1 with nano plate like
morphology , at different magnifications i.e at S5um, 2pm and at 500nm, therefore

qmiw size approximation from SEM analysis is <150 nm .

Images shows the randomly arranged WO3 nano plates.

(c)

Figure3.11: SEM images of WO3 nano particle with nano plate like morphology, and at
different magnifications i.e at Spm, 2pm and at 500nm (a}{b}(c}.
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3.2.3 SEM analysis of GO and RGO:

SEM image of Graphene oxide and reduced Graphene oxide shows layer by layer
enwrapped sheets of GO and RGO , at different magnifications i.e at 5pm, 2pm and
1um. Figure (a) and (b) shows sheets of GO, similarly figure (c), (d), (e } shows images

for RGO, at 1um resolution full covered area sheet is observed .

Figure3.12: SEM images of GO and RGO at different magnifications,



3.2.4 SEM analysis of a-Fe203-RGO nano composite thin film:

SEM analysis of a-Fe203-RGO nano composite thin films shows an spherical iron
oxide nano particles enwrapped between the sheets of graphene .Iron oxide particles
are so small in size < 100 nm so they are no clearly visible in SEM images , taken at

different resolution of Tpm , 2pm, 4pm.

Figure3.13: SEM images of a-Fe203-RGO nano composite film at different magnification i.e at 4pm,
Zpm, Tpm.
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3.2.5 SEM analysis of WO;-a-Fe;O3 nano composite thin film:

SEM images of WO3-a-Fe203 nano composite film shows an porous composition of
random square block hematite nano particles (synthesized from method 1) on surface
of wo3 nano plates, both particles are used in (1:1) ration during composition making
SEM images are taken at different magnification i.e at 5pm and 2pm. Particles in

composite vary from 20-200nm in size.

Figure3.14: SEM images of WOs-a-Fe:Oznano composite film at different magnification i.e at 5Sum and 2pm (b),(c) and

morphology of faceted WO; particles before composition making for comparison.




3.2.6 SEM analysis of WOs-a-Fe203 nano composite thin film :

SEM images of WOs-a-Fex03 nano composite film, shows a random and rough, porous

surface of the composite at 2pm resolution. Hematite spherical nano particles
synthesized from method 3 are not seen clearly in 2 pm magnification, layer by layer
deposition of nano composite formed a flat structure showing a porosity increases by

increasing the thickness of the film.

Figure3.15: SEM images of WOs-a-Fe0; nano composite film at 2pm magnification.
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3.2.7 SEM analysis of WO3-RGO nano composite thin film
SEM images of W03-RGO nano composite prepared hydrothermally at 180°C , shows

an random and rough , porous surface of the composite at different magnifications i.e
at 2um and at 5pm.During hydrothermal deposition some sheets of graphene

remained un merged with WO particles , but larger area showed the WQ3 nano

particles enwrapped separately in porous rough and random structure.

Figure3.16: SEM image of WO3:-RGO nanocomposite at different magnifications i.e at 5pm and at
2Zpm.
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3.2.8 SEM analysis of WOs- a-Fe,O03-RGO nano composite thin
film prepared with same ratio (1:1:1)

SEM images shows the WOS—a—FeZOB;-RGO nano composite, ‘at different
magnifications of 4pm, 2pm, and 1 pm respectively. WO3 nano plates , a-Fe>O3 nano
spheres are in firm contact with each other and with graphene sheets and it shows
the formation of composite , (1:1:1) ratio of each is used in composite making therefore
graphene is not fully distributed on the film. At higher magnification Tpm, WOs and
a-Fe:03 nano particles are distributed on graphene sheet randomly

Figure3.17; SEM images of WOs-a-Fe03-RGO nano composite film at different magnification i.e at 4pm, 2pm,
Inm.
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3.2.9 SEM analysis of WOs- a-Fe;03-RGO nano composite thin
film prepared with different ratio (2:1:2)

SEM images shows the WOs-a-Fe20s-RGO nano composite, at different
magnifications of 4pm, 2pm, and 1 pm respectively. WO; nano plates , a-Fe203 nano
spheres are in firm contact with each other and with graphene sheets and it shows
the formation of composite , (2:1:2) ratio of each is used in composite making therefore
greater quantity of WOs and 'graphene are randomly distributed on the film, larger
quantity of WO; nanoparticles on graphene sheet allow change in its morphology
during composite making and increase in size and enhancement of surface area. At
higher magnification 1pm, WO; and a-Fe;O3 nano particles are distributed on

graphene sheet randomly.
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3.3EDX (Energy Dispersive X-ray Analysis)

3.3.1 EDX Analysis of W0s-a-Fe>Os nanocomposite thin film

EDX analysis is carried out to get the elemental analysis of nano composite WO3-

a- Fe203 thin film. EDX spectra gives different elemental data in nano composite, and
observed peaks are of Sn, W, Fe, and O respectively. Sb peak is due to the FTO
substrate and it shows that film prepared is very thin and table shows there weight
percentage and atomic percentage in nano composite WO3-a-Fe203 thin film. W, Fe,
O supports the elements in nano composite thin film which is used as a photo anode

in PEC water splitting.

ey 13 ot 168 398 T s em

crms DIRDA Imty OO kev Dt Chtare Do Dt Avia

SZAF Smart Quant Resuits

Atomic
Element Weight% %  Netim  Emor%
oK 79 2 491.51 706

N 178 407 36.62 1194

SnlL arn e 42347 AU

Figure 3.19: EDX spectra of nano composite thin film, area selected for EDX analysis
and weight % present in nano composite film prepared with (1:1) ratio.



3.3.2 EDX Analysis of wos.a-Fe;03-RGO nanocomposite thin
film prepared with (1:1:1) ratio

EDX analysis is carried out to get the elemental analysis of nano composite WO:z-a-
Fex0:-RGO thin film. EDX spectra gives different elemental data in nano composite,
and observed peaks are of Sn, W, Fe, C and O respectively. Sb peak is due to the FTO
substrate and it shows that film prepared is very thin and table shows there weight
percentage and atomic percentage in nano composite WO;-a-Fe203-RGO thin film. W,
Fe, O and C supports the elements in nano composite thin film which is used as a

photo anode in PEC water splitting,
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Figure3.20: EDX spectra of nano composite thin film, area selected for EDX analysis and weight % present
in nano composite film prepared with (1:1:1) ratio.
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3.3.3 EDX analysis of wos-a-Fe;0s-RGO nanocomposite thin film
prepared with (2:1:2) ratio

EDX analysis is carried out to get the elemental analysis of nano composite WOs-
a-Fe;Os- RGO thin film prepared with (2:1:2) ratio. EDX spectra gives different
elemental data in nano composite, and observed peaks are of Sn, W, Fe, C and O
respectively. Sb peak is due to the FTO substrate and it shows that film prepared is
very thin and table shows there weight percentage and atomic percentage in nano
composite WO3-a-Fe:03-RGO thin film. W, Fe, O and C supports the elements in nano
composite thin film which is used as a photo anode in PEC water splitting.
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Figure3.21: EDX spectra of nane composite thin film , area selected for EDX analysis and weight %
present in nano composite film prepared with (2:1:2) ratio.
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3.3.4 EDX analysis of a-Fe;O3-RGO nano composite thin film

EDX analysisl is carried out to get the elemental analysis of nano composite a-Fe;Os-
RGO synthesized hydrothermally. EDX spectra gives different elemental data in nano
composite, and observed peaks are of Sn, Fe, C and O respectively. Sb peak is due to
the FTO substrate and it shows that film prepared is very thin and table shows there
weight percentage and atomic percentage in nano composite WOs-a-Fe203-RGO thin
film. Fe, O and C supports the elements in nano composite thin film which is used as

a photo anode in PEC water splitting
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Figure3 22: EDX spectra of a-FeOs-RGO nano composite thin film, area selected for EDAX analysis and
weight % present in nano composite film.
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Optical Analysis

3.3 UV-Vis spectroscopy analysis
3.3.1 UV-Vis analysis of graphene oxide (GO)

Figure shows the UV-Vis spectra of GO, to determine the degree of oxidation of
graphene UV-vis analysis is carried out. In the figure shown two peaks are observed,
first peak observed around 223 nm is because of ®-&* transition for bonding of C=C,

these peaks matched with literature.

Other peak observed around the 300 nm is because of the carbonyl group n*

transition. Similarly, ratio of peak intensity is 1.53 (a.u), UV-Vis spectra still reported
for GO is less than 2, therefore it satisfy the results reported .
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Figure3.23: UV-Visible Spectra of Graphenre Oxide (GO)
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3.3.2 UV-Vis analysis of reduced graphene oxide (RGO)
Figure shows the UV-Vis spectra of Reduced Graphene Oxide , hydrothermal

reduction of graphene oxide with hydrazine cause removal of oxygenated groups

that's why only one peak was observed around 263nm [196].

Reduction cause electron transportation between m-n conjugations. Red shifts was
observed due to the large absorption of energy in n-m’" conjugation as compared to the

TT-TT conjugations, also due to the restoration of C=C bonds during reduction.
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Figure3.24: UV-Visible spectra of reduced graphene oxide (RGO).
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3.3.3 UV-Visible analysis of a-Fe:0;

Figure shows the UV-Visible spectra of hematite prepared from method 1
hydrothermally. UV-Visible measurements are carried out to determine the size effect
, [197] band gap and electronic structure of the hematite nano particles, results shows
fhat 3 peaks are observed. 1 peak between 200-300nm centred around 253 nm, and 2,
3 peaks are observed between 400-600 nm centred around 450 and 560 nm. Frist peak
mostly observed due to the transitions which take place from ligand to the metal
charge transfer and due to the Fe3*— Fe3* excitation. Band gap calculated from linear
extrapolation of (ahv)" vs (hv) for hematite is 2.1 ev.
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Figure3.25: UV-Visible spectra of a-Fe;0s,
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3.3.4 UV-Visible analysis of a-Fe:Os3

Figure shows the UV-Visible analysis of hematite prepared from method 3,
hydrothermally with changed precursors. Maximum peak is observed at 1.0 (a.u) and
at wavelength of 410 nm, band gap calculated from tauc plot is 2.3ev. Good amount
of light is absorbed between Wavelength ranges of 250-650 nm
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Figure3.25: UV-Visible spectra of a-Fe;O3,
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Figure3.26: tauc plot for band gap measurement,
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3.3.5 UV-Visible analysis of WO;

Figure shows the UV-Visible analysis of WO3 prepared hydrothermally. Maximum
peak 3.4(a.u) and at a wavelength of 270 nm , whicﬁ is in UV range , band gap
calculated from tauc plot is 24ev for WO3 [198). Light is absorbed in wavelength
range of 270-550 nm.
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Figure3.27: UV-Visible spectra of WO3, prepared hydrothermally at 180°C for 6 hour,
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Figure3.28: tauc plot for band gap measurement of wo3
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3.3.6 UV-Visible analysis of WO3 (prepared with different method)

Figure shows the UV-Visible analysis of WO3 prepared hydrothermally at 120°C for
12 hours. 2 peaks are observed at 1.4 (a.u) and 1.3 (a.u) with wavelength of 250nm and
400nm, band gap calculated from tauc plot is 2.4 ev, which is larger than reported in

literature.

Light is absorbed in wavelength range of 200-750 nm, which covers Uv-Vis range.

08 —
1] -

[T

02 —

A " @ 0 w P u'n
wivelengh (m)

Figure3.20:UV-Visible spectra of WO3 prepared hydrothermally at 120°C for 12h.
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Figure3.30: tauc plot for WO3 prepared hydrothermally at 120°C for 12h.




3.3.7 UV-Visible Analysis of a-Fe203 -GO nano composite

Figure shows the UV-Visible spectra of a-Fex0; -GO nano composite, prepared
solvothermally. Maximum light is absorbed between wavelength range 220-910 nm,
which means that nanocomposite absorb light in UV-Visible and near IR region. Band

gap calculated from linear extrapolation of (ahv) » vs (hv) for nano composite is 3.09
eV,
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Figure3.31: UV-Visible spectra of a-Fe)(Os -GO nano composite
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3.3.8 UV-Visible analysis of a-Fe:Osarty —WQO3 nano composite

Figure shows the UV-Visible spectra of a-Fe203—WO3 nano composite , prepared
solvothermaly For UV-Visible analysis of a-Fe:O0;—WO3 nano composite, make
dilution of 0.05 g (nano composite} in 10 ml of iso-propanol followed by the sonication

of 30 minutes.

4 absorption peaks are observed on 3.2(a.u), 2.5(a.u) 2.0 (a.u), 1.3(a.u) at wavelengths
of 279nm, 400nm, 610nm, 1030nm. Nano composite of a-FexO3 (darky -~ WO3 shows a
good absorption in UV-Vis and IR range. Band gap calculated from tauc plot for nano

composite is 2.03 eV,
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Figure3.33: UV-Visible spectra of a-Fe:0s aky— WO3 nano composite
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3.3.9 UV-Visible analysis of a-Fe2Os gity— WO3 nano composite
Figure shows the UV-Visible spectra of a-Fe203 qiey— WO3 nano composite, prepared

solvothermally.

For UV-Visible analysis of a-Fe20s —WO3 nano composite , make dilution of 0.09 g
(nano composite) in 10 ml of iso-propanol followed by the sonication of 30 minutes. 4
absorption peaks are observed on 1.6 (a.u), 1.3 (a.u) 1.2 (a.u), 0.7 (a.u) at wavelengths
of 230nm, 400nm, 600nm, 920nm. Nano composite of a-Fe:04 gitey — WO3 shows a good
absorpton in UV-Vis range. Band gap calculated from tauc plot for nano composite is
2.0eV.
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Figure3.34: UV-Visible spectra of a-FexOs giey— WO3 nano composite
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3.3.10 UV-Visible analysis of a-Fe;O3 gart)-WO3-RGO nano composite

Figure shows the UV-Visible spectra of a-FexOs3 (darky— W03 —RGO nano composite,
prepared solvothermally with same ratios (1:1:1). For UV-Visible analysis of a-FexO3 —
WO3 —RGO nano composite , make dilution of 0.07g (nano composite) in 10 ml of
iso-propanol followed by the sonication of 30 minutes. 3 absorption peaks are
observed on 1.4 (a.u), 1.3 (a.u), 0.9 (a.u), at wavelengths of 250nm, 400nm, 560nm.
Nano composite of a-FeO3 (darky— WO3—-RGO shows a good absorption in UV-Vis

range .Band gap calculated from tauc plot for nano composite is 2.0 eV.
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Figure3.35; UV-Visible spectra of @-FesOa idany— WO3 — RGO synthesized with same ratios (1:1:1)




3.3.11 UV-Visible analysis of a-Fe203 @darkj-WO3-RGO nanocomposite
Figure shows the UV-Visible spectra of a-Fex0s darky— WO3 —RGO nano composite,
prepared solvothermally with different ratios (1:2:2). For UV-Visible analysis of a-
Fe;03 —WO3 —RGO nano composite , make dilution of 0.07g (nano composite) in 10

ml of iso-propanol followed by the sonication of 30 minutes.

Absorption peaks are observed on 1.6 (a.u), 14(a.u), 1.3 (a.u), at wavelengths of
250nm, 410nm, 600nm. Nano composite of a-Fe20s (garky — WO3--RGO shows a good
absorption in UV-Vis and IR range. Band gap calculated from tauc plot for nano

composite is 2.03 eV.
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Figure 3.36: UV-Visible spectra of a-FexO;3 (dark) — WO3 — RGO nano composite
synthesized with different ratios (1:2:2).
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3.4 Electrochemical Analysis

Photo electrochemical analysis was conducted in 1 molar sulphuric acid (H2504)
solution for WO3 and WO3-GO, and 0.1, 1 molar sodium sulphate solution for all
other composites, working electrode potential was analyize by potentiostat. In three

electrode configuration of cell.

— Graphite rod is used as a counter electrode.

— Asa reference electrode Ag/AgClis used (which contains Ag/ AgCl solution and
saturated KCL).

— For accurate measurements, working sense was attach to the working electrode
and counter sense to the counter electrode.

- Measurements are taken in white light and dai’k, white light measurements are
taken under solar simulator having AM 1.5 simulafed solqu' illumination, having

input power density of 100mW /cm2.

3.4.1 Linear sweep voltammetry of WO3

Photo anode prepared by depositing WO3 nano particles on FTO, is used as a working
electrode._LSVs are taken for sample, as applied potential of working electrode and
potential of molecular species on the surface of WOS;‘ film, the oxidation starts and
molecules try to move away from the surface of { n-type WO3, to give chance to other

molecules to oxidize, therefore current flow starts due to the transportation of electron

in and out of the working electrode.
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Larger scan rate cause larger current, in dark maximum current is obtained at 1.6 Ma
at scan rate of 10mv/s and at voltage (V vs Ag/AgCl) at 0.25 volts, Similarly in one
sun light photo anode showed a amazing response towards visible light and current
increases to 5.6Ma at potential of 0.1voltsand at a scan rate of 10mv/s. By decreasing

the scan rate to 5mv/s, photocurrent will decrease to 5.3Ma.
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Figure3.37: linear sweep voltammograms of WO3 on FTO, with different scan rates under light
ie10mv/s,5mv/s.
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3.4.2 Linear sweep voltammetry of hematite {a-Fe2(03)

Photo anode prepared by depositing_a-Fe203 nano particles on FTO, is used as a
working electrode. LSVs are | taken for sample, as applied potential of working
electrode and potential of molecular specices on the surface of a-Fe203 film, the
oxidation starts and molecules try to move away from the surface of f n-type a-Fe203,
to give chance to other molecules to oxidize, therefore current flow starts due to the

transportation of electron in and out of the working electrode.

Larger scan rate cause larger current, in dark maximum current is obtained at
200micro amperes at scan rate of 10mv /s and at voltage (V vs Ag/AgCl) at 042 volts.
Similarly in one sun light photo anode showed a amazing response towards visible
light and current increases to 6.1 milli amps at potential of 0.1volts and at a scan rate

of 10mv/s. By decreasing the scan rate to5 mv/s, photocurrent will decrease to 4.7Ma.

6.1ma) 10 mvis

4.7mA) 5 mvis
T &.ox107
5.0xt0” -
4.0x40°

Night
£ 3.0xt0”
2 oxt0
1.0x107°
0.0 dark
T ¥ T v T T T T T T ——
0.0 0.1 02 0.3 0.4 0.5
V va AgingCt

Figure3.38: linear sweep voltammgrams of hematite (a-Fe203) in dark and under AM 1.5 simulated
solar light.
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3.4.3 Linear sweep voltammetry of WO3-RGO

Photo anode prepared by depositing WO3-RGO nano composite on FTO, is used as a
working electrode. LSVs are taken for sample, as applied potential of working
electrode and potential of molecular specices on the surface of WO3-RGO nano
composite film, the oxidation starts and molecules fry to move away from the surface
of nano composite, to give chance to other molecules to oxidize,therefore current flow

starts due to the transportation of electron in and out of the working electrode.

Larger scan rate cause larger current, in dark maximum current is obtained at 20 micro
amperes at scan rate of 10mv /s and at voltage (V vs Ag/AgCl) at 0.45 volts. Similarly
in one sun light photo anode showed a amazing response towards visible light and
current increases to 5.0 milli amps at potential of 0.1volts and at a scan rate of 10mv/s.

By decreasing the scan rate to5 mv/s, photocurrent will decrease to 4.1 and 3.9 mill

amps
-3
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J 10 mws
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Figure3.39: [inear sweep voltammograms of WO3-RGO nanocomposite , under dark and under AM 1.5
simulated solar light.
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3.4.4 Linear sweep voltammetry of WO3- a-Fe203it) nano composite

Photo anode prepared by depositing WO3- a-Fe203 (11‘-:e)_nano composite on FTO, is
used as a working electrode. LSVs are taken for sample, as applied potential of
working electrode and potential of molecular specices on the surface of WO3- a-Fe203
flite) nano composite film, the oxidation starts and molecules try to move away from
the surface of nano composite, to give chance to other molecules to oxidize,therefore
current flow starts due to the transportation of electron in and out of the working

electrode.

Larger scan rate cause larger current, in dark maximum current is obtained at 300
micro amperes at scan rate of 5 mv/s and at voltage (V vs Ag/AgCI) at 0.5 volts.
Similarly in one sun light photo anode showed a amazing response towards visible

light and current increases to 3.3 milli amps at potential of 0.2 volts and at a scan rate

of 3mv/s.
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Figure3.40: linear sweep voltammograms of WO3- a-Fe2083 iy nanocomposite, under dark and
under AM 1.5 simulated solar light.
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3.4.5 Linear sweep voltammetry of WO3- a-Fe203ark) nano composite

Photo anode prepared by depositing WO3- a-Fe203 (arky nano composite on FTO, is
used as a working electrode._LSVs are taken for sample , as applied potential of
working electrode and potential of molecular specie’s on the surface of WO3- a-Fe203
(darky Mano composite film , the oxidation starts and molecules try to move away from
the surface of nano composite , to give chance to other molecules to oxidize ,therefore
current flow starts due to the transportation of electron in and out of the working

electrode[199].

Larger scan rate cause larger current ,in dark maximum current is obtained at 900
micro amperes at scan rate of 5 mv/s and at voltage (V vs Ag/AgCl) at 0.35 volts,,
changing the scan rate in dark will cause increase in photo current upto 1.3 milli
amperes, Similarly in one sun light photo anode showed a amazing response towards
visible light and current increases to 4.5 milli amps at potential of 0.25 volts and at a

scan rate of 10 mv/s.

a-Fe203-WO03
5.0x10” o 0.1M NazsO4
l 10mv/s
4.0x197 :
) Light
3.0x10> 4
< |
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0.0 0.1 0.2 03 04 0.5
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Figure3.41: linear sweep voltammograms of WO3- a-Fe203 (ark ) Nanocomposite , under dark and
under AM 1.5 simulated solar light
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3.4.6 Linear sweep voltammetry of a-Fe203 (i) ~RGO nano composite
Photo anode prepared by depositing a-Fe203 yark) =RGO nano composite on FTO, is

used as a working electrode.

LSVsare taken for sample, as applied potential of working electrode and potential of
molecular species on the surface of a-Fe203 (4ary—-RGO nano composite film , the
oxidation starts and molecules try to move away from the surface of nano composite
, to give chance to other molecules to oxidize ,therefore current flow starts due to the

transportation of electron in and out of the working electrode{200].

Larger scan rate cause larger current ,in dark maximum current is obtained at 200
micro amperes at scan rate of 5 mv/s and at voltage (V vs Ag/AgCl) at 0.8 volts.,,
changing the scan rate (10mv/s) in dark will cause increase in photo current up to 400
and 600 micro amperes. similarly in one sun light photo anode showed a amazing
response towards visible light and current increases to 3.1 and 2.9 milli amps at

potential of 6.2V, 0.1V and at a scan rate of 10 mv/s.

) a-Fe203-GO.
3.9%10° —

3.0x107
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Figure3.42: linear sweep voltammograms of a-Fe203 (an ) -RGO nanocomposite , under dark and

under AM 1.5 simulated solar light
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3.4.7 Linear sweep voltammetry of WQO3-- a-Fe203 4ary ~-RGO naneo
composite _

Photo anode prepared by depositing WO3--a-Fe203 any =RGO ( nane composite
prepared with same ratios (2:1:2) ) on FTO , is used as a working electrode. LSVs are
taken for sample, as applied potential of working electrode and potential of molecular
species on the surface of a-Fe203 (ary--RGO nane composite film , the oxidation
starts and molecules try to move away from the surface of nano composite , to give
chance to other molecules to oxidize ,therefore current flow starts due to the

transportation of electron in and out of the working electrode.

Larger scan rate cause larger current,in dark maximum current is obtained at 2.9 milli
amperes at scan rate of 5 mv/s and at voltage (V vs Ag/AgCl) at 0.1 volts,, similarly
in one sun light photo anode showed a amazing response towards visible light and

current increases to 5.3 milli amps at potential of 0.15V , and at a scan rate of 5 mv/s.
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Figure3.43: linear sweep voltammograms of WO3--a-Fe203 (ar) -RGO nanocomposite , under dark and

under AM 1.5 simulated solar light
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3.4.8 Linear sweep voltammetry of WO3- a-Fe203dang ~-RGO nano
composite

Photo anode prepared by depositing WO3--a-Fe203 (dany=RGO ( nano composite
prepared with different ratios (1:1:1} ) on FTO, is used as a working electrode. LSVs
are taken for sample, as applied potential of working electrode and potential of
molecular species on the surface of WO3-- a-Fe203 (4ang--RGO nano composite film ,
the oxidation starts and molecules try to move away from the surface of nano
composite , to give chance to other molecules to oxidize ,therefore current flow starts

due to the transportation of electron in and out of the working electrode.

Larger scan rate cause larger current,in dark maximum current is obtained at 2.97 milli
amperes at scan rate of 10 mv/s and at voltage (V vs Ag/AgCl) at 0.2 volts., similarly
in one sun light photo anode showed a amazing response towards visible light and

current increases to 3.7 milli amps at potential of 0.15V, and at a scan rate of 10 mv/s.
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Figure3.44: lincar sweep voltammograms of WO3—a-Fe203 yark)-RGO nanocomposite , under dark
and under AM 1.5 simulated solar light
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3.5 Conclusion:

There is a need of cheap production of renewable source ie hydrogen, photo
electrochemical water splitting is a route to get cheap hydrogen and electricity by
utilizing solar light for creating a certain potential to split water,optical analysis shows
a great absorption by nano composite in ultra-violet and visible range ,and our goal
was the same to achieve it, similarly morphological analysis shows a roughness and
porosity ,which means that increase in surface to volume ratio ,more reactive sides are
available .Elemental analysis prove the composition of nano composites. Metal oxides
i.e a-Fex(Oy and WQs are known as photocatalyst WO; is an n-type semiconductor
but it is knowns as its photocorrosion against electrolyte, but it absorb vislble light
due to its large band gap, therefore an other n-type semiconductor photocatalyst is
used as a supporter to overcome these short comings, hematite is most suitable and
stable semiconductor due to its narrow band gap it shows a good photo response and
good stability in electrolyte.When WOs-a-Fe;O3 nane composite come in contact then
electron and electrolyte has a direct contact with the FTO substarte , also photo
generated holes of a-FexOs are not permitted to pass fhrough WQs particle to some
extent, therefore photo generated electrons diffusion length increases which enhanced
the combination of electron and decrease in photocurrent, therefore to over come is
short coming in nano composite of WOs-a-Fe0s and to get good photo respose,
Graphene is utlized a as transporter , graphene collect the extra electron and move
them to external circuit which allow decrease in diffusion length and recombination
decreases and enhancement of photo currents . In this thesis graphene is utilized as
an efficient transporter which enhance the photocurrents and overcome the short
comings of semiconductor metal oxides composites , hence a WO3-a-Fe203-GO nano
composite is our main focus and to observe increase in STH conversion
efficiencies.Electrochemical analysis clearly showed an increase in photocurrents i.e
for WO3-a-Fe203 dark and light photocurrents are 4.5mA and 3.3mA , where as for
WO3-a-Fe203-GO is 5.3mA . Our designed nano composite showed a remarkable
change in photocurrents, so utilizing this design of composite commercially will allow

large scale production of hydrogen at much cheaper rates .
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» Solar to hydrogen conversion efficiencies calculated theoratically for PEC cells are:

STH(

1) WO3 | 6.3%
2) a-Fe203 6.8%
3) WO3-RGO 5.6%
4) a-Fe203-RGO 3.1%
5) WO3- a—Fe203(lite) 3.3%
6) WO3- a—-Fe203(dark) 4.6%
7) WO3- a-Fe203-RGO(1:1:1) 3.9%
8) WO3- a-Fe203-RGO(2:1:2) 5.9%

vy o=y

Hfdrotherinal route leads us to the synthesis of particles :

51% stll réported for hematite and we obtained 6.89%

<5% for WO3 and we obtained 6.3%.

Efficiencies greater than 1.5 are obtained , which in our opinion are due to the

incorporation of graphene , which enhanced the phofocurrents and STH efficiencies

upto

RGO
incorporation

Wo3-a-Fe2o3(lite)) —*  3.3% ———» 3.9%
Wo3-a-Fe203(dark) — »  4.6%——» 59%

Utilization of larger spray guns at commercial level will lead us to a cheap and more

suitable deposition route for large scale production of PEC celis.
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