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ABSTRACT

KEY WORDS: Photocatalysis, CdS nanoparticles, mesoporous CdS,
heteroatom doped TiO,, hydrogen production, water
electrolysis, phenol decomposition, arsenic removal

Hydrogen generation and water decontamination processes are necessary owing to

energy and environmental concerns. Extensive research has been carried out in these

areas from early 70s by photochemical and electrochemical processes. The present
work deals with the efforts made to realize these two processes and enhance the
activity to meet the current requirements. Of late, the chemistry of nanoparticles is an
emerging area and this has initiated interests in nanoparticle technology. CdS
nanoparticles show light absorption in the visible region and widely used for
hydrogen generation by photocatalysis. In our studies, CdS nanoparticles were
prepared by various routes and the nanoparticles obtained were characterized.

Photocatalytic activity of CdS nanoparticles has been measured for the decomposition

of water. Various noble metal (Pt, Pd, Rh and Ru) loaded CdS nanoparticles have

been prepared and photocatalytic activity for hydrogen production has been evaluated.

Utilization of TiO,, a promising material for water decontamination, is limited to UV

region alone due to its wide band gap. In order to make the TiO, active in the visible

region, alteration of its electronic structure have to be carried out. In the present study,
anion doped TiO, was prepared by various routes and have been characterized.

Photocatalytic activity of the doped TiO, samples for the decomposition of methylene

blue was investigated both in UV and visible regions and compared with that of

commercial TiO, (Degussa P25). Similarly, N, S co-doped TiO; has been prepared,
characterized and the visible light induced photocatalytic activity was evaluated.

Cluster model DFT and density of states calculations have also been carried out for



the hetero atom doped TiO, and results are compared with the experimental

observations.

A compartmentalized electrolytic cell has been designed for hydrogen generation and
environmental applications like water decontamination. The effect of various
parameters like nature of the electrolyte, electrode materials and cell design on the
hydrogen generation activity have been studied. Electrochemical oxidation of
synthetic water containing phenol and removal of arsenic by reduction have been
carried out in anodic and cathodic compartments respectively. The mechanistic
aspects of phenol decomposition in different supporting electrolyte media are

discussed.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL INTRODUCTION

Hydrogen is a well known energy carrier because of its higher energy content per unit
weight, which is approximately three times more than the gasoline. Hydrogen burns
completely without hazardous gas emission and it leaves no residue either, which
makes hydrogen as an environmentally friendly fuel. It dissipates rapidly in the air,
which avoids the explosion and it can be easily transported from one place to another

even by pipelines.

Hydrogen is not only used in the energy systems, but also in electricity generation
and electrical energy conversion systems. It is also used as a coolant for large
generators, motors and frequency changing equipments circulating in a closed gas
circuit. Even though, hydrogen is the most abundant element, it is always present in

combined form in nature.

1.2 GENERATION OF HYDROGEN

Hydrogen today is mostly and primarily obtained from naphtha or carbon linked
precursors like coal and natural gas. It is used as chemical feedstock, for the
production of chemical intermediates and specialty chemicals. Steam reforming of
methane and naphtha is the primary method of hydrogen production (Das and
Veziroglu, 2001; Chen et al., 2004; Haryanto et al., 2005). This is a catalytic process
and produces hydrogen and carbon dioxide. This technology therefore requires highly

efficient catalysts for the reformation process and also good separation techniques for



separating the product gas into hydrogen and carbon-di-oxide. This is a
commercially viable process at present and current demand for hydrogen is largely

satisfied by this method.

Another method is the partial oxidation of fossil fuels for producing hydrogen, from
feedstocks including natural gas, heavy oils, coal and solid biomass. This process also
produces carbon dioxide as a by-product and needs energy input for the progress of

the reaction.

1.3 HYDROGEN PRODUCTION BY WATER DECOMPOSITION

Hence, as the primary energy sources for hydrogen production are fast depleting, one
should look for alternatives (in the form of renewable) energy sources to fulfill the
future requirements of the energy needs. Though, hydrogen is more abundant element,
it is generally stored by nature in the combined state. One such abundantly available
hydrogen source is water. The production of hydrogen form water by splitting into
hydrogen and oxygen requires unique energy in the form of thermal, photon or
electrical. Though, there are various routes under investigation for decomposition of
water for hydrogen production, essentially all of them are based on any one of the

following methodologies:

1. Thermal decomposition of water
2. Electrolysis of water
3. Photocatalytic decomposition of water

4. Biological methods for decomposition of water

The reliability of any of these methods, being developed for water splitting, is an

essential criterion for its adoption. In addition it should be economical in terms of



energy consumption. The thermal decomposition of water directly into hydrogen and
oxygen will occur only above 4000 K. With the available thermal energy source, the
required temperatures to split water is not readily available. Attempts have been made
to reduce the decomposition temperature by various thermo-chemical routes (Funk
and Reinstrom, 1966; Velzen and Langenkamp, 1977). Even then, the splitting of
water by thermo-chemical methods require temperatures around 1500 K. Only limited
heat sources are available like nuclear reactor, which can provide this high
temperature. Therefore, this method is not readily amenable for the production of

large quantities of hydrogen.

In electrolytic method, one can theoretically obtain pure hydrogen and oxygen by
splitting the water molecule to its components at a theoretically reversible applied
potential of 1.23 V. However in practice, the potential required for decomposition of
water is around 1.7 V, due to the hydrogen and oxygen over potentials at the
respective electrodes (Vogel, 1961). Various research investigations are aimed at
reducing the hydrogen or oxygen over potentials by modifying the nature of the
electrode or electrode surfaces. Due to this over potential, the cost of production of
pure hydrogen is higher and hence this method is resorted to only where the electricity

is cheap or when very pure hydrogen is a must.

Photocatalytic and photoelectrochemical splitting of water for hydrogen production is
the other possible route, where one can use sustained energy source i.e. sunlight.
Though it appears to be a convenient, low cost and suitable method for hydrogen
production, the maximum efficiency attained so far for this process is only around
18 % in the laboratory scale (Licht et al., 2001). This can be improved by choosing a

suitable photocatalyst. VVarious materials like CdS, TiO,, Fe,0s, ZnO, SrTiO; etc have



been investigated for this purpose (Litter, 1999; Kamat, 1993; Gurunathan, 2004;
Kato and Kudo, 1998; Takahashi et al., 1999; Daneshvar et al., 2004; Chakrabarti and
Dutta, 2004). The band gap and position of band edges with respect to the potential
for the water decomposition reaction are the limiting factors that need to be addressed
for success of this technology. In addition, the light absorption ability of these

materials also plays an important role in the efficiency of the process so far.

The biological or biochemical methods for the production of hydrogen by splitting
water have also been under investigation (Rozendal et al., 2006; Liu et al., 2005).
Micro organisms are capable of producing H; via either fermentation (Fumiaki et al.,
1996; Yokoi et al., 1997) or photosynthesis (Lichtl et al., 1997; Hansel and Lindblad,
1998; Matsunaga et al., 2000). The former is generally preferred, because it does not
rely on the availability of light sources and the transparency of the mixed liquor (Hart,
1997). Production of H, by fermentation has been studied with a large group of pure
fermentative bacteria, such as Clostridia (Heyndrickx et al., 1991; Fumiaki et al.,
1993) and Enterobacteria (Rachman et al., 1997; Kumar and Das, 2000). Since the
enzymes and bacteria are sensitive to pH and temperature, it is essential to maintain
the required conditions to achieve water splitting. Generally, enzyme-hydrogenase
(Dabrock et al., 1992), green algae-scenedesmus (Gaffron and Rubin, 1942),
cyanobacteria and anabaena cylindrical (Greenbaum et al., 1995; Benemann and
Weare, 1974; Stal and Moezelaar, 1979) are extensively studied for the splitting of
water. The oil crisis in 1973 prompted research on biological hydrogen production,
including photosynthetic production, as part of the search for alternative energy
technologies. Green algae are known as light-dependent, water-splitting catalysts, but
the characteristics of the hydrogen production using them are not practical for

exploitation. Hydrogenase is also oxygen-labile for sustainable hydrogen production:



light-dependent hydrogen production ceases within a few to several tens of minutes
since photosynthetically produced oxygen inhibits or inactivates hydrogenases. A
continuous gas flow system designed to maintain low oxygen concentrations within
the reaction vessel, has been employed in basic studies (Greenbaum, 1988), but has

not been found to be practically applicable so far.

1.4 DECONTAMINATION OF POLLUTANTS

The environment receives more and more pollutants in these days due to more
population and increase of the industry waste. Basically our environment can be
divided into three portions namely air, water and soil. The permissible limits of
pollutants depend on the medium in which they are present and degree of hazardous
nature of the individual pollutants. The remediation of pollutants in water has
attracted considerable interest in recent days, because most of the pollutants are
soluble in water. Water comprising over 70% of the earth’s surface, is undoubtedly
the most precious natural resource. When it is unfit for its intended use, it is
considered as polluted. Generally the solvents, volatile organics, chlorinated volatile
organics, dioxins, pesticides, chlorophenols, asbestos, heavy metals and arsenic
compounds are the major contaminants in water. The main sources of pollution in
surface water and ground water are industrial discharge, excess use of pesticides,

fungicides, fertilizers and the domestic waste (Hoffmann et al., 1995).

Treatment of wastewater has various steps like mechanical, biological, physical, and
chemical processes (Hoffmann et al., 1995). The particular treatment employed,
depends on the nature of the pollutant. The solid wastes are removed by filtration and
then the dissolved pollutants are oxidized by using advanced oxidation technology

(AOT). In AOTs, free hydroxyl radicals are produced. These radicals have a high



oxidizing power than other oxidants. The remediation of pollutants can be carried out
by various methods like, photocatalytic, electrocatalytic, chemical, thermal and
biological decomposition (Grimm et al., 1998; Chen, 2004). The current methods
adopted for the decontamination of water are introducing another pollutants during the
removal process especially the chemical based oxidation processes. In addition, the
energy input in all this methods is high except in photocatalysis. In photocatalysis one
can use sunlight as energy source and the possibility of introducing another pollutant
is also ruled out. The most important advantage of solar energy is its ecological purity
and it offers the possibility of accomplishing energy cycles without pollution of the

environment and additional heating of the earth.
1.5 PHOTOCATALYSIS

Essentially the photocatalysed reactions have generated considerable interest after the
photocatalytic splitting of water on TiO, electrodes was first demonstrated by
Fujishima and Honda in 1972 (Fujishima and Honda, 1972). Subsequently, various
kinds of photocatalysts have been employed for hydrogen production and remediation
of pollutants from water. They have been classified into two groups: (a) dye and other
photoactive molecules in homogeneous systems such as Ru (bipy)s** and metal
porphyrin systems (b) semiconductors in heterogeneous systems (Viswanathan et al.,
2002). In homogeneous systems, the thermal reverse electron transfer between the
redox products limits the efficiency. Studies in organized molecular assemblies, such
as micelles, vesicles and microemulsions, show some promise in controlling to some
extent the light induced charge separation (Kiwi et al., 1982). Dispersed
heterogeneous semiconductor surface provides a fixed environment that influences the

chemical reactivity of a variety of adsorbates. Simultaneous oxidation and reduction



reaction occurs on the surface of the catalyst on photoexcitation. The other advantages
are, easy separation of catalyst after the reaction by centrifugation, availability of

large surface area, low cost and stability.

In heterogeneous photocatalytic systems, simultaneous adsorption of the reactant and
absorption of the light are essential requirements for successful photocatalysis. In
addition, it should be stable at the reaction conditions employed and it should be
chemically inert. Among the available materials like metals, semiconductors and
insulators, the semiconductors have been used because the band gap of semiconductor
is optimum, band edge positions are suitable for oxidation/reduction of water and one
can use sunlight as energy source to excite the electron from the valence band. The
insulators do possess favorable energy levels to oxidation/reduction of water.
However, the higher value of the band gap, demands high-energy photons to create
the necessary excitons for promoting both the reactions. In metals, only one energy
level is available because of overlaying of valence and conduction bands and they can
not be used as photocatalyst. The oxidation and reduction potentials have the same
value, thus not suitable for H,/O, evolution from water. In addition to the favorable
band gap and band positions, semiconductors are inexpensive, non-toxic, easily
recoverable and capable of retaining the catalytic activity. Also, loading of metal on
the semiconductor surface and coupling of two semiconductors can increase the
efficiency of the semiconductor photocatalysed reaction. Even though the light
absorption is essential, other parameters like band gap, surface area, crystal phase,
morphology, rate of interfacial charge transfer, carrier density and stability are also

essential for photocatalytic activity.



1.5.1 Semiconductor photocatalysis

Photocatalysis involves the initial absorption of photons by a semiconductor to excite
electron from occupied state to unoccupied state. This results in the formation of
electron-hole pair within semiconductor. Unlike metals (which have continuous
electronic states, and the excess charge is squeezed on the surface) semiconductors
have energy gap (band gap), which restrict the recombination of photogenerated
electron-hole pair. The field is penetrated into the bulk to a few angstroms
(space charge region) Fig.1.1. The thickness of the Garret space charge region is
inversely proportional to the carrier concentration. As carrier concentration increases
the thickness of the space charge region decreases (Bard, et al., 2002). The formation
of surface states (additional energy levels with in the band gap), on the surface of the
semiconductor and bulk, plays an important role in photocatalysis. The formation of
these states is due to termination of periodic crystal at the surface, or doping of the
materials. The surface states are classified into two types; intrinsic and extrinsic.
Intrinsic states are related with the semiconductor surface, extrinsic states are related
with external species adsorbed on the surface or dissolved in the lattice. Intrinsic
surface states are divided into two types: Tamm states (ionic states) and Shockley
(covalent) states. Tamm state will not cause any band bending because they are
present very near to band edges. Shockley states are mainly located near the middle of
the band gap, which results in positive space charge formation on the n-type
semiconductor. In order to maintain the electronic equilibrium between the surface
and bulk, some electrons from bulk are transferred to surface states resulting in band
bending. A certain amount of band bending is necessary to provide the driving force
for the chemical reaction. The main advantage of semiconductor powders and

dispersions is the large surface area exposed to the reactants (Memming, 2001).
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Fig 1.1. Formation of space charge region on semiconductor

When the semiconductor is doped with transition metals or any other species, it will
affect not only Fermi energy level but also the thickness of the space charge region.
Depending upon the redox potential of the substrate, one can tune the redox properties
of the semiconductor by doping with transition metals. When the semiconductor is in
contact with an electrolyte containing a redox couple, the Fermi level adjusts to
equilibrate with potential of redox species. Contact between the semiconductor and
electrolyte results in Schottky barrier. The electric field of this barrier induces spatial
separation between electron and hole by driving the photogenerated electron and hole
in opposite directions, resulting band bending at the interface. For efficient
photocatalytic reaction the electron- hole pair recombination must be suppressed.
Either trapping the photogenerated electron or hole or both can lead to this. When
semiconductor particle is exposed to light with energy greater or equal to band gap
(the energy difference between the minimum of conduction band edge and the
maximum of valence band edge) it leads to the creation of electron-hole pairs. Under
the influence of the electric field, this electron-hole pair moves into the surface of the
conduction and valence band respectively. The electron in the conduction band moves

to the surface and reduction reaction takes place either with adsorbed molecule or



surface groups. Self-recombination with the hole in the valence band depresses the

activity of the semiconductor.

The reduction and oxidation strength of the photoexcited electron and hole can be
measured from the energy of the lower edge of the conduction band and upper edge of
the valence band. Depending on the relative positions of the top of valence band,
bottom of conduction band and the redox potentials of the species, the oxidation and

reduction processes are promoted (Fig. 1. 2)
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Fig 1. 2. Energy levels of various semiconductors

1.5.2 Photocatalysis by bulk phase semiconductor

In general, the selection of semiconductor for a particular reaction is based on the
position of the valence and conduction band edges and redox potential of the adsorbed
species of interest. To reduce the adsorbed species, the potential of the bottom of
conduction band must be more negative than the adsorbed species; for oxidation

reaction the top of valence band should be more positive than the adsorbed species;

10



Energies of various semiconductors are shown in the Fig. 1.2 with respect to normal

hydrogen electrode (NHE).

Since the energy of valence and conduction levels of TiO, is optimum to oxidize most
of the organic species, and its high oxidation ability of photogenerated holes
(E = 2.9V vs NHE at pH = 0) makes it as the best choice for photocatalyst. In addition
TiO, is inert, resistant to photocorrosion, thus making it as a good photocatalyst.
Among three structural modifications of TiO, (brookite, rutile and anatase), anatase is
the form that is more active. Eventhough there are other semiconductors to fulfill
these criteria; some of them suffer from “photocorrosion” under the experimental

conditions employed.

1.5.3 Charge carrier trapping

The recombination of excited electron-hole pair should be minimized for efficient
charge transfer reaction between semiconductor and adsorbed species. Trapping the
excited electron by surface states increases the lifetime of the excited electron;
thereby one can reduce the direct recombination of electron - hole pair. Irregularity in
the crystal lattice results in the bulk and surface states. In semiconductor, the nature of
the states present depends on the method of preparation of the materials. The surface
and bulk electron carrier trapping process is pictorially shown in Fig. 1.3. The bulk
and surface states are localized. The charge carriers trapped by these states are
localized to a particular site on the surface or in the bulk. The distribution of charge
carriers to the bulk and surface states mainly depends on the energy difference

between the lower limit of the conduction band and the position of the surface states.

11
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Fig.1.3. Trapping of excited electron by surface and bulk states in
semiconductor (Linsebigler et al., 1995)

1.5.4 Band bending

When a semiconductor is placed in vacuum the bands are usually flat. When the
semiconductor is allowed to contact with solution or the metal, band bending occurs.
The double layer is formed at the semiconductor-solution interface and the transfer of
mobile charge carrier between semiconductor and solution produce the space charge
layer. In the case of n-type semiconductor, the surface was enriched by negative
charge. In order to maintain the electrical neutrality positive space charge layer has
been formed in the semiconductor, which results in band bending (Fig.1.4). The
direction of band bending depends on the nature of the excess charge present on the
surface of the semiconductor (Hagfeldt and Gratzel, 1995). Fig.1.5 shows the
formation of depletion and accumulation layers due to the presence of excess negative
and positive charges respectively on the semiconductor surface. When semiconductor
surface has the same sign as the majority charge carriers, results in the formation of
accumulation layer (a). If on the other hand, majority charge carriers deplete into the
solution and results in the formation of depletion layer (b). The excess charge depletes

into the solution until the concentration in the surface becomes below the intrinsic

12



level. As a result, the concentration of the holes in the space charge region becomes
higher than the electrons, so the Fermi level comes closer to the valence band. The
semiconductor surface acts as p-type semiconductor and the bulk acts as n-type

semiconductor this is known as inversion layer (c).

N Semiconductor Clal5 Solution
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Fig. 1. 4. Band bending on semiconductor near the surface

Accumulation Flat band Depletion

(a) (b)

Inversion

Fig. 1.5. Formation of depletion, accumulation and inversion layers on
semiconductor
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1.5.5 Photocatalytic reaction on TiO, surface.

TiO, exists in three different crystal structures namely brookite, anatase, and rutile.
Among these, anatase and rutile are commonly used in photocatalysis, with anatase
showing higher photoactivity (Augustynski, 1993). The structure of anatase and rutile
contains the TiOg octahedra. They differ by the distortion pattern of the octahedra.
The difference in the lattice structure causes variation in mass densities and electronic
band structure. When TiO is exposed to light energy equal to or greater than the band
gap, the electrons are excited from the valence band to the conduction band. The

excitation by light follows the exponential law
I =loexp (-al)

Where, | is the light penetration length and o - reciprocal absorption length. For TiO,

a has a value of 2.6x 10*cm™ at 320 nm (Hagfeldt and Gratzel, 1995).

The relaxation of excited electron will take place in many ways. (i) The excited
electron can move into the surface of the semiconductor and react with surface
adsorbed molecule having appropriate potential level (equal or more positive than the
conduction band) or it can react with surface adsorbed oxygen molecule. (ii) The
excited electron can come back to the original state in the valence band and
recombine with the hole. (iii) Bulk recombination- the excited electron can combine
with hole in the bulk. Various possible relaxation pathways of excited electron in

semiconductor are shown in Fig. 1. 6. (Millis and Hunte, 1997)
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Fig. 1.6. Various possible relaxation pathways for excited electron on a photo
semiconductor

The hole produced in the valence band oxidizes the water, surface adsorbed OH group
or organic molecule adsorbed on the semiconductor surface. The excited electron in
the conduction band reduces the dissolved oxygen to O, then H,O, The H,0,
oxidizes the organic species present on the surface of semiconductor. The reduction
process takes place in the conduction band. The rate of both oxidation and reduction
reactions should be equal. If the rate of reduction is slow, the excess electron will be
accumulated in the conduction band, which favors the recombination of electron-hole
pair. In the other case, the excess holes will be accumulated in the valence band,
resulting in a similar situation. In this situation, the addition of sacrificial agents
(electron donor or electron acceptor) is necessary to increase the efficiency of the

process. The choice of the sacrificial agents depends on the nature of the process.

1.5.6 Metal doped semiconductors

Normally lower activity is observed when semiconductor is used alone; this is due to

high recombination rate of electron — hole pair. When a semiconductor surface is

15



doped with an appropriate metal, the rate of recombination reduces to a greater extent
and the photocatalytic activity is correspondingly enhanced (Escudero et al., 1990;
Courbon et al., 1981; Matsumura et al., 1983; Bahnemann et al., 1987; Papp et al.,
1993). Because the rate of electron transfer from semiconductor to metal is faster than
self-recombination rate. According to Frank — Condon principle the electron transfer
reaction takes place faster than any other reaction and the rate depends on density of
energy states on both sides of the interface. The photocatalytic activity varies with
respect to parameters like nature of the metal (higher electron affinity metal), method
of metal loading, extent of metal loading and nature of the semiconductor. Mainly
there are two methods followed for metal loading on semiconductor namely
impregnation method (Ichou et al., 1985) and photocatalytic deposition method
(Bucher et al., 1990). The amount of metal loading should be optimum for better
photocatalytic activity (0.1 — 1.0 wt %). The higher loading of metal results in the
formation of a very narrow space charge region, so that the penetration of light into a
semiconductor greatly hindered in the space charge layer thereby increasing the
recombination rate (Renault et al., 1986). Usually the metal should have high electron
affinity and it should have suitable work function to form ohmic contact with the
semiconductor. This can be explained on the basis of metal — semiconductor interface.
Two types of contacts are possible for the metal — semiconductor interface,

(i) Schottky barrier and (i) Ohmic contact.

1.5.6.1 Schottky barrier

If a metal and a semiconductor are brought together the energy levels of both metal
and semiconductor are readjusted. If the work function of metal is higher than the

semiconductor, the electrons will flow from semiconductor to metal until Fermi levels
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of both becomes equal. Energy levels of the semiconductor and metal before and after
the contact made are shown in Fig.1.7 a & b. ¢ and ¢s are the work function of metal
and semiconductor respectively. ¢ s= ¢ ¢ +¢ | . ¢ ¢ is the electron affinity, measured
from the bottom of the conduction band , ¢ | is the energy difference between Fermi

level and conduction band (Viswanathan, 2002).
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Fig. 1.7. Formation of Schottky barrier on semiconductor — metal interface

Excess positive charge is accumulated in the semiconductor due to the electron
transfer from semiconductor to metal, the distribution of this positive charge results in
creation of Schottky Barrier. The barrier restricts the further flow of electrons from

semiconductor to metal.

1.5.6.2 Ohmic contact

When the work function of the metal is less than that of the n- type semiconductor
(dbm < ¢s) the contact behaves in a different manner. In this case electron flow from

metal to semiconductor results in accumulation of negative charge in semiconductor
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and downward bending of conduction band occurs. This is shown pictorially in
Fig.1. 8 a & b. The electron can then move in either direction depending on the

applied potential (positive or negative). This contact is known as ohmic contact.
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Fig.1. 8. Formation of Ohmic contact

1.5.7 Photocatalytic hydrogen production by semiconductor nanoparticles

Recently, the nanosized-particles have gained attention in various fields, particularly
in catalysis, energy conversion, electronics and medicine. Though the nanoparticles
are known for a long time, the synthesis, characterization tools and the properties are
realized only recently. Most of the studies on the nanoparticles of semiconductor are
interdisciplinary in character and are devoted to investigation of their colloidal
solutions. When the particle size is comparable to Bohr radius of the excitons in
semiconductor, then the optical and redox properties of the semiconductor are
changed drastically (Khairutdinov, 1998). Second important observation is the
increase in number of surface atoms that results in an increase of surface energy and

decrease of the melting temperature of the particle (Goldstein et al., 1992). Also the
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kinetics of the chemical reactions on the surface of the nanoparticles are different
from that observed with bulk semiconductor. Arora et al., (1998) demonstrated that
the hydrogen production activity of CdS nanoparticles is strongly dependent on the
semiconducting behavior (p- or n type), which is dependent on the stoichiometric

composition.

The reduction in the particle size of semiconductors is always associated with an
increase in the energy of formation of electron - hole pair and shifts the conduction
and valence band towards more negative and more positive potentials respectively.
The increase in the band gap favors the water splitting and oxidation of many organic
compounds that have slightly more positive potential than the potential of valence

band in the bulk semiconductor.

1.5.8 CdS nanoparticles

Cadmium sulfide has band-gap energy of 2.5 eV that suits very well with the solar
spectrum. The conduction and valence bands position of CdS are positioned well
above and below the water reduction and oxidation potential, respectively. When the
particle size is reduced to nano-range, the band gap energy is increased and the
position of the valence and conduction bands are also altered, in such a way that the
reduction and oxidation potential of CdS nanoparticle are increased. Also, the rate of
recombination of photoexcited electron-hole pair is also reduced greatly due to the
large band gap and the formation of more number of surface states, which act as

electron trap, thereby the recombination rate reduced.

Recently, CdS nanoparticle are under investigation for hydrogen production by water
splitting, due to the visible light absorption of nano-size CdS. Various methods have

been adopted in literature for the synthesis of CdS nanoparticles and the photocatlytic
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activity has been evaluated (Hirai and Ota, 2006; Hirai et al., 2003; Chen et al., 2002;
Wang et al., 2003; Kida et al., 2003; Liem et al., 1999). From these studies, it is
observed that CdS nanoparticle shows higher photocatalytic hydrogen production
activity compared to the bulk CdS. The methods of preparation of CdS also have

significant impact on the photocatalytic hydrogen production.
1.5.9 Photocatalytic decontamination of water

The lower energy input for the decomposition of immeasurable amount of industrial
pollutants by photocatalytic methods accounts for the extensive investigations in this
direction. With this view, various organic and inorganic compounds containing
wastewater treatments by photocatalysis have been studied in literature (Herrmann et
al., 2002; Muggli and Ding, 2001; Byrne et al., 1998; Vidya et al., 2004; Guo et al.,
2002; Nagaveni et al., 2004). In general, treatment of wastewater has various types
like mechanical, biological, physical, and chemical processes. The particular
treatment depends upon the nature of the pollutant. In the first step, the solid wastes
are removed by filtration and then the dissolved organic pollutants are oxidized to
CO; and water. In photocatalysis the free hydroxyl radicals are produced, these
radicals have a high oxidizing power than other oxidants. Hence, this processes is
called advanced oxidation technology (AOT). The hydroxyl radical are produced by

two different ways as follows

OH  (Surf) +h* = OH"
O, (ads) + e "= O, (ads)
O, (ads) + H;O0 - OH ™+ HO,
2HO; —» H,0, + O,

HzOz—) 20H"
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Where the e and h* are the electrons and holes produced respectively in the
conduction band and valence band by excitation of semiconductor. VVarious oxides
and sulphides like TiO,, Fe,03, ZnO, ZrO,, WO3, CdS, ZnS etc have been tried for
this purpose as a photocatalyst (Botta et al., 1999; Hagfeld and Gratzel, 1995; Fox and
Dualy, 1993; Millis and Hunte, 1997; Litter, 1999). Among these materials, TiO; has
been studied extensively and exploited for the decomposition of pollutants from the

wastewater.
1.5.9.1 Visible light photocatalytic activity of doped TiO,

Though, TiO, is more photoactive among the studied catalytic materials, it is less
active in the visible region due to its higher band gap (3.2 eV). For the same reason,
the light absorption will take place at < 400 nm (UV region). Since the solar spectrum
consists only 4-5 % UV light, the efficiency of the process is very poor. In order to
over come this, various attempts have been made to activate the TiO; in the visible
region. The absorption wavelength region of semiconductor is extended to visible
region by dye adsorption (Regan and Gratzel, 1991; Boschloo and Hagfeldt, 2005;
Alex et al., 2005; Tae et al., 2006). The light absorption by the dye molecule excites
electrons from ground state to excited single or triplet state then the excited electron
transfers to the conduction band of the semiconductor. In order to achieve the electron
transfer process from excited state to conduction band the potential of conduction
band should be more positive than the excited state. Some common species which are
used as sensitizers include Ru(bpy)s**(Cho et al., 2001) porphyrin (Majunder et al.,
1992)), merocyanine (Abe et al., 2002) and organic compounds (He et al., 1998). The
solubility of the dye in water and other solvents, and the stability of the dye on the

semiconductor surface are the major disadvantages of the process. In a similar way,
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insertion of transition metal ions on the titania structure can significantly enhance the
photonic efficiency, either by widening the light absorption range or by modifying the
redox potential of the photoproduced radicals (Hoffman et al., 1995; Lin et al., 1999;
Anpo, 2000). The doping of metal ions on the TiO; lattice will produce additional
energy levels between the valence band and conduction band of the semiconductor;
thereby the band gap of TiO, has been decreased to certain extent and the light
absorption will takes place in the visible region. Various metal ions like Fe, Cr, V, Ni,
Ce, Cs, Cu, and La have been studied with different amounts of loading (Kang et al.,
2003; Wu and Chen, 2004; Zang et al., 2000; Pal et al., 2001; Beydoun et al., 2002).
Though, the doping of metal ion increases the activity significantly, none of them
shows stable activity after certain time due to the instability of doped metal ion
against photocorrosion. Photocorrosion is the phenomenon where the self-
decomposition of catalyst occurs when the decomposition potential of the catalyst
falls between its band gap. An alternative approach is establishing electronic contacts
between different semiconductors i.e. coupling of large band gap semiconductor with
lesser bad gap semiconductor (Tada et al., 2000). In such case, when a suitable choice
(band gap) of the materials brought into contact, the lower band gap material will
excite in the visible region and the excited electron will transfer into the conduction
band of other semiconductor which is having more positive potential than the former.
But, in may cases, the lesser interfacial electron transfer rate of electron from one
semiconductor to the other semiconductor limit the process as inactive (Keller and

Garin, 2003).

Recently, doping of non-metals such as C, N, S and B on TiO; lattice has created
considerable attention due to certain added advantages over the metal ion doping

(Asahi et al., 2001; Umebayashi et al., 2002). The heteroatom doping in the TiO,
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results in increase in the top of the valence band, thus reducing the band gap. It is
assumed that, the heteroatoms are doped as anion and occupies the oxygen positions
in the TiO, lattice; few experiments and theoretical results also support this
hypothesis. Since “p” orbital of oxygen and the heteroatoms are of same energy,

certainly there will be a strong orbital overlapping, which results in the reduction of

band gap.

1.6 ELECTROLYSIS

Electrolysis of water is a well known process for the water decomposition, when a
potential difference between two metal electrodes is 1.23 V in acidic or alkaline
medium, hydrogen and oxygen are evolved at the cathode and anode respectively, as a
result of electrolysis of water. Though the theoretical potential is 1.23 V for water
electrolysis, in practice the actual water decomposition will occurs only above 1.7 V
(Vogel, 1961). The extra potential, which is essential for the water decomposition, is
called over potential. Overvoltages are evaluated mainly as a function of current and
temperature. Overvoltages are composed of activation or charge transfer overvoltage,
concentration or diffusion or mass transfer overvoltage and resistance or ohmic

overvoltage.

In general, an aqueous solution of caustic potash or soda is used as the electrolyte for
water electrolysis. At the same concentrations, the conductivity of caustic potash is
higher than that of caustic soda solution. In addition, the solubility of CO,, which
contaminates the electrolyte and decreases its conductivity, is lower in caustic potash
solution than the caustic soda solution. But, at higher concentration of absorbed CO,

results in the formation of carbonate precipitate more easily in caustic potash than the
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caustic soda. So, it is necessary to change the electrolyte occasionally which forces to
use the cheaper caustic soda solution as electrolyte. The nature of anode and cathode
is decided based on their hydrogen and oxygen overvoltages in the electrolytic
medium in addition to their stability in the particular medium. The hydrogen and
oxygen overvoltages of various electrode materials in 16 % NaOH electrolyte at
different current densities are given in Table 1.1. It can be seen from the table, that the
iron sheets have lesser hydrogen and oxygen overvoltage. Also iron has higher
resistivity towards corrosion in the alkaline medium. In industries, nickel-plated iron
sheets or ferronickel alloy sheets are used as anode and cathode for water electrolysis
in alkaline medium. Since most of these electrodes are not stable in acidic medium
compared to alkali medium. The cathode and anode are separated by a diaphragm,
which prevents the mixing of hydrogen and oxygen gases produced at the cathode and
anode surfaces respectively. The diaphragm should be stable in the electrolyte and
minimize the diffusion of gas molecules without the affecting the conductivity of the

medium.

Table 1.1 Hydrogen and oxygen overvoltage (V) in 16 % NaOH electrolyte

Current | Iron sheet plated Ni-steel Smooth Ni sheet | Co plated iron
density with sulfur (5 % Ni) sheet
containing
Aldm? nickel
H. O, H, 02 H, O, H, O,

1 0.11 0.32 0.21 0.35 0.37 0.55 - 0.31
5 0.16 0.36 0.31 0.40 0.47 0.77 - 0.35
10 0.19 0.38 0.36 0.44 0.51 082 | 042 0.37
20 0.21 0.42 0.40 0.48 0.55 0.85 | 047 0.39
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The electrolytic cells are commonly divided in to two types i.e. uni polar and bi polar.
In the first case a diaphragm separates the cathode and anode and both sides of the
electrode will be in the same polarity. Whereas, in the second case, an insulator
separates the individual electrodes and one side of the electrode will act as cathode
and other side will act as anode and each electrodes are separated by a diaphragm. So,
even in the case of single common electrolytic cell, the separation of anodic and
cathodic compartment is essential for getting maximum efficiency. In view of this, a
compartmentalized cell can be designed. In addition to separation of anode and
cathode, the compartmentalization enables one to use different electrolytes in the two
chambers, namely, anode and cathode chambers, and using a suitable electrolyte in
the cathodic and anodic compartments separately, the over potential of hydrogen and

oxygen can be reduced to a greater extent.

1.6.1 Effect of temperature and pH on the decomposition potential

The amount of electricity required to produce one mole of hydrogen by splitting one
mole of water is 2F is equal to 236.96 kJ. Whereas, heat generated by combustion of
one mole of hydrogen will release 285.58 kJ at 25 °C. The extra energy of 48.63 kJ
must be absorbed from the surrounding of electrolytic cell if the water is to be
electrolyzed with 1.229 V at 25 °C. Applying electrical energy of 285.58 kJ, i.e.
1.481 V, to a water electrolyser at 25 °C would generate hydrogen and oxygen
isothermally. The values 1.229 and 1.481 V are called as the reversible and
thermoneutral voltage. The variation of reversible and thermoneutral voltage with

temperature are shown in Fig. 1.9.
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Fig. 1.9. Variation of cell potential as a function of temperature

It can be seen from the Fig.1.9, that when the temperature increases the reversible
voltage decreases, whereas the themoneutral voltage slightly increases with
temperature. It can also be seen from the figure that, in the region below the reversible
voltage, hydrogen production is not possible. In the second region, the hydrogen is
evolved with absorption of heat from the surrounding. In the third region, the
hydrogen is evolved with liberation of heat, i.e. the extra energy as potential above the
thermoneutral potential is released as heat energy. In general, the commercial
industrial electrolytic cells are operating between 60-80 °C. The hydrogen and oxygen
evolution reversible potentials at various pH are shown in the Fig. 1.10. It can been
seen from the figure that the net potential needed for the hydrogen and oxygen

evolution at any given pH between 0 to 14 is 1.229 V at 25 °C.
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Fig. 1. 10. Hydrogen and oxygen reversible electrode potentials against pH of
the electrolyte at 25 °C

Due to the corrosive action on the electrode materials, especially at the anodes, the

acidic solutions are avoided for the water electrolysis.
1.7 ELECTROLYTIC DECONTAMINATION OF WATER

Electrochemical treatments of wastewater have shown several benefits in terms of
costs and safety. The process runs at high electrochemical efficiency and operates
essentially under the same conditions for a wide variety of wastes. Operation at room
temperature and atmospheric pressure reduces the possibility of volatilization and the
discharge of unreacted waste from the water. The waste treatment can be stopped
within seconds by cutting off power to the electrodes. The removal of undesired
components from aqueous phases is based on the choice of the appropriate electrode

material, decomposition potential, concentration, nature of the medium and the
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presence of other ions in the medium. It has the advantage of being applicable to a
wide range of wastewater purification process. Furthermore, electrochemical
oxidation offers a means of oxidizing the pollutants to H,O and CO; so that the
transfer of the contaminants from one phase to the other is avoided. Electrochemical
combustion is therefore presented as a clean and versatile method for removal of
pollutants. Generally, the route in which the electrochemical oxidation/removal

processes proceeds are;

1. Indirect electrochemical oxidation of inorganic or organic contaminants
2. Direct electrochemical oxidation of the contaminants on the electrode surface

3. Cathodic removal of metal-cations (mostly heavy metals)

In the first case the nascent oxygen or radicals are produced at the anode surface.
Subsequently, these will oxidize the pollutant present in the medium. In the second
case, the organic or inorganic species present in the system will under go the
oxidation directly on the electrode surface when the oxidation potential of the species
is lower than the potential of the anode. In the third case, the metal ions present in the
medium are reduced and deposited over the cathode surface; this process is efficient
to remove trace amounts of the metal ions present in the medium. The reduction

potential of metal ions should be more positive to attain the maximum efficiency.

Various electrode materials have been investigated to improve the efficiency of the
electrochemical process. Basically, the choice of electrode material must focus on
high activation energies for undesired side reactions. If side-reactions are to be
reduced cathode materials should have high over-voltages for hydrogen-evolution and
the anodes should preferably show high over-voltages for the evolution of oxygen

(Bard and Faulkner, 1980).
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Among the various chemical compounds studied, the electrochemical oxidation for
destruction of phenolic wastes has been investigated under various conditions (Awad
and Abuzaid, 1997; Boscoletto et al., 1994; Comninellis and Pulgarin, 1993;
Comninellis and Nerini, 1995; Chettiar and Watkinson, 1983; Gattrell and Kirk,
1990). Commonly, it is observed that the lower reaction rate for the electrochemical
oxidation of phenolic compounds, is due to electrode fouling (Dabrowski et al.,
1975). Phenol is well known for its ability to foul electrodes and the polymerization
on electrodes during oxidation. The oxidation of phenolic compounds at solid
electrodes produces phenoxy radicals, which are responsible for coupling to form a
passivating polymeric film on the electrodes (Gattrell and Kirk, 1993). Attempts have
also been made to improve the efficiency by the addition of salts like NaCl, Na,SO4,
which will result in the generation of power full oxidizing agents like chloride,

hypochlorite or hydrogen peroxide instantly (Zareie et al., 2001).

The main inorganic contaminants in wastewater are metal ions, nitrates, nitrites,
nitrogen dioxide, nitric oxide, ozone, ammonia, azide and halide ions. Metal ions like
Cd and As have been extensively investigated due to severe hazardous nature even in
presence of small quantity in water (Zaw and Emett, 2002; Butter et al., 1998; Dutra

et al., 2000).

1.8 OBJECTIVES AND SCOPE OF THE PRESENT INVESTIGATION

The production of hydrogen from naturally available resources like water using
sunlight is an attractive proposition. Removal of pollutants from industrial
wastewater is another area, which calls for research attention mainly from the points
of view of economics and efficiency. This can be achieved by photocatalytic and

electrolytic methods; hydrogen can be produced from water using sunlight as the
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energy source in the former method and by applying an electric potential in the latter

method. Both these methods can be used for the environmental remediation

processes. The objectives of the present investigation include;

R/
0‘0

®
%

Preparation of CdS nanoparticles using zeolite as template and mesoporous

CdS nanoparticles by ultrasonic mediated precipitation method.

Photocatalytic production of hydrogen by CdS nanoparticles and various metal
(Pt, Pd, Rh and Ru) loaded CdS nanoparticles using Na,S and Na,SO3; mixture

as sacrificial agent

Preparation of N doped TiO, by different routes and N, S co-doped TiO, by

complex decomposition method.

Physico-chemical characterization of the prepared materials by XRD,

UV-Visible, SEM, TEM, XPS and sorptometric techniques.

Comparative study of visible light photocatalytic decomposition of methylene
blue by anion (N and N&S) doped TiO, nanoparticles prepared from various

routes.

Design a compartmentalized electrolytic cell for generation of hydrogen and

oxygen to minimize the overpotentials.

Electrolytic removal of phenol and arsenic from water using a

compartmentalized electrolytic cell.
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CHAPTER 2

EXPERIMENTAL METHODOLOGY

2.1 CHEMICALS USED
The chemicals used and the sources from which they were obtained are as follows.

Titanium isopropoxide, titanium trichloride and nitrate/chloride/sulphide/sulphate of
sodium, cadmium, magnesium (Ar grade) were obtained from Merck India Ltd or
Fluka Chemie, Germany. Commercial TiO, (P25) was obtained from Degussa,
Germany. All the noble metal chlorides were obtained from Arora Matthey Ltd.,

India.

All other Chemicals used in the investigation were of analytical reagent (AR) grade
and were obtained from Qualigens, India or S.D. Fine Chemicals, India. These

chemicals were used as such without further purification.

2.2 PREPARATION OF THE CATALYST

2.2.1 Preparation of CdS nanoparticles using zeolite as template

Cadmium sulphide nanoparticles were prepared by precipitation in the zeolite matrix.
Three different zeolites (H-Y, HZSM-5 and H-) with different pore sizes were used
for this purpose. In a typical preparation procedure, 1 g of sodium form of the zeolite
was taken in a round bottom flask and 100 ml of 1 M CdNOs solution was added to it.
The mixture was stirred for 24 h at room temperature. The zeolite was filtered and
washed with distilled water until the filtrate is free from Cd®* ions. The sample was
dried and stirred with 100 ml of 1 M Na,S solution for 12 h and this results in the

precipitation of the cadmium ions present inside the zeolite matrix. The precipitated



CdS particles were washed with distilled water until the filtrate is free from the
S% ions. Finally, the zeolite matrix was removed by treatment with 48 % HF solution.
The undissolved CdS particles were washed with hot water until the pH of the filtrate
becomes neutral. The obtained CdS particles are dried in an air-oven and then

calcined at 400°C for 4 h in air. The CdS particles prepared from H-Y, HZSM-5 and

H-p are named as CdS-Y, CdS-Z and CdS-B respectively in subsequent discussions.
2.2.2 Preparation of mesoporous CdS nanoparticles

In a typical synthesis, 250 ml of 5 mM Na,S solution was taken in a 1000 ml glass
beaker and kept in an ultrasonicator water bath. Then, 250 ml of 1 mM Cd(NOs).
was added into the Na,S solution using peristaltic pump (Miclins) at the rate of
20 ml/n.  The resulting precipitate was filtered and washed with double distilled
water until the solution is free from S% ions. For the sake of comparison, bulk CdS
was prepared by conventional precipitation method. In this method, equimolar amount
of NaS solution was added dropwise to a stirred solution of 1 M Cd(NOs3), and this
results in the formation of CdS precipitates. The CdS precipitate was washed
repeatedly with distilled water until it is free from S* ions, dried in an air-oven and
then calcined at 400°C for 4 h in air. The CdS particles prepared by ultrasonic method
and conventional precipitation method are designated as CdS-U and bulk CdS

respectively in subsequent discussion.
2.2.3. Preparation of metal loaded CdS catalysts

Generally, 1 wt % of Pt, Pd, Ru and Rh metal loaded CdS was prepared by wet
impregnation of corresponding metal chloride solution with CdS particles followed by

evaporation to dryness and reduction in hydrogen atmosphere at 723 K.
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2.2.4. Preparation of N doped and N, S co-doped TiO;

2.2.4.1 Preparation of N doped TiO; from TiCls

In a typical synthesis of the N-doped TiO,, 50 ml of 15% TiCl; (48.6 mmol) was
mixed with 50 ml of Na,S solution (51.2 mmol). The pH of this acidic solution was
adjusted to 8.5 by slow addition of dil. NH3 solution. The precipitate formed at this
pH was continuously stirred for ~ 4 h. The precipitate was filtered and washed with
double distilled water until the filtrate was free from chloride and sulfide ions. The
sample was calcined in air for 4 h at different temperatures. Pure TiO, was also

prepared by a similar procedure without the addition of Na,S solution.

2.2.4.2 Preparation of N doped TiO; from thermal decomposition of Ti-salen
complex

The Ti- salen complex was prepared by mixing the titanium isopropoxide with salen
ligand. Ti-isopropoxide in dichloromethane (DCM) (1:1 molar ratio) was added
dropwise into salen in DCM. The mixture was stirred for 6 hours at room temperature
and then the solvent was removed by evaporation at reduced pressure. The ligand
salen was prepared by mixing equimolar amount of ethylene diamine and
salicylaldehyde in ethanol medium. The resulting yellow solid was filtered, washed
and dried under vacuum. The metal complex (Scheme 2.1) was calcined in a vacuum
sealed glass tube at 400 °C. The sample was heated slowly from room temperature to
400 °C and maintained at this temperature for 12h. Then it was allowed to cool to
room temperature. Then the sealed tube was broken carefully and the material

collected was further calcined in air at 400 °C temperature for ~ 12 h.
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Scheme 2.1. Preparation of Ti-salen metal complex

2.2.4.3 Preparation of N doped TiO, from thermal decomposition of
Ti- melamine complex

The Ti- melamine complex was prepared by mixing, melamine dissolved in hot water
ethanol mixture (1:3 volume) into Ti (ipro)s in ethanol solution in 3:1 molar ratio of
Ti (ipro)sand melamine. The resulting solution was stirred for 24 h and allowed to age
for 5 days. The gel obtained after five days was dried in hot air oven, calcined at

various temperatures in air and finally washed with hot water.

2.2.4.4 Preparation of N, S co-doped TiO, from thermal decomposition of
Ti-benzothiazoline and Ti-aminothiol complexes

The Ti*- 2(O-hydroxyphenyl) benzothiazoline (TB) complex was prepared
(Kanmani, 1998) by dropwise addition of 1:2 molar ratio of titanium isopropoxide in
dichloromethane with 2(O-hydroxyphenyl) benzothiazoline in dichloromethane. The
mixture was stirred for an hour. The color changes from yellow to red indicating the
formation of Ti**- 2(O-hydroxyphenyl) benzothiazoline complex, and the solvent was
removed under reduced pressure. The ligand 2(O-hydroxyphenyl)benzothiazoline was
prepared by mixing equimolar amount of 2-amino thiophenol and salicylaldehyde in
the ethanol at room temperature. The TB complex obtained (Scheme 2.2a) was
ground to fine powder in an agate mortar and calcined in vacuum sealed glass tube at
400 °C for 12 h. Then it was allowed to cool to room temperature, the sealed tube was

broken carefully and the content was collected. The collected material was further
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calcined in N, atmosphere for 6 h and air at various temperatures for 12 h. The
prepared samples were named as TB (n), where n denotes the calcination temperature
in air. The Ti-aminothiol complex (TS) was prepared by addition of calculated
amount of Ti isoproxide and aminothiol in DCM at room temperature. The resulting
complexes (Scheme 2.2b) were decomposed at 400 °C in N, atmosphere for ~ 12 h
and air at various temperatures for ~ 12 h. The prepared samples were named as

TS (n) respectively, where n denotes temperature of calcination in air.
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Scheme 2.2. Preparation of (a) TB and (b) TS complex
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2.3 CHARACTERIZATION

2.3.1 UV-Visible absorption studies

UV-Visible absorption spectra were recorded using a CARY 5E UV-Vis-NIR
spectrophotometer in the spectral range of 200-800 nm. The absorption spectra for

catalyst samples were recorded as nujol paste.
2.3.2 Powder X-ray diffraction (XRD)

X-ray diffraction patterns of the various samples were recorded using SHIMADZU
XD-D1 diffractometer using Ni-filtered Cu K,, radiation (. =1.5418 A) in the range of
10 - 80 degrees at a scan rate of 2 degrees per minute using Bragg-Brantan

configuration.
2.3.2.1 Particle size determination by X-ray line broadening

The particle size of the materials are calculated by X-ray line broadening technique
employing Debye-Scherrer equation (Cullity, 1987)

_ 0894

P cos 6,

Where
t = thickness of particle
A = wavelength of the radiation used
[ = integral breadth of peak (full width at half maximum)

0s = Bragg diffraction angle

For these measurements, the X-ray diffraction patterns were recorded at same scan

speed (2 degrees per minute), and the reflections corresponding to three highest
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intense peaks were taken for the measurements and the average particle size

calculated.
2.3.3 Surface area measurements

Surface area and pore volume of the catalyst were measured using CE Instruments
model Sorptomatic 1990. The samples were outgassed at 423 K and 10° torr vacuum
for 6 - 10 h depending on the nature of the sample. For adsorption experiments,
ultrahigh pure nitrogen is used at liquid nitrogen temperature. BET method was used

to evaluate the surface area and pore volume evaluated at the p/po of 0.999.
2.3.4 Transmission electron microscopic studies (TEM)

Transmission electron micrographs were recorded with a JEOL-JEM 100SX
microscope, working at a 100 kV accelerating voltage. Samples for TEM were
prepared by dispersing the powdered sample in acetone by sonication and then drop

drying on a copper grid (400 mesh) coated with carbon film.
2.3.5 Scanning electron microscopic studies (SEM)

Scanning electron micrographs were taken using JEOL, JSM5610LV microscope
(acceleration voltage 15 kV). The sample powders were deposited on a carbon tape
before mounting on a sample holder. In order to improve the conductivity of the

sample, gold sputtering was done for 3 min on all the samples.
2.3.6 X-ray photoelectron spectroscopy (XPS)

Chemical nature of N and S in TiO, has been studied using X-ray photoelectron
spectroscopy in a VG Microtech Multilab ESCA 3000 spectrometer with a

non-monochromatized Al Ko X-ray (hv = 1486.6 eV). The catalyst pellet surface was
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scraped in situ to remove any surface contamination that could arise from atmospheric
components like water, CO, etc. The energy resolution of the spectrometer was set at
1.1 eV at a pass energy of 50 eV. The binding energy (BE) was calibrated with

respect to Au 4f7/, core level at 83.9 eV.

2.3.7 Thermogravimetric analysis (TGA)

Thermogravimetric analyses of catalyst precursor, metal complexes were performed
to assign the calcination temperatures. TGA analyses were preformed for the calcined
catalyst also, to confirm complete decomposition of precursor materials. The analyses
were done using Perkin EImer TGA (Delta series TGA7) instrument with a heating

rate of 20 °C min* under air atmosphere.

2.3.8 Infrared (IR) absorption studies

FT-IR absorption spectra of the samples were recorded using a Bruker FT-IR
spectrometer (Model IFS 66v) at room temperature in the range 4000-400 cm™. The
powdered samples were ground with KBr and pressed into pellets (5 ton/cm?) for

recording the spectra.

24 PHOTOCATALYTIC ACTIVITY

2.4.1 Photocatalytic production of hydrogen

Photocatalytic hydrogen evolution experiments were performed using a quartz reactor
with options for water circulation at the outer wall of the reactor and specific outlet
for gas collection. For a typical photocatalytic experiment, 0.1 g of catalyst was added
to a 50 ml of aqueous solution containing 0.35 M Na,SO3; and 0.24 M Na,S and
placed inside the reactor. Before illumination by a UV source, the solution was purged

with nitrogen gas for 30 minutes to remove the dissolved oxygen. Then the mixture
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was irradiated with photons from 400 W Hg lamp (ORIEL Corporation, USA). The

evolved gas was collected over brine solution using an inverted gas burette.

2.4.2 Photocatalytic decomposition of methylene blue at fixed wavelengths

Photocatalytic decomposition of methylene blue was performed using a quartz reactor
with water circulation facility at the outer wall of the reactor and with the specific
outlet for the sample collection. For a typical photocatalytic experiment, 25 mg of
catalyst was added to 25 ml of aqueous solution containing ~110 ppm methylene blue
solution and the solution was irradiated using 400 W Hg lamp (ORIEL Corporation,
USA). The experiments were carried out separately, at four different wavelengths
namely 365, 405, 436 and 546 nm using the monochromatic filters (Oriel) for 30 min
duration. After recovering the catalyst by centrifuging, the light absorption of the
clear solution was measured at 662 nm (Amax for MB). The photocatalytic activity was
compared with those using Degussa (P25) and pure TiO, (anatase) prepared in the

laboratory.

2.4.3 Visible light photocatalytic decomposition of methylene blue

Photocatalytic methylene blue decomposition experiments were performed using a
quartz reactor as described in previous section. For a typical photocatalytic
experiment, 0.1 g catalyst is taken with 50 ml of ~ 50ppm methylene blue solution.
The experiments were carried out for 3 h duration with visible light (> 420 nm) using
400 W Hg lamp as light source and HOYA L-42 UV cut off filter (< 420 nm). The

concentration of methylene blue was monitored every 30 minutes time interval.
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2.5 GAS CHROMATOGRAPHIC (GC) ANALYSIS

The gas products were analysed using chromatograph (Nucon- Model 5765) with
molecular sieve 5A as column and thermal conductivity detector (TCD). For the
detection of hydrogen, nitrogen was used as the carrier gas and for that of

oxygen/moisture, the carrier gas was hydrogen.

The intermediate formation during the electrolysis was analyzed by GC (Nucon-5765)
equipped with flame ionizing detector (FID) using SE-30 column. This intermediate
species was extracted after 5 hours of electrolysis with diethylether solvent from the

electrolyte solution after saturating the electrolyte with NaCl and analyzed using GC.
2.6 DESIGN OF COMPARTMENTALIZED ELECTROLYTIC CELL

A divided electrolytic cell has been designed using glass tubes, with chemically
treated disc acting as a separator (Fig. 5.1). The separator prevented the mixing of the

anolyte and catholyte, but ensured the passage of current for electrolysis.

2.7 EXPERIMENTAL CONDITIONS FOR THE ELECTROLYTIC
REMOVAL OF PHENOL

A smooth platinum sheet (of area 1 cm?) dipped into 50 ml of 1 M H* (ag.) solution
acted as the cathodic part of the half cell. The anodic compartment consisted of
graphitic carbon (of area 1 cm?) as the electrode dipped into a 50 ml solution of
phenol (~200 ppm) along with a supporting electrolyte (NaCl or NaOH). The

decomposition of phenol was carried outat 5 V.
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2.8 EXPERIMENTAL CONDITIONS FOR THE ELECTROLYTIC
REMOVAL OF ARSENIC

For the removal of arsenic, appropriate concentration of sodium arsenate (As*")
resembling pollutants, was taken along with 1 M H" solution in the cathode
compartment. The anolyte contained 50 ml of 1M OH". Galvanostatic electrolytic

reduction was carried out using Ni and Ag sheets (of area 1 cm?), which were used as

anode and cathode respectively.
2.9 PREPARATION OF Co, Ni MODIFIED Pt AND Ti ELECTRODES

Co and Ni were electrochemically deposited on Ti and Pt (1 cm?) cathodes by using
1 M “CoCls and NiCl,  as electrolyte and Pt as anode. Co/Ti or Co/Pt deposition was
done using CoCl; electrolyte. CoNi/Ti or CoNi/Pt deposition was done from
electrolyte containing a mixture of CoCl; and NiCl,. After the electrodeposition
process, the electrodes were heated at 673 K for 2 h in air to obtain their

corresponding oxides.
2.10 SPECTROPHOTOMETRIC ESTIMATION OF PHENOL

Estimation of phenols was done spectrophotometrically using 4-aminoantipyrine
method (Ettinger et al., 1951). Phenol solution (100 ml) in phosphate buffer
(pH 7.9 £ 0.1) is mixed with 1 ml of 2 % 4-aminoantipyrine followed by 1 ml of
8 % potassium ferricyanide to develop a red colour. After 15 minutes of incubation,
absorbance was measured at 500 nm. Phenol concentration of the sample was
calculated using a standard graph. A series of known concentrations of phenol
(1-10 ppm) was prepared and the absorbance was measured as described above. The

standard graph was obtained by plotting the absorbance vs the concentration.
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2.11 SPECTROPHOTOMETRIC ESTIMATION OF ARSENIC

Arsine (AsH3) gas, evolved at the cathode compartment, was absorbed by passing
through the pyridine solution containing silver diethyldithiocarbamate. Arsine reacts
with solution of silver diethyldithiocarbamate, AgS.CS.N(CzHs),, in pyridine to form
a soluble red complex, which has an absorption maximum at 540 nm (Vogel, 1961).
The quantity of As removed was calculated using a standard graph, which was
obtained by plotting known amount of arsenic containing solution vs absorption

intensity (Amax)

2.12 CHEMICAL OXYGEN DEMAND (COD) ANALYSIS

COD for the phenolic samples was determined using open reflux method (Clesceri et
al., 1988). For analysis, 25 ml of phenol solution was taken in a 250 ml single neck
round bottom flask. 1 g HgSO, and several glass beads was added to the above
solution, and 5 ml sulfuric reagent (5.5 g AgSO4/ kg H,SO,) was added very slowly
with mixing to dissolve HgSO4. The resulting mixture was cooled while mixing to
avoid possible loss of volatile materials. 25 ml of 0.04167 M K,Cr,07 solution was
added to the above solution and mixed well. The flask was attached with water
cooling condenser, and 70 ml of sulfuric reagent was added to the mixture through the
open end of the condenser. The above mixture was refluxed for 2h, cooled and diluted
to about twice its volume with distilled water. The excess K,Cr,O; titrated with
0.25 M Ferrous Ammonium Sulfate (FAS), using 0.10 to 0.15 ml ferroin indicator.

Blank experiment was also done as described earlier with distilled water.

(A—B) x M x 8000

CODasmgO, /1=

ml of sample
A =ml FAS used for blank B = ml FAS used for sample
M = molarity of FAS 8000 = milliequivalent weight of oxygen X 1000 mL/L
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CHAPTER 3

CHARACTERIZATION AND PHOTOCATALYTIC
HYDROGEN PRODUCTION BY CdS NANOPARTICLES

3.1 STUDIES ON TEMPLATED CdS NANOPARTICLES

3.1.1 Introduction

Production of hydrogen from inexhaustible source, water by cheaper route has been
under extensive investigations in recent years (So et al., 2003; Koca and Sahin, 2003).
Among different processes used for hydrogen production, photocatalysis is a method,
which has to be improved for viability where sunlight can be utilized as a sustainable
energy source for hydrogen production. Selection of a suitable photocatalyst is an
important criterion to accomplish the process as workable for maximum quantity of
hydrogen production. Essentially, the photocatalyst should have the appropriate
conduction and valence band edge positions in order to reduce and oxidize the H™ and
OH ions, respectively. For better hydrogen evolution activity, the bottom of
conduction band should have more negative potential than the H'/H, redox potential.
The values of top edge of valence band should be at more positive with oxidation
potential of water. In addition to these criteria, photocatalyst should absorb light
especially in the visible region and should have good photo-stability under the

irradiation conditions.

Several types of semiconducting materials such as TiO,, Fe;O3, ZnO and CdS have
been investigated for hydrogen production (Li et al., 2001; Takata et al., 1998;
Nguyen et al., 2005). Among them, CdS shows light absorption in the visible region
and has suitable conduction band potential to reduce the H' ion effectively. However,
the utility of CdS as photocatalyst has been limited due to its anodic decomposition,
the so called photocorrosion. Number of attempts have been made to overcome this

disadvantage by using suitable sacrificial agents. In general, Na,S and Na,SO3



mixture has been widely used as sacrificial agent (Buhler et al., 1984). Coupling of
CdS with other semiconductors like TiO, and ZnS has also been studied (Sant and
Kamat, 2002). It has been observed that, the photocatalytic activity for hydrogen
production increases considerably in the coupled semiconductors because of the
interparticle electron transfer process (Kakuta et al., 1985) In the coupled
semiconductor photogenerated electron is transferred with relative ease, from one
semiconductor to the other, due to the favourable position of the conduction bands of
the semiconductor couple and this results in the efficient electron transfer for H
ion reduction. Recently LaMnO;/CdS (Kida et al., 2003) and CdS/ETS-4
(Titanosilicate zeolite) (Guna et al., 2004), composites have been studied as efficient
catalyst for photocatalytic hydrogen production. It has been shown that the supported
CdS shows higher activity in the presence of sacrificial agent without undergoing any
photocorrosion. The surface characteristics of the support such as the acid-base
properties can also play an important role on the photocatalytic activity of CdS. In
case of the CdS/MgO photocatalyst, it has been observed that the activity for
hydrogen reduction is enhanced with increase in basicity of the support (Supriya and
Subrahmanyam, 1998; Subrahmanyam et al., 1996). Furthermore, it is known that
semiconductor nanoparticles show higher photocatalytic activity compared to the bulk
materials (Pal et al., 2004; Warrier et al., 2004) due to changes in surface area, band
gap, morphology and generation of surface defects. Various methods have been
adopted in literature for the synthesis of CdS nanoparticles (Chen et al., 2002; Wang
et al., 2003; Parvathy et al., 1997; Liem et al., 1999) and CdS particles embedded in
the cages, egg membrane and zeolite (Wellmann et al., 2001; Pattabi and Uchil, 2000;
Peng et al., 2003). The photocatalytic experiments carried out using CdS embedded
systems show better activity than the bulk CdS although the nonactive host material
can reduce the amount of light absorption. In order to overcome this problem, in this
study CdS nanoparticles in zeolite matrix have been prepared, which are subsequently

retrieved by treatment with HF solution. The CdS nanoparticles prepared by this
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method were used to carry out photocatalytic hydrogen production. The photocatalytic
activity of these materials has been found to correlate well with the particle size. The
effect of noble metal loading on CdS for the photocatalytic hydrogen evolution has

also been studied.

3.1.2 RESULTS AND DISCUSSION

3.1.2.1 UV-Visible spectra

UV-Visible absorption spectra for CdS nanoparticles prepared from different zeolite
matrices are shown in Fig. 3.1. Comparing the absorption edge of bulk CdS with that
of CdS-Y, CdS-Z and CdS-B samples prepared from different zeolites, it is seen that a
blue shift in the onset of absorption is observed in these samples. This phenomenon of
blue shift of absorption edge has been ascribed to a decrease in particle size. It is well
known that in case of semiconductors the band gap between the valence and

conduction band increases as the size of the particle decreases to the nanosize range.
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Fig. 3.1 UV-Visible absorbance spectra of (a) CdS-Z, (b) CdS-Y, (c) CdS-B and
(d) bulk CdS
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This results in a shift in the absorption edge to lower wavelength region (higher
energy band gap). The magnitude of the shift depends on the particle size of the
semiconductor. In the present study, the CdS-Z samples prepared from the ZSM-5
zeolite matrix shows a blue shift of approximately 65 nm compared to the bulk
particles. The smaller pore size and pore volume of the ZSM-5 compared to the other
two zeolites is responsible for the formation of CdS with smaller size. The observed
size of the CdS nanoparticles are higher than their respective zeolite pore size, this
may be due to the agglomeration of CdS nanoparticle during the post treatment with
hot HF. From the onset of the adsorption edge, the band gap of the CdS particles were
calculated using the method of Tandon and Gupta (Tandon and Gupta, 1970). In
Table. 3.1, the band gap is found to increase in the order CdS-Z> CdS-Y> CdS-B>
bulk CdS.

Table 3.1 Band gap, particle size, specific surface area and pore volume of
CdS samples prepared from zeolite and bulk CdS sample.

Samples Band Gap Particle size Specific Pore volume
(eV) (nm) surface area (cm®g™Y)
(m*g™)
CdS-Z 2.36 6 46 0.236
CdS-Y 2.25 8.8 36 0.123
CdS -B 2.21 11.6 26 0.073
bulk CdS 2.13 23 14 0.042

3.1.2.2 X-ray diffraction study

X-ray diffraction patterns of the prepared CdS nanoparticles using zeolite templates
and HF treated CdS bulk sample are presented in Fig.3.2. The bulk CdS sample was
treated with 48 % HF solution for 12 h prior to the XRD study to see any possible
change in phase or crystallinity. The bulk CdS sample shows major X-ray reflections
with d values of 3.56, 3.35, 3.15 and 2.06 corresponding to the hexagonal phase of

cadmium sulfide (JCPDS No 06 - 0314).
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Fig. 3.2. X-ray diffraction patterns of bulk CdS and CdS nanoparticles

In case of the CdS-Y, CdS-Z and CdS-B samples, in addition to the above mentioned
peaks, new peaks are observed (indicated by an arrow). These peaks correspond to the
cubic phase of the CdS particles (JCPDS No.10 - 0454). Peak broadening has also
been observed in case of the CdS nanoparticles prepared from zeolites compared to
that of the bulk samples. The HF treated CdS bulk sample shows identical XRD
patterns as that of bulk CdS particles indicating that there is no significant change in
the crystal structure and phase as a result of the acid treatment. The XRD study
demonstrates that nanosize CdS particles with altered phases can be prepared by using
the zeolite matrix as a template for synthesis. The XRD pattern for the samples after
treatment in hydrogen atmosphere at 400 °C do not indicate any phase or

morphological change.
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3.1.2.3 Surface area

The specific surface area and pore volume of the CdS samples prepared from different
sources are presented in Table. 3.1. As seen from the table, the surface area of the
CdS depends on the zeolite matrix from which it has been prepared. The highest
surface area and pore volume are observed for the CdS-Z particles prepared from
ZSM-5 zeolite. ZSM-5 is a medium pore size zeolite with pore opening in the range
of 5-6 A. During the preparation process, CdS particles are homogeneously
precipitated inside the pores of the zeolites. Upon removal of the zeolite matrix,
uniform pores are created in the CdS particles. These pores contribute to the higher
pore volume and surface area of CdS-Z sample. The same argument can be extended
to the CdS-Y and CdS-B samples prepared from the H-Y and H-B zeolites,

respectively.

3.1.2.4 Electron microscopic analysis

a. Scanning electron micrograph

Surface morphology of CdS nanoparticles has been studied by scanning electron
microscopy. The SEM pictures of the CdS samples are presented in Fig. 3.3. The
growth of fine particles of CdS in a regular pattern is observed on the surface of the
CdS-Y, CdS-Z and CdS-B samples in Fig. 3.3a, 3.3b and 3.3c. The surface is also
relatively rough for the CdS particles prepared from the zeolite matrices. In case of
the bulk sample in Fig. 3d the surface is smooth with large outgrowth of CdS particles

in an irregular manner.
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Fig. 3.3. SEM photographs of (a) CdS-Z (b) CdS-Y
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Fig.3.3. SEM photographs of (c) CdS-B and (d) bulk CdS
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b. Transmission electron micrograph

The transmission electron micrographs of the CdS sample from Y zeolite are shown in
Fig. 3.4 (a & b). Particles in nanosize range are clearly observed for the CdS-Y,
CdS-Z and CdS-B samples. The exact particle size for the bulk and the prepared
samples has been calculated from the micrographs and are presented in Table. 3.1. It
is observed that the nature of the zeolite matrix plays a vital role in the particle size.
The CdS-Y and CdS-Z samples prepared from zeolites showed a smaller particle size
compared to other two samples. Fig. 3.4b shows the electron diffraction pattern of
CdS-Y nanoparticles, from which the d values are calculated and are tabulated in

Table. 3.2.

Table.3.2. The d values (A) for CdS-Y, CdS-Z and CdS-B nanoparticles
calculated from XRD and electron diffraction methods

CdS-Y CdS-Z CdS-B
XRD | Electron | XRD | Electron | XRD | Electron | Literature
Diffraction Diffraction Diffraction
1.53 1.52 1.52 1.57 1.52 1.52 1.52
1.79 1.70 1.79 1.76 1.78 1.79 1.79
2.96 3.16 2.97 3.06 2.93 3.11 2.97

It can be seen from Table.3.2, that there is a good correspondence between the
‘d’ values calculated form the electron diffraction, X-ray diffraction and literature
values for the CdS samples prepared from the zeolite matrix. The other TEM pictures

for the CdS-Z and CdS-B are not shown due to poor quality.
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Fig. 3.4 a. TEM images of CdS-Y sample

Fig. 3.4 b. Electron diffraction pattern of CdS-Y sample
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3.1.3 Photocatalytic activity

Photocatalytic hydrogen evolution reaction has been carried out on these materials
under ambient conditions and using 400 W Hg lamp as light source. The amount of
hydrogen evolved is presented in Table.3.3. From the results, it can be seen that the
amount of hydrogen evolved is higher for the CdS nanoparticles in comparison with

that of the bulk CdS sample.

Table 3.3. The rate of hydrogen production with different CdS samples.

Rate of
hydrogen
S.No Sample production
(umol h™ 0.1g™)

1 CdS-Zz 68
2 CdS-Y 102
3 CdS-B 67
4 bulk CdS 45

The CdS-Y prepared from HY zeolite matrix, showed a hydrogen evolution rate of
102 pmol h”' when S*/SO;% is used as a sacrificial agent. This value is quite
significant in comparison with the other hydrogen evolution rate reported for pure
CdS particles in literature (Kakuta et al., 1985). The higher hydrogen evolution rate
in the present case can be ascribed to the lower particle size and high surface area of
these materials. Fig. 3.5, shows that the amount of hydrogen evolved over different
CdS samples for a time period of 6 h. For the sake of comparison, the results with
CdS particles present inside the zeolite matrix are also presented. It can be seen that
the nanoparticles show higher activity compared to the CdS nanoparticles entrapped
inside the zeolite matrix (without removing the zeolite matrix) (curve d). This points

to the fact that the inert zeolite matrix reduces the amount of light absorption by CdS
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nanoparticles thereby reducing its activity. Also, during this six hour period there is
no appreciable decrease in the activity of these nanomaterials. After the catalytic
experiments these catalysts were recovered and regenerated by washing with water
and subsequently calcining at 673 K for 4 h. The regenerated catalysts show similar
activity as that of fresh catalyst indicating that photocorrosion has been reduced
substantially by using the sacrificial agent. In the present case, Na,S/Na,SOj3 system is
quite effective in preventing photocorrosion which has been studied in literature

(Buhler et al., 1984).

700
- a—a—CdS-Y
6004 b—A—CdS-Z = a
—i
S c —v—CdS -B /
d —e— CdS -NaY .
S 5001 e bulkcds /
N—r ] b
é 400 - / 3
o ] 2 2
S 300+ / ,/
> / e
e * ./
%5 200 ./,/
E o/
3 100 —
Ny
O T T T T T T T
0 6

2 3
Time (h)
Fig. 3.5. Hydrogen production as a function of time on (a) CdS-Y (b) CdS-Z

(c) CdS-B (d) Zeolite-Y containing CdS nanoparticles (CdS-H-Y) and
(e) bulk CdS

3.1.4 Effect of noble metal on the photocatalytic activity

It is well known that the photocatalytic activity of CdS increases substantially in
presence of noble metal particles (Sakata et al., 1982). In order to study the effect of

noble metal on the hydrogen evolution rate of these CdS samples, 1 wt% metal loaded
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samples have been prepared by wet impregnation method. The hydrogen evolution
rate for various noble metal (Pt, Pd, Ru and Rh) loaded CdS nanoparticles and bulk
CdS are shown in Fig. 3.6 (a-d). Among the noble metals studied, Pt metal loaded on
CdS (irrespective of CdS source) shows higher activity for hydrogen evolution; the

Pt / CdS-Z shows the highest activity.
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The rate of hydrogen production on a noble metal surface can be related to the metal
hydrogen bond, redox potential and work function of the noble metal atom (Milazzo,
and Caroli, 1978; Ranjit et al., 1996). Hydrogen evolution increases linearly with
increase in the redox potential of the noble metal. The more positive the redox
potential of a metal, it facilitates faster reduction of H' ion. Similarly, the hydrogen
evolution also depends on the metal-hydrogen bond strength. When the metal
hydrogen bond energy is less, the hydrogen evolution barrier is substantially reduced
resulting in easy evolution of molecular hydrogen. The work function of the metal is
another factor that influences the hydrogen evolution, if it is high, the reduction rate
increases. These parameters are crucial for hydrogen evolution reaction and are
tabulated in Table.3.4.

Table. 3.4 Redox potential, metal-hydrogen bond strength, work function

and rate of hydrogen evolution for different noble metal loaded
CdS-Z samples (Milazzo, and Caroli, 1978; Ranjit et al., 1996)

Metal Redox Metal- hydrogen Work Hydrogen
potential bond energy function evolution rate*
(E%) (kCal mol™) (eV) (umol h™*0.1g™).
Pt 1.188 62.8 5.65 600
Pd 0.951 64.5 5.12 144
Rh 0.758 65.1 4.98 114
Ru 0.455 66.6 4.71 54

*1 wt% metal loaded on CdS-Z sample. The reaction data is presented after 6 h
under reaction condition.

From the table, it is observed that there is a direct correlation between these factors
and hydrogen evolution. Pt metal with higher redox potential, work function and
lower metal hydrogen bond strength is found to be favorable for hydrogen evolution
activity. Whereas, in case of the Ru loaded CdS samples it has been observed that the

hydrogen production activity is lower than the naked CdS (except for bulk CdS). This
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is due to the strong ruthenium-hydrogen bond which inhibits the hydrogen evolution
on the ruthenium surface. In this study, with 0.1g of the Pt loaded CdS nanoparticles
the hydrogen evolution rate has been found to be 600 pmol h™ which is higher than

the value reported so far in the literature (Subrahmanyam et al., 1996).
3.1.5 Product analysis

It has been reported in the literature, that in the photocatalysis using sulphide nano
particles hydrogen gas is produced by the reduction of H' ions by the photo generated
electrons from the conduction band of the semiconductor. The elemental sulphur is
the other product. This reacts with excess sulphide (S*) ion present to give a
disulphide (S,”) ion. This further reacts with sulphite ion to regenerate sulphide ion
along with thiosulphate ion (Equation 3.1 & 3.2). Thus in the presence of a mixture of
sulphide and sulphite hydrogen will be the only product. The evolved gas has been
analyzed and found to be hydrogen along with trace quantity of moisture. The source
of moisture may be due to the product gas being generated from the reaction solution,

which is in aqueous medium.

S+8" > 8,” (3.1

S,¥ + S057— $,05% + S§* (3.2)

3.2 STUDIES ON MESOPOROUS CdS NANOPARTICLES

3.2.1 Introduction

Recently, the mesoporous compounds are under extensive investigation in various
fields due to is larger surface area. The photocatalytic activity could be enhanced
substantially by increasing the specific surface area of the CdS. Though, there are
various methods available for the preparation of mesoporous CdS nanoparticles,

simple preparation routes for porous CdS nanoparticles have not yet been established
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and also with the available methods, the yield of the CdS nanoparticles is
comparatively low. However, various mesoporous materials have been synthesized
via conventional approaches using surfactants as templates based on a liquid crystal
template mechanism (Perkas et al., 2003; Yu et al., 2003; Qingmin et al., 2001).
These methods often require a long time and multiple-step procedures. Recently,
sonochemistry has been demonstrated to be an excellent method for the preparation of
mesoporous TiO; (Yu et al., 2002; Yu et al., 2003; Yu et al., 2005). It arises from
acoustic activation, the formation, growth and implosive collapse of bubbles in a
liquid. The collapse of bubbles generates localized hot spots with transient
temperatures around 5000 K, pressure of about 20 MPa and heating and cooling rates
greater than 100 Ks™' (Gedanken et al., 2001; Suslick et al., 1991). These conditions
efficiently muddle up the cations and the anions present in the solution faster and
thereby alter the rate of the precipitation reaction. In the recent past, few attempts
have also been made to prepare both for the hexagonal and cubic CdS nanoparticles
through the ultrasonic mediated precipitation at room temperature (Wang et al., 2001;
Shao et al., 2004; Li et al., 2003). However, the mesoporous CdS nanoparticles have
not yet been attained. This may be due to the high concentrations of the precursor
solutions used, in the literature for the preparation. In the present study, attempt has
been made to prepare mesoporous CdS nanoparticles by ultrasonic mediated

precipitation using Na,S and Cd(NO3); as the precursors at room temperature.

3.2.2. RESULTS AND DISCUSSION

3.2.2.1 UV-Visible spectra

UV-Visible absorption spectra for the as prepared mesoporous CdS-U nanoparticle
prepared by ultrasonic mediated precipitation and as prepared bulk CdS are shown in

Fig. 3.7. It can be seen from Fig.3.7, that, the onset absorption of CdS-U particle
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shows blue shift when compared to bulk CdS onset absorption. This can be explained

on the basis of the smaller size CdS-U nanoparticles.
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Fig. 3.7. UV-Visible absorbance spectra of as prepared (a) CdS-U
nanoparticles and (b) bulk CdS particles

3.2.2.2 X-ray diffraction study

X-ray diffraction patterns of as prepared CdS-U nanoparticle from ultrasonic
mediated precipitation is shown in Fig. 3.8. The observed peaks at “d” values of 1.75,
2.04 and 3.32 correspond to the (3 1 1) (2 2 0) and (1 1 1) planes with the lattice
constant a = 5.818, show the presence of cubic crystalline phase CdS (JCPDS
No.10 - 0454). Peak broadening has also been observed in the as prepared CdS-U
nanoparticle. The particle size has been calculated using Debye-Scherrer equation
(Cullity, 1987) and the value obtained is 4-6 nm. The as prepared bulk CdS shows no
definite X-ray diffraction pattern (not shown) indicating the amorphous nature of the

material.
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Fig. 3.8. X-ray diffraction pattern of as prepared mesoporous CdS-U
nanoparticle

3.2.2.3 Surface area and pore volume studies

The N, adsorption and desorption isotherms of as prepared CdS-U sample are shown
in Fig.3.9. It can be seen from Fig.3.9, that the hysteresis found in this material is of
type IV and can be attributed to the mesoporous nature of the as prepared CdS-U
nanoparticle. The pore size distribution has been studied using B.J.H. method and is
shown in Fig 3.9 (inset). The bulk CdS has a specific surface area ~ 14 m* /g .The
specific surface area and pore volume of as prepared CdS-U sample are 95 m*/g and
0.157 cm’/g respectively. It can be stated that maximum pore volume is contributed

by the pores with an average size of 54 A.
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Fig. 3.9. N Adsorption desorption isotherm of as prepared CdS-U particle and
pore size distribution of as prepared CdS-U particle (inset)

3.2.2.4 Electron microscopic analysis

Surface morphology of CdS nanoparticles has been studied by scanning electron
microscopy. The SEM pictures of the as prepared CdS samples are presented in
Fig. 3.10 a and b. The growth of fine spongy particles of CdS-U is observed on the
surface of the CdS-U (Fig. 3.10 a), whereas in the case of the bulk sample (shown in
Fig.3.10b) the surface is found with large outgrowth of CdS particles. The
transmission electron micrograph of the CdS sample is shown in Fig. 3.11. The fine

mesoporous CdS particles in the nanosize range are observed for the as prepared

CdS-U sample.
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Fig. 3.10. SEM photographs of as prepared (a) CdS-U (b) bulk CdS
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Fig.3.11. TEM image of as prepared CdS-U particles

3.2.3 Photocatalytic activity

Photocatalytic hydrogen evolution reaction has been carried out on these materials
under ambient conditions using 400 W Hg lamp as light source. The amount of
hydrogen evolved over pure CdS-U and 1 wt % of noble metal loaded CdS particles
are shown in Fig. 3.12. From the results, it can be seen that the amount of hydrogen
evolved is very much higher for the Pt/CdS-U nanoparticles in comparison with that
of other CdS-U samples. In fact, the amount of hydrogen evolved (73 pmole/h/0.1g)
over pure CdS-U sample is higher than the CdS samples which were prepared from
the zeolite matrix (68 pmole/h/0.1g). Similarly the noble metal loaded CdS-U samples
also show higher amount of hydrogen evolution when compared to samples prepared

using zeolites.  Surprisingly, the Pt/CdS-U particle shows enormous amount of
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hydrogen evolution, 1415 pmole/h/0.1g, which is a higher value than the results
reported in the literature so far. In fact it is almost 2-3 times higher value than the
highest value reported in literature. The higher amount of hydrogen production by the
CdS-U samples could be attributed to the presence of mesopores in the CdS-U

samples, which will enable the high dispersion of metal atoms over the catalyst

surface.
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Fig. 3.12 Rate of hydrogen production as a function of time on (a) Pt/CdS-U
(b) Pd/CdS-U (c) Rh/CdS-U and (d) CdS-U samples

3.3 PHOTOCATALYTIC ACTIVITY OF CdS-TiO; COUPLED
SEMICONDUCTOR

3.3.1 Introduction

When two semiconductors are coupled together the rate of recombination of electron
hole- pair has been reduced by inter system electron transfer (Barbeni et al., 1985;

Borgarello et al., 1986) and thus one can effectively use major portion of solar light.
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This concept was successfully applied to the decomposition of H,S into H, and the
production of hydrogen from water (Tambwekar et al., 1999; Kakuta et al., 1985) and
decomposition of organic compounds (Kumar and Jain, 2001; Yin et al., 2001; Paola
et al., 2000; Li and Haneda, 2003). Borrell et al (1992) discussed catalytic activity of
CdS-based semiconductor for photocatalytic hydrogen production from
sulphide/suphite sacrificial agents. Fig.3.13 shows the energy levels of bulk TiO, and
CdS coupled semiconductor. The lower band gap, CdS absorbs light energy in the
visible region and the excited electron is transferred to the conduction band of TiO,

molecule and this electron is utilized to reduce the desired species.
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Fig. 3.13. Energy level diagram of CdS-TiO, coupled photocatalyst

3.3.2 RESULTS AND DISCUSSION

In the present study, 1 wt % Pt loaded CdS-U (More active for photocatalytic
hydrogen production among the prepared catalysts) was coupled with visible light
active N-doped TiO, (2.2.4.1). It is expected that, the recombination of electron-hole
pair will be minimized by the presence of Pt atom and the other semiconductor. Also,
visible light active N-TiO, was used to couple with CdS-U particles, since it will also

excite in visible region thereby the net photoactivity will increase. Various ratio
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(wt %) of CdS and N-TiO, coupled catalytic system has been prepared by dry
impregnation method and the photocatalytic hydrogen production activity have been

evaluated using 400 W Hg lamp and tabulated in Table. 3.5.

Table 3.5. Rate of hydrogen evolution on coupled photocatalyst at different
weight ratios of CdS: TiO,

Catalyst Weight ratio Hydrogen evolution
(wt %) rate
(umol h™0.1g™)

CdS-U: N-TiO, 5:95 51

1 wt % Pt/CdS-U: N-TiO, 5:95 126

1 wt % Pt/CdS-U: N-TiO, 10:90 173

1 wt % Pt/CdS-U: N-TiO, 50:50 581

1 wt % Pt/CdS-U: N-TiO, 75:25 403
CdS-U: 1 wt % Pt/N-TiO, 50:50 34
1 wt % Pt/CdS-U: TiO, (P25) 50:50 510

It can be seen from the above Table 3.5 that, when amount of Pt/CdS increased from
5 to 50 wt %, the hydrogen evolution rate also increases from 126 to 581
umol h™' /0.1g, further increase in the Pt/CdS amount in the coupled system results
decreases in the hydrogen evolution rate. The optimum ratio of Pt/CdS-U: N-TiO; is
1:1 wt % to obtain maximum hydrogen evolution. Whereas, for the same 1: 1 wt %
ratio of CdS-U: Pt/N-TiO,, the activity is very low. This clearly shows that, when the
Pt deposited on the CdS acts as electron sink, and the excited electron are moved to Pt
surface, which reduces the water into hydrogen subsequently. In the other case, the Pt
deposited of on the N-TiO, surface is not capable to trap the excited electron in the
CdS conduction band. This situation makes that, Pt as inactive and results in lower

photocatalytic activity. It can also be seen that, when N-TiO, is replaced with TiO,
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(P25, Degussa) in the CdS-TiO, coupled system, there is a significant decrease in the
photocatalytic activity. It confirms that the visible light active N-TiO, is also
participating into the hydrogen evolution reaction. The amount of hydrogen evolved
during the reaction period for the various compositions of CdS and TiO, is shown in

Fig. 3.14.
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Fig. 3.14 Amount of hydrogen produced on 1 wt % Pt/CdS: N-TiO, coupled
photocatalyst (a) 5:95 (b) 10:90 (c) 75:24 and (d) 50:50 weight ratio
of CdS: TiO,

It can be clearly seen form the Fig. 3.14 that, there is a steady increase in the
hydrogen evolution (for the measured 6 h duration) when the CdS amount is 50 wt %
and more. Below which, when the reaction time increased above 2h, the hydrogen

evolution rate decreased significantly. It also confirms that the ratio between CdS and

TiO; should be minimum 1 to attain maximum hydrogen evolution.

68



3.4 PHOTOCATALYTIC HYDROGEN PRODUCTION UNDER DIRECT
SUNLIGHT

3.4.1 Introduction

The production of hydrogen using direct sunlight has significant advantages, since
ultimately one has to utilize the catalyst in the direct sunlight. Many photocatalytic
systems have been tried for the production of hydrogen form water using direct
sunlight (Koca and Sahin, 2002; Alfano et al., 2000). In this present study, attempts
have been made to evaluate the photocatalytic activity of CdS-U nanoparticle in the

direct sunlight.

3.4.2 RESULTS AND DISCUSSION

Direct sunlight mediated photocatalytic experiments have been carried out with
Pt/CdS-U catalyst, which is having higher photocatalytic activity for the hydrogen
production in the UV light among the prepared CdS nanoparticles. The experiments
have been carried out in the month of February 2006 between 10 AM and 4 PM. For
photocatalytic experiments, 0.1 g of 1 wt% Pt loaded CdS-U particles have been taken
in a circular reactor (r = 4.5 cm) with 50 ml of aq solution containing 0.35 M Na,SO3
and 0.24 M Na;,S as sacrificial agent. The catalyst particles are allowed to settle down
in the bottom the reactor. The reaction mixture has been irradiated with direct sunlight
for 30 min to attain thermal equilibrium. During this period thermal expansion of gas
molecule takes place and the gases evolved during this time have been leaked out. The
gas evolved after the equilibrium period have been collected over the gas burette and
analyzed using gas chromatography. The complete reaction setup is shown in the

following Fig. 3.15 a and b.
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Fig. 3.15. Direct sunlight assisted photocatalytic hydrogen production set up

The thermal expansion of gases molecule and evaporation of water during the reaction
has been evaluated using a blank experiment i.e. without the catalyst. The observed
values are subtracted from the experimental values. It is observed that

1153 pmol h™' /0.1g of hydrogen evolution have been observed for 1 wt% Pt loaded
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CdS-U in the direct sunlight. The reaction has been carried out for 6h continuously
and observed that there is no significant decrease in the hydrogen evolution rate
during this period. The reaction mixture has been re-used for the second day and it is
observed that there is not much of a change in the rate of hydrogen evolution on the
second day. After two days, the same catalyst was filtered from the reaction mixture
and the photocatalytic hydrogen production activity is measured with 400 W Hg lamp.
It has been observed that the photocatalytic activity (1088 pmol h™ /0.1g) remains

almost constant even after the direct sunlight experiments.
3.5 CONCLUSIONS

In this study, CdS nanoparticles prepared from zeolite matrices and ultrasonic
precipitation methods have been shown to be efficient photocatalyst for hydrogen
production. In the first method, the zeolite matrix acts as a templating agent
preventing the growth of CdS particles during precipitation process resulting in the
formation of nanoparticles. In the second method, the CdS mesoporous nanoparticles
are formed due to the high energetic ultrasonic waves. The CdS nanoparticles
prepared by both the methods exhibit blue shift in the absorption edge (UV-Vis) due
to particle size effect. Mixed cubic and hexagonal phases have been observed in the
XRD study for the CdS nanoparticles prepared from the zeolites. Whereas only cubic
phase has been observed in the ultrasonic precipitation method. The nanoparticles are
of uniform size with a particle size distribution in the range of 6-12 nm and 5 £ 1 nm
in zeolite template and ultrasonic precipitation methods respectively. Photocatalytic
activity study on these materials, clearly show that the nanoparticles exhibit higher
activity compared to the bulk samples. Surface area, morphology and particle size of
the CdS are important factors, which affect their performance as catalyst for hydrogen

evolution. Presence of noble metals such as Pt and Pd greatly enhance the
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photocatalytic activity of the synthesized CdS nanoparticles. Pt/CdS-U nanoparticles
shows higher photocatalytic activity among the prepared catalyst. In the CdS-TiO,
coupled system, Pt/CdS-U: N-TiO, shows higher activity when the ratio between the
CdS and TiO; is 1. The direct sunlight experiment shows that the Pt/CdS-U catalyst is
a promising catalyst for hydrogen production and it is proposed for further studies on
this to develop for commercial scale hydrogen production purpose using direct

sunlight.
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CHAPTER 4

CHARACTERIZATION OF VISIBLE LIGHT ACTIVE
N-DOPED AND N, S CO-DOPED TiO,

41 N-DOPED TiO; BY TiCl; HYDROLYSIS

4.1.1 Introduction

Recently, the anion doped TiO, has attracted considerable attention due to its
photocatalytic activity in the visible region (Hattori et al., 1998; Yamaki et al., 2002)
Even though TiO, is a promising photocatalyst for the waste water purification
(Hoffmann et al., 1995), exploitation for practical circumstances has not been
achieved as expected, due to its poor light absorption in the visible region. Attempts
have been made to improve the utility of TiO,, by shifting its onset absorption from
UV to visible region. Various noble/transition metal (or) metal ions have been doped
into the TiO, lattice and the photocatalytic activity has been studied (Herrmann et al.,
1984; Karakitsou and Verykios, 1993), but none of them have been found to be
satisfactory. Even though the visible light response of anion doped TiO, has been
discovered in 1986 by Sato (1986), the recent work by Asahi et al (2001) has
rekindled a great interest in TiO, as a visible light photocatalyst. Consequently, in the
recent past few preparation methods have been reported in the literature for N, S, P, F,
and B doped TiO; catalyst (Asahi et al., 2001; Morikawa, et al., 2001; Umebayashi
et al., 2002; moon et al., 2000; Sakthivel and Kisch, 2004). In parallel, some
theoretical calculations have also been performed to suggest that anion doping of TiO,
has considerable effect on the band gap alteration (Asahi et al., 2001; Umebayashi
et al.,, 2002; Umebayashi et al., 2003). Subsequently, N-doped TiO, (N-TiO,) has

been prepared by sputtering, ion implantation, chemical vapor deposition, sol-gel



method, oxidation of TiN and decomposition of N-containing metal organic
precursors (Sano et al., 2004; Tokudome and Miyauchi, 2004; Yang et al., 2004;
Kobayakawa et al., 2004; Diwald et al., 2004). The photocatalytic activities of such
N-doped systems have been studied (Morowetz et al., 2004; Torres et al., 2004; Bacsa

et al., 2005).

Considerable success has been achieved in increasing the photocatalytic activity by
decreasing the band gap with N-TiO; (Sato, 1986; Asahi et al., 2001; Sakthivel et al.,
2004; Irie et al., 2003; Gole et al., 2004; Chen and Burda, 2004; Valentin et al., 2005;
Nakamura et al., 2004), due to either mixing of nitrogen p states with O 2p states on
the top of the valence band or a creation of N-induced mid-gap level. The success in
producing N-TiO; provides good opportunities for various applications like oxidation
of CO, ethanol, acetaldehyde and NOy removal at room temperature as well as the
decomposition of dyes like methylene blue (Asahi et al., 2001; Gole et al., 2004; Sano
et al., 2004). However, there seems to be no consensus among the reports (Asahi
et al., 2001; Diwald et al., 2004; Irie et al., 2003; Gole et al., 2004; Valentin et al.,
2005; Nakamura et al., 2004) about the state of doped nitrogen in the N-TiO; lattice.
XPS analysis of N-TiO, shows the N 1s core level at binding energy (BE) between
396 and 397 eV and claimed the state of nitrogen to be either nitrogen anion (N°)
(Diwald et al., 2004) or atomic N atoms [Asahi et al., 2001; Sano et al., 2004), as
explained in the oxidation of TiN (Saha and Tompkins, 1992). Additional N 1s peaks
on N-TiO, were observed at 400 and 402 eV and are attributed to chemisorbed N, or
adsorbed organic compounds (Asahi et al.,, 2001; Saha and Tompkins, 1992).
Sakthivel and Kisch (2003 and 2004) observed no anionic-like nitrogen species
around 396 eV, rather a N 1s peak at 404 eV that corresponds to hyponitrite type

nitrogen. Valentin et al (2005). recognized the above controversy in the assignment of
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N Is XPS result. They observed N 1s core level at 400 eV and hinted at a lower valent
state for N. However recently, Chen and Burda (2004) observed N 1s core level at
401.3 eV from the detailed XPS investigations of nano N-TiO; and suggested that
there is N-Ti-O bond formation due to nitrogen doping and no oxidized nitrogen is
present. It is to be noted that the preparation procedure adopted was different in the
above cases and this could have led to the different observations in XPS. In this
chapter, a simple chemical preparation method for N-TiO; has been adapted and its
photocatalytic activity in the decomposition of methylene blue under UV and Visible
radiation has been studied. The results are compared with that of Degussa P25 catalyst
and pure anatase TiO,. A clear N states on the top of valence band could be identified
and the consequent band gap reduction. The state of N to be more like an anion is

demonstrated from the XPS results.

4.1.2 RESULTS AND DISCUSSION

4.1.2.1 Synthetic strategy

In our procedure, the synthesis of N-doped TiO, has been carried out in the presence
of Na,S (aq). The addition of Na,S solution during the catalyst preparation is essential
for N-doping in the TiO, lattice. The addition of Na,S solution increases the ionic
strength of the medium and it may also induce in situ formation of transient
(NH4)xTiSx complex, which on slow hydrolysis results in the N-TiO, nanoparticles.
In addition, the presence of Na,S might be effective in purging of any of the dissolved
oxygen by H,S and thereby contributing to the N-doping in a reductive solution
atmosphere. It has been confirmed by the blank experiments, by following the above
procedure but without Na,S addition, that the resultant material after calcination at

400 °C for 4 h in air is only pure TiO,, without N-doping.
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4.1.2.2 UV-Visible spectra

The UV-Vis light absorption spectra of N-TiO, as a function of calcination
temperatures and pure TiO; prepared in our laboratory are shown in Fig. 4.1. Inset in
Fig. 4.1 shows the optical absorption trailing edge (in eV) and hence band gap
narrowing for N-TiO, calcined at 400 °C compared to pure TiO,. Pure TiO, spectrum
is provided for comparison. It can be seen from Fig.4.1 that the visible light
absorption is high and extended up to 550 nm in the case of N-TiO;
(Asahi et al., 2001; Gole et al., 2004) calcined at 400 °C compared to pure TiOs.
Moreover, the light absorption in the visible region decreases very significantly as the
calcination temperature increases above 400 °C. It may be due to the fact that, there is
a decrease in the amount of N doping on the TiO, lattice with an increase in
calcination temperature. It has also been observed in an earlier report (Ohno et al.,
2003) that an increase in the calcination temperature decreased the amount of
heteroatom doping in TiO,. Inset in Fig. 4.1 shows a clear cut shift in optical
absorption edge towards visible region by 0.13 eV on N-TiO; at 3.26 eV compared to
3.39 eV. The above shift of 0.13 £ 0.01 eV suggests the localized nature of nitrogen
species in the TiO, lattice. These nitrogen species occupy some of the oxygen
positions in the lattice. This also rules out the occupancy of N in any other positions
like interstitial sites, which should give rise to a mid gap band/level between valence
and conduction bands. It is to be pointed out that there is an excellent agreement
between the energy width of the localized N states observed above and the calculated
one to be 0.14 eV from the density functional theory by Valentin et al (2005) and in
general, by Asahi et al (2001). Recent N-induced mid gap levels suggested by
Nakamura et al (2004) and oxygen vacancy induced state below the conduction band

suggested by IThara et al (2003) for N-TiO; is in contradiction to the present results. It

76



is to be noted that the evidence to show the presence of nitrogen is not direct and the
average particle size is close to 1 um as reported by Nakamura et al (2004). It is also
likely that the electronic structure changes with particle size. Further, the amount of
nitrogen is found to be too small and the preparation methods are also different in
both the procedures of Nakamura et al (2004) and Thara et al (2003) compared to the

present method.
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Fig.4.1. UV-Visible absorption spectra of N-doped TiO, at different calcination
temperatures and pure TiO, Inset shows a shift in absorption edge
towards visible region on N-TiO, compared to TiO, and hints at the
localized nature of nitrogen

4.1.2.3 X-ray diffraction study

In Fig. 4.2, the XRD patterns of different TiO, samples are provided. The presence of
anatase phase is observed for the N-TiO, sample calcined at 400 °C. The anatase

phase has been retained without phase transformation to rutile even after increasing
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the calcination temperature to 600 °C. It can also be seen from the XRD patterns that
the N-TiO, samples show peak broadening compared to pure TiO,, which indicates
the formation of nanoparticles. The crystallite size of the N-TiO, particle has been
calculated using Debye-Scherrer equation (Cullity, 1987) and the values are given in

Table 4.1 along with other physical characteristics.
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Fig.4.2. X-ray diffraction patterns of N-doped TiO, calcined at various
temperatures and pure TiO, (anatase).

It can be seen from Table 4.1 that as the calcination temperature increases, the particle
size increases caused by the agglomeration of particles at high temperatures. In
addition to this, there is no change in the “d” spacing values, which implies that in
N-TiO; samples, N has been introduced into the lattice without changing the average
unit cell dimension. A good correspondence between the XRD and optical absorption
results of TiO, and N-TiO; calcined at 600 °C hints at the progressive loss of N due to

heat treatment and moving towards N-free TiO,.
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Table 4.1 Specific surface area, particle size and crystalline phase for
N-doped TiO; at different calcination temperatures and pure TiO,

Sample Calcination Specific Crystallite Anatase
Temperature | Surface area size (nm) crystalline phase
°C) (m?/g) (%)
N-TiO 400 73 12 100
N-TiO, 500 66 15 100
N-TiO, 600 37 20 100
Pure TiO, 400 14 35 100

4.1.2.4 Surface area

The specific surface area of the N-doped and bulk TiO, samples are given in table 4.1.
It can be seen from the table that, the N-doped TiO, samples calcined at 400 °C show
higher surface area of 73 m%/g and an increase in a calcination temperature results in
the decrease in the values of specific surface area. Thus with increase in temperature,
agglomeration of particles will takes place and it can be seen from the increase in the

crystallite size of the particle.
4.1.2.5 Electron microscopic analysis

It is well known that when increasing the calcination temperature, agglomeration will
be favored, which results in an increase in the particle size and it has been clearly
seen from the XRD studies. It is further confirmed from the TEM result given in
Fig. 4.3 that uniform size (14 £ 2 nm) of spherical type particles have been observed
for the N-TiO; calcined at 400 °C. The TEM picture of N-TiO, calcined >500 °C

shows significantly larger particles (not shown here).
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Fig. 4.3. TEM image of N-doped TiO; calcined at 400°C

Fig. 4.4 shows the electron diffraction pattern obtained for the N-doped TiO, calcined
at 400 °C. The‘d’ values are calculated from the electron diffraction pattern and
compared with the‘d’ values obtained from our XRD data and literature report. Thus,
the obtained ‘d’ values have good correspondence with the ‘d’ values for the anatase

crystalline phase.

Fig. 4.4. Electron diffraction pattern of N-doped TiO; calcined at 400 °C
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4.1.2.6 X-ray photoelectron spectroscopy

The XPS spectra of TiO, and N-TiO, samples recorded are shown in Fig. 4.5 for
Ti2p, N 1s and O 1s core levels. It is to be noted that the above results are after in situ
scraping the surface of the pellets of both the catalysts within the ESCA spectrometer
under ultra high vacuum conditions. This is mainly to remove any contribution from
the atmospheric degradation. Indeed, the un-scraped surface displays high carbon
(some carbonate also) content along with a relatively low intensity Ti 2p features (not
shown). However, carbon and carbonate contamination has been fully removed by
scraping the catalyst surface and that enhances the intensity of all intrinsic features.
Ti 2psp core level appears at 459.3 and 458.5 eV for TiO, and N-TiO, calcined at
400°C, respectively. Lower BE of Ti 2p in N-TiO, shows that the electronic
interaction of Ti with anions is considerably different than on TiO,. This suggests that
TiO, lattice is considerably modified due to N-substitution. Lower BE of Ti 2p in
N-TiO; can also be explained on the basis of covalency between the titanium and
nitrogen bond. It is known that if the electronegativity of the anion decreases, the
percentage ionicity will decrease (Viswanathan, 2003) as a result, the electron density
around the anion decreases resulting in the increase in electron density around the
cation. Our results on Ti 2p core levels are consistent with that of Chen and Burda
(2004) and Saha et al (1992). Oxygen 1s core level peak appears around 530 eV in
both cases, indicating nature of oxygen to be similar. Nonetheless, a broadening on
the higher BE side at 531.5 eV (indicated by arrow) is clearly visible in the case of
N-TiO; sample. It is deconvoluted and shown in Fig. 4.6. This indicates the presence
of another type of oxygen due to the more covalent nature of the N-TiO,. This might
be due to the presence of oxygen and nitrogen from the same lattice units in TiO,.
However a small amount of contamination that might remain on the surface cannot be

ruled out.
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Fig.4.5 X-ray photoelectron spectral details collected from TiO, and N-TiO,
samples (a) Ti 2p, (b) N 1s and (c) O 1s core levels. Note the shift in
Ti 2p binding energy after the introduction of N into the TiO; lattice
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Fig. 4.6. X-ray photoelectron spectrum of O 1s core level (deconvoluted) for
N-TiO, sample
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Nitrogen 1s core level from N-TiO, shows a single peak at 398.2 eV. This N 1s peak
is attributed to the anionic N™ in O-Ti-N linkages. Nitrogen from simple chemisorbed
nitrogen or TiN should appear at <397.5 eV and NO or NO; type species appear
above 400 eV (Saha and Tompkins, 1992; Shinn and Tsang, 1991; Sugai et al., 1991;
Rainer et al., 1997; Rodriguez et al., 2000; Gyorgy et al., 2003; Wagner et al., 1979)
Additionally, few nitrogen in the TiO, lattice also might reduce the electron density
on nitrogen due to the high electronegativity of oxygen and hence a relatively higher
BE observed compared to TiN. However, the observation of N 1s core level at
398.2 eV after high temperature calcination at 400 °C supports the conclusion that the
nitrogen should be from the TiO, lattice as N-Ti-O linkages. Any significant
interaction between N and O within the lattice would increase the BE of N 1s level
and hence any direct significant interaction between N and O within the lattice is
ruled out. It is further supported by the low BE of Ti 2p compared to that of pure
Ti0O,. A mixed phase of TiO,-TiN is also ruled out due to the absence of two different
Ti peaks in Ti 2ps;, core level at ~459.5 eV (TiO;) and 455 eV (TiN) (Saha and
Tompkins, 1992; Gyorgy et al., 2003). From the above observations it can be
concluded that the peak observed in the present study at 398.2 eV is due to the
N’ anion incorporated in the TiO; as N-Ti-O structural feature. It is relevant to point
out the contradiction between the recent XPS findings by Chen and Burda (2004) on
N-TiO, and the present results. It has been reported that N 1s feature appears at
401.3 eV and has been interpreted to be due to N-Ti-O linkages (Gole et al., 2004).
However, an overall view from the BE of N in different environments hints that the
presence of oxidized nitrogen such as Ti-O-N and/or Ti-N-O linkages should appear
above 400 eV as reported by Saha and Tompkins (1992) and Gyorgy et al (2003). It
might also be due to a different preparation procedure followed by Chen and Burda

(2004).
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It is clear from the above discussion that if the N atom is subtitutionally doped into
the TiO, lattice, it is not likely to have significant interaction with nearby oxygen
atoms. However, an interstitial N-doping in the anatase lattice is likely to have some
strong interaction with nearby oxygen and hence a change in effective charge on the
nitrogen species and hence a shift in the BE. Present results on N 1s BE at 398.2 eV
suggest that it is comparable to N 1s BE (398.8 ¢V) in NH; (Wagner et al., 1979).
However, a lower BE results from some partial negative charge on N in N-TiO,, and
also supports for substitutional N-doping. It is likely that the interaction between
N and O is strong for interstitial N doping, as in NO type species (Rodriguez et al.,
2000). The reported BE of >400 eV for N 1Is core level by other investigators
indicates either a possible O-N-Ti linkages (Sakthivel and Kisch, 2003: Gole et al.,
2004), or some surface oxidation. The above controversies involved in the

interpretation of XPS results of N-TiO; remain to be clearly resolved.
4.1.3 Visible light photocatalytic activity

The photocatalytic activity of N-TiO,, pure TiO, and Degussa (P25) samples have
been studied by measuring the percentage decomposition of methylene blue (MB) in
aqueous solution. It can be seen from Fig. 4.7 that the photocatalytic activity of
N-TiO; samples and Degussa sample have comparable activity while the synthesized
TiO; has much lower activity under UV condition. In the visible region, the N-TiO;
samples (calcined at 400 and 500 ° C) show higher activity than the Degussa and pure
TiO, samples. Nevertheless the activity further decreases as the calcination
temperature is increased to 600 °C. The calcination temperature is found to have
influence on the activity of the titania in the visible region only, whereas in the UV

region there is no perceptible influence.
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Fig. 4.7. Photocatalytic decomposition profiles of methylene blue over N-TiO;
(calcined at 400, 500 and 600 °C) pure TiO, and Degussa (P-25) at
different wavelengths

In the visible region, it can be seen that as the temperature of calcination is increased
from 400 to 600 °C, the photoactivity is found to decrease. This decrease in activity
may be attributed to the removal of the nitrogen from the TiO, matrix. This is evident
from the shift in the absorption edge to lower wavelength (Fig. 4.1). This shift is not
due to the change in the particle size of the catalyst. The observed decrease in the
particle size is expected to shift the absorption edge to the visible region. An attempt
has been made to compare the photocatalytic activity of our N-TiO, with the literature
reports on S-doped TiO, (Umebayashi et al., 2003) and carbonate doped TiO, (Ohno
et al., 2004). Even though the experimental parameters, like intensity of light (a major
factor), initial concentration of the MB, experimental time, temperature and the
amount of catalyst used are very different, the N-TiO, sample used in the present
study is (after normalizing for the variables) about 10 times more active compared to
the carbonate doped sample (Ohno et al., 2004) and roughly 50% active compared to
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S-doped TiO, (Umebayashi et al., 2003) The lower activity of N-doped TiO; in the
present study compared to the S-doped TiO, reported in the literature may be due to
the difference in the light intensity. In our experiments monochromatic wavelength
has been employed by using monochromatic filters with 400 W Hg lamp, whereas in
literature cut off filters have been used with 1000 W Xe lamp as light source, which

provides higher intensity of light when compared to our experimental conditions.

42 N-DOPED TiO; BY THERMAL DECOMPOSITION OF Ti-SALEN
COMPLEX

4.2.1 Introduction

In this present study, attempt has been made to prepare N-doped TiO, by
decomposing Ti containing metal complex. It is believed that when decomposing
Ti-salen complex, a few Ti-N bonds will be retained in the resulting TiO, samples,
which leads the N-doping in the TiO; lattice. Also, the thermal decomposition in the
vacuum sealed tubes will control the decomposition rate due to the availability of
limited amount of oxygen and provides maximum possibilities for the N-doping. In
addition, the slow decomposition of metal complex prevents the particle
agglomeration to a larger extent and the particles are formed in the nano range. The
photocatlytic activity in the visible region has been studied for the methylene blue

decomposition.

4.2.2. RESULTS AND DISCUSSION

4.2.2.1. TGA analysis

The thermal decomposition profile of Ti- salen and pure salen ligand in air are shown
in Fig. 4.8. The decomposition temperature of pure salen ligand is between

250 to 270 °C, whereas Ti-salen complex decomposes at 400 to 500 °C, in total 40 %
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decomposition have been attained up to 800 °C. Based on this TG profile, the samples
are calcined at 400 °C in air followed by vacuum, N, atmosphere. The TG profile of
air calcined sample at 400 °C shows, no significant weight loss, which indicates that

complete decomposition of the organic precursor moiety during the calcination

process.
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Fig. 4.8. TGA profile of salen, Ti-salen and N-TiO; calcined at 400 °C

4.2.2.2. UV-Visible spectra

The UV-Vis light absorption spectra of N—doped TiO, and pure TiO; are shown in
Fig. 4.9. It can be seen from Fig. 4.9 that, the visible light absorption is more in the
case of N-doped sample calcined at 400 °C. The light absorption onset is shifting by
~100 nm towards visible region (red shift) for the N-doped samples compared to that

of undoped TiO,,
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Fig. 4.9. UV-Visible absorption spectra of nitrogen doped TiO, and pure TiO;

4.2.2.3. X-ray diffraction studies

In Fig. 4.10, XRD patterns for the undoped and N-doped TiO, samples are shown.
The presence of anatase phase is observed for both the N-doped sample calcined at
400 °C and undoped sample. It is known that the anatase phase has higher
photocatalytic activity than the rutile phase. It can also be seen from XRD patterns
that the N-doped samples show peak broadening when compared to pure TiO,, which
indicates the formation of nanoparticles. In addition to this, there is no change in the
“d” spacing values, which implies that in N-doped samples, N has been introduced
into the lattice without changing the average unit cell length. It has been proposed that
the light absorption in the visible region is due to distortion in the local crystal lattice

like S doping on TiO, (Ohno et al., 2003).
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Fig. 4.10. X-ray diffraction patterns of N-doped TiO, and undoped TiO;
calcined at 400 °C

4.2.2.4. Surface area

The specific surface area for the N-doped TiO, and pure TiO, have been calculated. It
is observed that, the specific surface area are 68 m2/g and 14 mz/g for the N-doped

Ti0O, and pure TiO; respectively.
4.2.2.5. Electron microscopic analysis

The TEM result is shown in Fig. 4.11. It can be seen from the Fig. 4.11 that spherical
type particles have been observed in the range of ~ 14 nm in size for the N- doped
samples calcined at 400 °C (for pure TiO, the particle size is 35 nm) and also the
electron diffraction pattern (not shown) indicates the presence of pure anatase phase,

which is more photoactive than rutile phase.
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Fig. 4.11. TEM image of N-doped TiO; calcined at 400 °C
4.2.2.6. X-ray photoelectron spectroscopy

The XPS spectra of N-doped sample and pure TiO; are given in the Fig.4.12. Ti 2psp
core level appears at 459.3 and 458.7 ¢V for TiO, and N-TiO, calcined at 400 °C,
respectively. The shift in the binding energy to lower energy for N-doped samples
when compared to pure TiO, implies that the N replaces the O in the TiO; crystal
lattice. N-doping in TiO, lattice reduces the positive charge on Ti due to its lesser
electronegativity when compared to oxygen. In another way also the lowering of the
BE of Ti 2p in N-TiO, can be explained on the basis of covalency between the Ti and
nitrogen bond. It is known that if the electronegativity of the anion decreases, the %
ionicity will decrease (Viswanathan, 2003), as a result, the electron density around the

anion decreases resulting in the increase in electron density around the cation.
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Fig. 4.12  X-ray photoelectron spectra of TiO, and N-TiO, samples (a) Ti 2p,
(b) N 1s and (c) O 1s core levels

Nitrogen 1s core level from N-TiO, shows a single peak at 400 eV. Nitrogen from
simple chemisorbed nitrogen or TiN should appear at < 397.5 eV and NO or NO, type
species appear above 400 eV (Saha and Tompkins, 1992; Shinn and Tsang, 1991;
Nakamura et al., 2004). The observed peak at 400 eV shows that there is a slight
negative charge on the doped N atom. This may be due to nitrogen in the TiO, lattice
could reduce the electron density on nitrogen due to the high electronegativity of
oxygen and hence a relatively higher BE observed compared to TiN. However, the
presence of N 1s after high temperature calcination at 400 °C with a BE at 400 eV
typically supports that the nitrogen should be from the TiO, lattice as N-Ti-O linkages
(Chen and Burda, 2004). Any significant interaction between N and O within the
lattice would increase the BE of N 1s and hence any direct significant interaction
between N and O within the lattice is ruled out. From the above observations it can be

concluded that the peak observed in our study at 400 eV is due to the N incorporated
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in the TiO; as N-Ti-O lattice, which is having comparatively a lesser negative charge

than the N in the TiN.

A broad peak is observed for O 1s core level, broadening on higher BE side is clearly
visible in the case of N-TiO, sample hinting the presence of another type of oxygen. It
is deconvoluted and shown in Fig. 4.13. The peaks at 529.8 eV and 531.1 eV indicates
the presence of O in the TiO, lattice and presence of O in N-Ti-O environment
respectively. This clearly indicates that N-doping on TiO, causes an increase in the

covalent nature of Ti0,.
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Fig. 4.13  X-ray photoelectron spectrum of O 1s core level (deconvoluted) for
N-TiO, sample

4.2.2.7. Visible light photocatalytic activity
Photocatalytic decomposition of methylene blue has been carried out both in visible
and UV region for N-doped TiO,. The experiments have also been carried out for

commercial sample P25 (Degussa) and laboratory synthesized pure TiO, for

comparison purposes. The photocatalytic decomposition profile of 50 ppm methylene
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blue is shown in Fig. 4.14. It has been observed that the complete decomposition of
methylene blue has been achieved within 2.5 hours of irradiation with 400W Hg lamp
for the N-doped TiO,. Also it can be seen from the Fig. 4.14. (inset) that the
photocatalytic activity of N-doped sample shows lower activity than in the Degussa
catalyst in the UV region at 365 nm, whereas in visible region at 405 and 436 nm the
N-doped sample shows higher activity than the Degussa sample. This corroborates
our observation with UV-Vis spectra of the two samples, viz, the nitrogen containing
TiO; has absorption in the visible region and the pure TiO, absorbs only in the UV
region. It indicates that N-doped samples are more active in the visible region when
compared to the Degussa catalyst. It is pertinent to point out that the laboratory
synthesized pure TiO,, even though present as anatase, has a lower photocatalytic

activity in the UV-Vis region studied compared to Degussa sample.
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Fig. 4.14. Phototcatalytic decomposition profile of methylene blue over nitrogen
doped TiO,. (In the inset the 30 minute photocatalytic activity of the
nitrogen doped and Degussa samples are compared as a function of
wavelength).
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4.3 N-DOPED TiO, BY THERMAL DECOMPOSITION OF
Ti -MELAMINE COMPLEX

4.3.1 Introduction

Though, there are significant reports for the preparation of N-doped in TiO; (Asahi
et al., 2001; Sakthivel and Kisch, 2003; Gole et al., 2004; Nosaka et al., 2005; Sano
et al., 2004), convenient preparation methods are still not available. With this view, in
the present study, an attempt has been made to prepare N-doped TiO, by decomposing

Ti melamine complex and to study photocatalytic activity in the visible region.

4.3.2 RESULTS AND DISCUSSION

4.3.2.1 TGA analysis

The thermal decomposition profile of Ti- melamine and pure melamine in air are
shown in Fig. 4.15. The decomposition temperature of pure melamine is between 320
to 350 °C, where as Ti-melamine complex shows three regions 50-150, 300 to 450
and 600-700 °C, in total 40 % decomposition have been attained up to 800 °C. This
indicated that complete decomposition of the unbounded/adsorbed melamine on the
TiO, surface. The TG profile of air calcined sample at 400, 500 and 600 °C supports

the above observation.
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Fig. 4.15. TGA profile of melamine, Ti-Melamine and N-TiO, calcined at 400,
500 and 600 °C

4.3.2.2. UV-Visible spectra

The UV-visible absorption spectra of N-doped TiO, and bulk TiO, samples are shown
in Fig. 4.16. It can be seen from the figure, that there is a red shift in the onset
absorption (~120 nm) for N-doped samples when compared to undoped TiO,. The
absorption spectrum of 400 °C and 500 °C calcined samples are comparable, whereas
the sample calcined at 600 °C shows comparatively lesser shift in the onset
absorption. This can be attributed by the reduction in the amount of Nitrogen doped in

the samples, as a result of higher calcination temperature.
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Fig. 4.16. UV-Visible absorption spectrum of N-doped TiO, at different
calcination temperatures and pure TiO,

4.3.2.3. X-ray diffraction studies

Fig. 4.17 shows the X-ray diffraction pattern of bulk and N-doped TiO, samples. The
presence of anatase phase have been observed for the bulk and N-TiO, samples with
X-ray line broadening in the case of N-doped samples indicating the formation of
nanoparticles. But, when the calcination temperature was increased to 600 °C,
formation of rutile phase, a high temperature phase, can also be seen (shown as “R”)

in the Fig.4.17.
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Fig. 4.17. X-ray diffraction patterns of N-doped TiO, calcined at various
temperatures and pure TiO, (anatase)

4.3.2.4 Electron microscopic analysis

The surface morphology of the N-doped TiO, nanoparticle has been studied by
scanning electron microscopy. The SEM picture (in 2 magnifications) of the N-doped
TiO, sample are presented in Fig. 4.18. The growth of mixture of spherical and leave
like particles of N-doped TiO; have been clearly observed for the 400 °C calcined
samples. The transmission electron micrograph of the N-doped TiO, sample is shown
in Fig.4.19. Particles in nanosize range are observed for the N-doped TiO, sample
calcined at 400 °C in air. In addition, the presence of spherical type particles are seen
from the TEM. The exact particle size of 25 nm for the prepared sample calcined at

400 °C has been calculated from the micrograph.
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Fig. 4.18. SEM photographs of N-doped TiO, calcined at 400 °C
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Fig. 4.19. TEM image of N-doped TiO; calcined at 400 °C

4.3.2.5 X-ray photoelectron spectroscopy

The chemical state of doped nitrogen in the TiO, was studied by X-ray photoelectron
spectroscopy and shown in 4.20 a and b. Fig. 4.20b (black line) shows that, the N 1s
peak for the N-doped TiO, samples calcined at 400 °C. The obtained broad peak
centered around 400 eV is deconvoluted. (green line). On deconvolution four different
peaks at 396.2, 398.4, 400 and 401.5 eV are discernible. The observed peak at 396.2
eV is attributed to the presence of Ti-N bond in the TiO, lattice (Asahi et al., 2001;
Kobayakawa et al., 2004). The observed peaks at 401.3 eV and 400 eV are
respectively, due to the presence of nitrogen in the N-Ti-O environment and presence
of N atoms in the organic compounds on the surface (or) in grain boundaries (Sano
et al., 2004; Chen and Burda, 2004). Nevertheless, the presence of N in the surface of
the sample as adsorbed N, like species could be seen from the observed peak at
398.4 eV. The present results are in accordance with the values reported in the
literature for the N doped TiO, sample (Saha and Tompkins, 1992; Li et al., 2005a
and 2005b).
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Fig. 4.20. X-ray photoelectron spectrum of (a) N-TiO; and (b) N 1s level for
N-TiO, samples
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4.3.3 Visible light photocatalytic activity

The visible light decomposition profile of methylene blue over N-doped samples is
shown in Fig. 4.21. It can be seen that, there is significant change in the
decomposition of methylene blue as the calcination of temperature is increased to 600
°C. The rate of decomposition is high in the case of 500 °C calcined sample when
compared to other two samples. The lower rate of decomposition of methylene bule
for 600 °C calcined sample could be explained by the decreased amount of N in the
N- doped TiO,. The UV-visible absorption spectrum of the corresponding sample also
supports our observation. Nevertheless, between 400 and 500 °C calcined samples,
the later one is more active than the former due to higher crystalline nature (anatase).
In conclusion, ~ 40 % of methylene blue decomposition has been achieved within 3 h
by the N-doped TiO, sample in the visible region alone. Where as, in UV + Visible
region, complete decomposition of methylene bule has been achieved within 1 h for

the 400 °C calcined N-doped TiO, samples (not shown).
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Fig. 4.21. Decomposition profile of methylene blue over N-doped TiO, sample in
the visible light
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4.4 N, S CO-DOPED TiO, BY THERMAL DECOMPOSITION OF
Ti COMPLEX

4.4.1 Introduction

The eventual goal in photocatalysis is development of visible light active
semiconductor based materials in order to utilize solar energy more efficiently. In
recent times, the rehabilitated attention in photocatalysis is due to the light absorption
by anion doped TiO, in the visible region compared to large band gap in pure TiO,,
which confines the utility of TiO; in the UV region (Hattori et al., 1998; Tamaki
et al., 2002). Photocatalytic processes have been examined extensively ever since the
possibility of water splitting proposed by Japanese scientists in early 70s (Fujishima
and Honda, 1972). A wide variety of materials like oxides, sulphides, and perovskites
have been proposed and undertaken for photocatalysis (Hoffmann et al., 1995; Sato
et al., 2003; Zou et al, 2001). Though generally it is conceived that TiO,
semiconductor is the best option for promoting photocatalytic process, the maturity
for optimization of the properties of the selected materials have not been evolved.
Various methods have been implemented to activate TiO, in the visible region like
sensitization with dye molecule, doping of metal ions in the crystal lattice and
coupling with another semiconductor (Boschloo and Hagfeldt, 2005; Bandara et al.,
2004). Essentially, in all these cases, the electrons are promoted directly from energy
levels of doped component to TiO, conduction band (or) injected into the conduction
band from the other molecule or semiconductor surface, thereby the energy gap is
minimized and charge separation prevents the recombination. But the lesser stability
of the doped atom or sensitized molecule, and the less efficient interfacial electron
transfer between the two phases make these systems insignificant to exploit

photoactivation in visible region.
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In the recent past, it has been proved that the anion doping to be quite efficient for the
visible light activity (Sato, 1986; Asahi et al., 2001). Various methods like chemical
vapour deposition, laser ablation, sol-gel, oxidative decomposition and sputtering
techniques have been reported for N, S, F, B and C doping on TiO; lattice (Ohno
et al., 2004; Tokudome, and Miyauchi, 2004; Kobayakawa et al., 2004; Diwald et al.,
2004; Ohno et al., 2003; Umebayashi et al., 2003). Among the anions, much attention
has been focused on N (and to a limited extent on S) doping on TiO, lattice, and an
adequate amount of literature is available to understand the state of the doped N in the
TiO; lattice (Tokudome, and Miyauchi, 2004; Kobayakawa et al., 2004; Diwald et al.,
2004; Nosaka et al., 2005; Hong et al., 2005; Silveyra et al., 2005). In general, there
is a good agreement between the available literature that, in the N-doped TiO,, the N
atoms are occupying the oxygen position in the lattice. Despite the fact that there
exists an incongruity for the chemical state of the doped nitrogen in the lattice.
Although, it is confirmed/accepted that nitrogen exists with negative charge rather
than positive charge. The results presented on N- doped TiO, in the previous section
also confirms the presence of nitrogen with slight negative charge at the oxygen

position in the TiO; lattice.

In the case of S-doped TiO,, Ohno et al., (Ohno et al., 2003) have reported a
controversial observation that, S atoms are incorporated as cations (S6+) and replaces
Ti ions in the TiO, lattice. Furthermore, these powders absorb visible light more
strongly than the N-doped TiO, and other anionic S-doped TiO, powders. Apart
from this result, it has been widely accepted and also other literature results confirm
that, S survive as anion, and replaced the oxygen ions in the TiO; lattice (Umebayashi
et al., 2003). Various theoretical studies have also implied that the doping of

heteroatom on TiO, lattice shifts the light absorption onset by reducing the band gap
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of the TiO, (Umebayashi et al., 2002 & 2003). The reduction in the band gap occurs
due to the overlap of 2p and 3p orbital of N and S respectively, with the valence band

of TiO, and results in the formation of additional energy levels just above the valence

band.

Recently, attempts have been made by Li et al (2005a) to prepare N, F co-doped TiO,
to study the effect of second heteroatom on the photocatalytic activity of TiO; in
visible light. They have reported that N, F co-doped TiO, shows better activity in the
visible region than the N or F doped TiO,. Both their experimental and theoretical
studies of N, F co-doped system shows that, N doping, shifts the onset absorption to
visible region and F doping, increases in the acidity of the catalyst. In the present
study, attempts have been made to prepare the N, S co-doped TiO, and study the
effect of second heteroatom in the visible light photocatalytic activity of single anion

doped TiOs.

44.2 RESULTS AND DISCUSSION

4.4.2.1 TGA analysis

The thermal decomposition profile of titanium complex (TB) and pure ligand in air
are shown in Fig. 4.8. The decomposition temperature of pure ligand is between 300
to 350 °C, whereas TB complex decomposition takes place at 400 to 500 °C, and in
total 40 % decomposition have been attained up to 800 °C. Based on this TG profiles,
TB complex was calcined in vacuum and N, at 400 °C, and the final calcination
temperature in air is varied, starting from 400 to 550 °C. The TG profile of calcined
samples at 400 and 450 °C in air shows, no significant weight loss, which indicates
that complete decomposition of the organic precursor moiety during the calcination

process.
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Fig. 4.22. TGA profile of (a) Pure ligand (b) TB complex (c) TB 400 and
(d) TB 450

4.4.2.2. UV-Visible spectra

The UV- visible absorption spectrum of pure TiO, and N, S co-doped samples
calcined at different temperature are shown in Fig.4.23. A shift in the absorption edge
towards visible light can be seen (Fig.4.23, inset) for the N, S co-doped TiO, samples
when compared to pure TiO,. Although, when compared to N-doped TiO,, the
absorption curve significantly differs for N, S co-doped TiO,. Unlike N-doped TiO; or
S-doped TiOs, there is precipitous increase in the absorption curves for N, S co-doped
Ti0,. This indicates that there is a definite role for the addition of second hetero atom

in the Ti0, lattice.
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Fig.4.23.UV-Visible absorption spectra of N, S co-doped TiO, samples at
different calcination temperatures and pure TiO, (Inset shows a clear
shift in absorption edge towards visible region)

4.4.2.3. X-ray diffraction Studies

The Fig. 4.24 shows the X-ray diffraction patterns of N, S co-doped TiO; powders
calcined at different temperature in air. For all samples, the more photoactive
crystalline phase of TiO, i.e. anatase phase has been retained in the calcination
temperature range studied. Of course, the transformation from anatase to rutile phase
will takes place normally around 600-700 °C, and prior results substantiate that
doping of N and S will not induce the phase transformation at lower temperatures
(Ohno et al., 2003; Silveyra et al., 2005). It has been expected that, due to higher
atomic radius of S and N atoms compared to O atom, substitution doping of S/N

atoms will lead to increase in the inter planar distance and thereby decrease the
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“d” values. Though, no significant change in the “d” values have been observed due
to S and N incorporation in the TiO; lattice, nevertheless the X-ray line broadening
have been observed when compared to pure TiO,. It can be understood that due to the
low at % of S and N atom doping in the TiO; lattice, any perturbation in the crystal
lattice can be ruled out. Also, the peak broadening can be ascribed by the formation of
N, S doped TiO, nanoparticles, which are formed by slow decomposition of metal
complex in the N, atmosphere. The crystallite size of the N, S doped TiO, powders
are calculated by Debye-Scherrer equation (Cullity, 1987) and given in Table 4.2. It
can also been seen from Fig. 4.24, that as calcination temperature increases, peak
broadening decreases which can be explained on the basis of particle agglomeration at

high temperatures, resulting in larger particles.
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Fig. 4.24 X-ray diffraction patterns of (a) pure TiO; (b) TB 400 (c) TB 450
(d) TB 550 (e) TS 450 and (f) TS 550
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4.4.2.4 Surface area and pore volume

The specific surface area and pore volume of N, S co-doped and pure TiO, are given
in the Table 4.2. It can be seen that, as the calcination temperature increases from
400 —550 °C the surface area of the samples decreased. There is a good agreement
between increase in the surface area as a consequence of decreases in particle size. In
addition, N, S co-doped samples show higher pore volume compared to bulk TiOy;
this can be attributed to the slow decomposition of metal complex in the N, and air
atmosphere leading to the formation of micropores, which offers the higher surface

arca.

Table 4.2. Crystallite size, specific surface area and pore volume of N, S
co-doped TiO,

i Specific Specific pore

Catalyst 2{23?(?:#})‘3 sE rfa%e volume
area (m/g) (cm®/g)

TB 400 8 110 0.1293
TB 450 9 95 0.1908
TB 550 16 81 0.0936
TS 450 8 99 0.1159
TS 550 15 81 0.0932
Pure TiO, 35 14 0.0696

Higher surface area compared to bulk TiO; even at higher calcination temperature
confirms/supports the above observation and the slight decrease in the pore volume
could be due to sintering of particles at higher temperatures. The sample calcined at
450 °C shows a higher pore volume than the sample calcined at 400 °C, this may be
due to the release of doped S, N atom from the bulk to surface, and as a result the
amount of S, N atom in the bulk decreases. The significant decrease in the UV-visible
absorption onset as calcination temperature is increased from 400 to 450 and 550 °C,

hints the removal of doped N, S atoms from the TiO, lattice. This will indirectly
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support to the contribution of S and N energy levels in the band gap reduction
mechanism. The samples calcined at 400 °C are yellow in colour and the intensity of
the yellow colour decreased as the calcination temperature is increased to 550 °C,
above this temperature the yellow samples turns white in colour. This observation also
supports our UV-visible absorbance spectrum of N, S co-doped TiO; calcined at
various temperatures. A good correspondence between the surface area, pore volume,
particle size and UV-visible light absorption can be seen for different temperature

calcined N, S co-doped samples.

4.4.2.5 Electron microscopic analysis

The transmission electron micrograph of the N, S co-doped TiO, sample is shown in
Fig.4.25. Particles in nanosize range are clearly observed for the doped sample. The
exact particle size for the prepared sample has been calculated from the micrographs
and is presented in the Table 4.2. The SEM pictures of the N, S co-doped TiO;
samples at different magnifications are presented in Fig. 4.26 a and b. The growth of

fine particle of N, S co-doped TiO; in a different morphology has been observed.
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Fig.4.25. TEM image of N, S co-doped TiO; sample obtained from TB complex
calcined at 400°C (TB 400)
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(b)

Fig.4.26. SEM image of N, S co-doped TiO, sample obtained from TB complex
calcined at 400°C (TB 400)

4.4.2.6 X-ray photoelectron spectroscopy

The XPS spectra for N, S co-doped TiO, and Pure TiO, sample are recorded and
Ti 2p, N 1s, S 2s and O 1s core levels are shown in Fig. 4.27 and 4.28. It is to be

noted that these results are after in situ scraping of the pellet surfaces of both the
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catalysts within the ESCA spectrometer under ultrahigh vacuum conditions, mainly to
remove any contribution from the atmospheric degradation. It is to be mentioned here
that Ar' sputtering lead to preferential removal of lower atomic weight elements first
and hence an artificial reduction of cations on the surface (Diwald et al., 2004).
However, physical scrapping does not alter the oxidation state of any element on the
surface. Indeed, the unscraped surface displays high carbon (some carbonate also)
content along with a relatively low intensity Ti 2p peak (not shown). However,
carbonate and hydroxide contamination was fully removed by scraping the catalyst
surface and that enhances the intensity of all intrinsic features. Ti 2ps;» core level
appears at 459.3 and 458.8 eV for TiO, and N, S co-doped TiO, samples calcined at
400 °C in air (after N, atmosphere), respectively (Fig. 4.27 a). The shift in the BE of
Ti 2p in N, S co-doped TiO, towards lesser energy shows that the electronic
interaction of Ti with N, S anions is considerably different than that of oxygen anion
in TiO,. Also, this observation suggests that TiO; lattice is considerably modified due
to N, S substitution with oxygen in the TiO, crystal lattice. Lower BE of Ti 2p in N, S
co-doped TiO, samples can also be explained on the basis of covalency between the
Ti and anion bond. It is well known that if the electronegativity of the anion
decreases, the percentage ionicity will also decrease (Viswanathan, 2003) as a result,
the electron density around the anion decreases. Consequently, the covalent nature of
the bond between metal and anion will increase, as a result that the net positive charge
on the metal will be reduced. It is in good agreement with results reported in the
literature and also our previous studies on N-doped TiO,. In addition, as anticipated
based on the literature, the O 1s peaks are observed at 530 eV with an unusual peak

broadening at higher binding energy side (Fig. 4.27 b). This peak broadening can be
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explained due to the presence of another type of oxygen in the TiO; lattice other than

O-Ti-0 environment.

Fig.4.28 a shows the XPS spectra for the S 2p core level of the N, S co-doped TiO,
samples calcined at 400 °C in air. The S 2p state had a broad peak because of the
overlap of the split sublevels, the 2ps;; and 2p,,; states, with separation of 1.2 eV due
to spin-orbit coupling (Lindberg et al., 1970). Two peaks are observed around 168.9
and 159.3 eV for the N, S co-doped TiO, samples. The peak at 168.9 eV can be
accounted by the presence of adsorbed SO, or SO; molecule on the TiO, surface
(Sayago et al., 2001), which is generated through the diffusion of S atoms doped in
the bulk TiO, and the peak at 159.3 eV can be accounted for the presence of Ti-S
bond in the anatase lattice (Gonbeau et al., 1991) Ohno et al (2003) and Ohno et al
(2004) had observed the peak around 170 eV and ascertained the presence of S°* in
the S doped TiO; and claimed that the S doping resulted in S replacing the Ti in the
crystal lattice. Meanwhile, Umebayachi et al (2002 and 2003) have reported the above
distinctive peak with an addional peak around 168 eV and observed that enhancement
in the later peak intensity as etching time increases. This indicates that the S atoms are
uniformly doped into the anatase lattice, and due to the calcination or annealing the
catalyst at high temperatures, the S atoms, which are doped near the surface are
moved to the surface of the catalyst and exists as SO3; or SO4. It has been further
supported by Hebenstreit et al (2001) that, when S replaced O on the TiO, (110)
surface, the XPS of S modified surface showed S 2p peak at 162 eV. The S 2p peak
for S in TiS, was situated around 160—161 eV (Fujimori et al., 1988; Lichtman et al.,
1981). Based on these results, the observed peak at 160 eV could be ascertained to the
doped S* atom in the TiO lattice and the existence of Ti-S bond in the N, S co-doped

Ti0, samples were confirmed.
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Fig. 4.27. X-ray photoelectron spectral details collected from N, S co-doped TiO;
samples (TB 400 and TS 450). (a) Ti 2p and (b) O 1s core levels. (Note
the shift in Ti 2pbinding energy after the introduction of N and S into
the TiO; lattice)
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Fig. 4.28. X-ray photoelectron spectral details collected from N, S co-doped TiO;
samples (TB 400 and TS 450) (a) S 2p, (b) N 1s.
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Fig. 4.28b, gives the N 1s peak of the N, S co-doped samples. The XPS spectrum of
N, S co-doped TiO, sample shows that, the N 1s level binding energy at 400 eV. The
observed broad peak between 398 to 402 eV confirms that N is present as anion in the
TiO; lattice. The observed peak maximum at 400 eV, which is also attributed to the
presence of N atoms in the organic compounds on the surface or in grain boundaries

(Sano et al., 2004).

It is clear from the above discussion that if the N, S atoms are subtitutionally doped
into the TiO, lattice and have significant interaction with oxygen atoms. Indeed, an
interstitial doping of anions in the anatase lattice have some strong interaction with
nearby oxygen and hence a change in effective charge on the species and hence a shift
in the BE. This speculation is supported by DFT calculations of Valentin et al (2005),
that the substitutional doping of carbon will alter the electronic structure by producing
occupied energy states over the oxygen levels and leads to red shift in the light
absorption. Whereas intestinal doping of carbon will create oxygen vacancy, which
will result in the formation of mid gap energy levels. In the former case the absorption
onset of TiO; shifts to 400-500 nm and in the latter case the absorption takes place at
above 500 nm. In the present case, based on the UV-visible light absorption spectra of
N, S co-doped TiO,, only substitutional doping of N, S could be possible rather than

interstitial doping.

4.4.3 Visible light photocatalytic activity

The visible light photocatalytic activity of N, S co-doped TiO,, N-TiO; and TiO,
(degussa P25) samples for methlylene blue decomposition are shown in Fig. 4.29. It
can be seen from Fig. 4.29 that, when increasing the calcination temperature, there is

a significant decreases in the visible light photocatalytic activity. Furthermore, the
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method of preparation of N, S co-doped TiO, also plays a vital role in the
photocatalytic activity. It can be seen that for same calcination temperatures, TB
samples are showing higher activity than the TS samples, which can be explained on
the basis of amount of hetero atom (N and S) doped in the TiO, lattice. It is well
known that, the visible light absorption of hetero atom doped TiO, depends on the
concentration of the dopant present in its lattice, the decrease in the amount of hetero
atom results in decrease in the visible light absorption. It is clearly reflected in the
UV-visible absorption spectrum (Fig. 4.23) of TB and TS samples calcined at

different temperatures.
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Fig. 4.29. Visible light photocatalytic decomposition profiles of methylene blue
over N, S co-doped TiO, samples (400 W Hg lamp with HOYA L-42
UV light cut off filter)
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Approximately, 30-35 % of methylene blue decomposition has been achieved for the
N, S co-doped TiO, samples calcined at 400 and 450 °C, whereas only 5-6%
decomposition of methylene blue was observed for the commercial TiO, (Degussaa,
P25). The complete decomposition of methelyne blue has been observed within
2 h irradiation time for the same samples in UV + Visible region (without the filter,
data not shown) for the N, S co-doped TiO,. Nevertheless, it has been observed that,
in UV + Visible region, there is no significant difference in the activity between the
N, S co-doped samples (TB 400 and TS 450), and commercial TiO, (Degussa P25)
(Fig. 4.30). This observation supports that the difference in the photocatalytic activity
in the visible region for the N, S doped TiO, samples is essentially due to the amount

of hetero atom doped in the TiO, lattice.
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Fig. 4.30. Photocatalytic decomposition profiles of methylene blue in
(UV + Visible region) over N, S co-doped TiO, samples (400 W Hg
lamp)
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45 THEORETICAL STUDIES ON THE POSITION AND EFFECT OF
HETERO ATOM (N and S) SUBSTITUTION IN TiO;

45.1 Introduction

The studies on chemical state of the doped hetero atom and its contribution to the
band gap reduction in hetero atom doped TiO, are essential for further developments
in photocatalysis. In this view, few density functional theory (DFT) calculations have
been performed and reported in literature (Asahi et al., 2001; Umebayashi et al.,
2002; Ohno et al., 2004 Umebayashi et al., 2003). Asahi et al (2001) have studied the
effect of hetero atom (F, N, C, S and P) doping in TiO, and the results show that
substitutional doping of N atom reduces the band gap. Umebayashi et al. (2002, 2003)
have studied the band gap narrowing of anatase and rutile TiO, by substitutional
doping of S in the oxygen position. Similarly, Ohno et al (2004) have also studied by
substituting the S in the Ti position. The presence of S as anionic (S*) and cationic
(S%) form in the TiO, lattice has been supported both by XPS and theoretical results
in the former and latter case, respectively. Unfortunately, the contribution of sulphur
energy levels on the conduction band has been absolutely omitted in both cases.
Nevertheless, the conclusion arrived from these studies are not able to explain the

rationale for the observed band gap reduction in the case of N and S doped TiOs.

With this background, the present study has focused on both (i) Cluster model DFT
study and (ii) First principle band calculations using super cell approach, to
understand and explain the band gap narrowing in the doped TiO,. The cluster
(Ti5014Hg) model used for the DFT calculation, and primitive unit cell of the TiO,
anatase crystal structure for density of states studies are shown in Fig. 4.31 and
Fig. 4.32, respectively. The observed results are explained on the basis of mixing of

titanium and oxygen orbitals with the doped hetero atom.
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4.5.2 Computational model and methodology

Cluster model (Ti5014Hg) used for the quantum chemical calculations were taken from
the crystal lattice of anatase TiO, which consist of 5 Ti atom and 14 oxygen atoms
and the edge position is saturated with hydrogen to avoid the edge effect (Fig. 4.31).
The effect of N and S substitution in the oxygen position of the cluster has been
studied. All DFT calculations were carried out by Becke three parameter hybrid
functions with the LYP correlation function (B3LYP) and an effective core potential
basis set of 6-31¢g (d, p) level (Becke et al., 1993; Lee et al., 1988) using the Gaussian
98 program (GAUSSIAN 98. 1998). In the calculation, geometry of the cluster has
been optimized by Universal Force Field (UFF 1.02) approach using Cerius2 software
(Rappe et al., 1992). Using force field optimized parameters (DFT) single point

energy and band population analysis calculations were carried out.

To study the details of the band gap engineering due to doping of N and S in the
crystal lattice, DOS (Density of States) has been calculated by utilizing primitive unit
cell of the TiO, anatase crystal structure (Fig. 4.32). The doping effects were modeled
by replacing one oxygen atom with one doping atom. The plane - wave - based
Density Functional Theory (DFT) calculation (Blaha et al., 1990; Perdew et al., 1996;
Kohn and Sham, 1965) carried out using CASTEP program in Materials Studio
supplied by Accelerys with, the core orbital replaced by ultrasoft pseudopotentials,
and a kinetic energy cutoff of 300 eV. All the electronic band structures and the
optical absorption spectra were calculated on the corresponding optimized crystal
geometries. The Generalized Gradient Approximation (GGA) with the PWO91

exchange correlation function was adopted.
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Fig. 4. 31. Model of the cluster (Tis O14 Hsg)

Fig. 4. 32. Model of the primitive TiO; crystal
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45.3 RESULTS AND DISCUSSION

4.5.3.1 Density of states and band gap

The total density of states for hetero atom (N, S, N & S) doped and undoped TiO; are
shown in Fig. 4.33. The band gap reduction can be seen in the case of hetero atom
doped TiO, when compared to undoped TiO,. The reduction in the band gap is
attributed due to the orbital mixing of hetero atom with oxygen 2p and Ti 3d orbital. It
is well knon that, the valence and conduction bands of TiO, are mainly formed due to
the major contribution by completely filled oxygen 2p orbital and the empty Ti 3d
orbital, respectively. Due to energetic equality, the 2p and 3d orbital of the doped
hetero atom are significantly contributing to the valence and conduction band by
mixing with Ti and oxygen orbital. In another way, when substituting O with N or S,
the electronegativity difference between the cation (Ti) and the anion (S or N) has
reduced significantly, which will increase the covalent nature of the bond. The
increase in the covalent nature results in reduction of the band gap due to the
destabilization of filled 2p orbital and stabilizing unfilled 3d orbital of anion (O) and
the cation (Ti), respectively. The density of states of N doped TiO, shows broadening
in the top of the valence band and bottom of the conduction band. It is clearly seen
from Fig. 4.34, that, both the valence and conduction band structure have been altered
(curve b). Whereas in the sulphur doped TiO; (curve ¢), the conduction band was
altered significantly when compared to valence band due to the formation of
additional energy levels at the bottom of the conduction band, which results in
broadening of the conduction band. The S 3p orbital has higher energy compared to

N 2p and O 2p, and extent of overlapping with O 2p will be lesser than N 2p. In
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addition, it is speculated that the overlapping of empty S 3d orbital with the Ti 3d
orbital in addition to 2p orbital results the conduction band broadening. The cluster
model study shows that, contribution of S orbital in the conduction band is more when
compared to valence band, 9.16% and 2.36 % for the former and latter cases,
respectively, which is supporting our speculation. This is further confirmed from the
N, S codoped TiO; (curve d), where it can be seen that both the conduction and
valence band are altered by the orbital mixing of doped N and S atom. There is no
difference in the conduction and valence band between the sulphur doped and N, S
co-doped TiO,, though the top of the valence band is destabilized like N-doped TiO,.
Ohno et al, have also observed the valence band broadening for the S doped TiO,, and
ascribed due to the overlapping of S 3s states with O 2p states (Ohno et al., 2004).
The band gap are in the order of TiO; > N-TiO; > S-TiO; 2 N, S co-doped TiO,. This
observation shows good correspondence with band gap calculated form the cluster
model calculation (Table 4.3) and the literature reports (Umebayashi et al., 2003;
Umebayashi et al, 2002). Also, the magnitude of band gap reduction can be explained
based on the electronegativity strategy (Viswanathan, 2003) that, sulphur is more
electronegative than nitrogen atom and shows more covalent nature, and shows more
reduction in the band gap than N-TiO,. Similarly, in N, S doped TiO,, two oxygen
atoms has replaced by N and S, which results more covalent character, and more

reduction in the band gap.
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Fig.4.33. Total density of states for (a) N, S codoped TiO, (b) S-doped TiO;
(c) N-doped TiO; and (d) Undoped TiO,

It can also be seen from Fig. 4.34, that the total width of the valence and conduction
band increases significantly for the doped TiO, compared to undoped TiO,. Between
the S and N doped TiO,, the former has more bandwidth both in valence and
conduction band than the later (shown as A & B in Fig.4.34). This also suggests that
the S 3s, 3p and 3d orbital are mixing with TiO, valence and conduction band orbital
and leads to the narrowing of valence and conduction bands. The band gap, orbital
contribution and the stabilization energy obtained from the cluster (TisO;4Hs) model

DFT studies are tabulated in Table 4.3.
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Table 4.3. Band gap, stabilization energy and % orbital contribution of pure
and heteroatom (N, S) doped TisO14Hs cluster

Cluster Ti5014 Hg Ti5013 N Hg Ti5013 S Hg
VB CB VB CB VB CB
Ti 8.3 83.5 22.55 77.87 36.54 78.41
O 89.61 15.78 31.99 16.76 60.72 12.24
N - - 45.06 0.26 - -
S - - - - 2.36 9.16
H 1.92 0 0 49 0 0
AE -6.3859 -6.2595 -6.1961
B.G 2.00 1.31 1.17

It can be seen from the table that, when oxygen in the cluster (shown by arrow) is
replaced by N or S, the band gap is reduced to 2.00, 1.31 and 1.71 for the undoped,
N and S doped TiO, respectively. Our previous experimental results (N-TiO;) and
literature reported experimental band gap values for N and S doped TiO, have good
correspondence with the above band gap ratio (Madhusudan Reddy et al., 2005;
Diwald et al., 2004). The stability of the cluster also reduced for the N and S doped
Ti0O,, the magnitude is more for the S doped TiO, compared to N doped TiO; due to
the larger size of the S atom compared to N or O size. The % orbital contribution of Ti
in the conduction band is almost same for the doped and undoped cluster, whereas the
valence band contribution increases in the order of undoped < N doped < S doped
Ti0O,. This may be due to the mixing of Ti 3d orbital with N 2p and S 3p orbital,
which is having more energy than O 2p orbital. The oxygen orbital contribution in the
conduction band is more or less constant for the all the three cluster. Whereas, it is
decreased for the N doped cluster due to the significant contribution of N 2p orbital in

the valence band. In S doped cluster, the oxygen contribution has higher than the
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N doped cluster, but still lower than the undoped TiO,. This can be attributed by the
inefficient mixing of S 3p orbital with O 2p orbital due to higher energy of the former

energy level.

DOS (a.u.)
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Fig.4.34.Total density of states for (a) Undoped TiO, (b) N-doped TiO;
(c) S-doped TiO; and (d) N, S co-doped TiO;

4.5.3.2 Position of doped S atom in the S-doped TiO,

Fig.4.35, shows the density of states of pure, sulphur doped in oxygen and Ti position.
It can be seen from Fig. 4.35 that, when oxygen atom is replaced with S, the valence
band and conduction band structure is altered significantly, in addition to increase in
the bandwidth. Formation of additional energy levels at the bottom of the conduction
band has been observed. Whereas, when S replaces Ti, both the valence and
conduction band has stabilized more. Though, the band gap appears to be reduced to

almost same as in the case of others, due to the small number of states, the light
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absorption will takes place only in the UV region and the band gap will be more than
undoped TiO,, This observation suggests that, S replaces the oxygen and doped as
S* in the TiO, lattice rather than as S®* by replacing titanium in the TiO, lattice. The
cluster model study shows that the stabilization energy is low for the S doped TiO;
when compared to N doped and undoped TiO,. It is relatively difficult to prepare the
sulphur doped TiO,, the size of the sulphur atom is also another important factor, the

recent number publications has confirmed these statement.

a --- Pure TiO2
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Fig. 4.35. Total density of states for (a) Undoped TiO, (b) S-doped in oxygen
position of TiO, and (c) S doped in the Ti position in TiO,

The band gap reduction in the TiO, could be achieved by substitutional doping with
heteroatoms like N and S in the TiO,. The magnitude of band gap reduction increases
with decrease in the electronegativity difference between Ti- heteroatom bonds. The

present results strongly emphasize that, S doping has more impact on the band gap
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reduction, and the doping of S atom in the TiO, replaces only the oxygen atom, but
not the Ti atom in the lattice. Also, the doping of S in the Ti position has no

significance in the band gap reduction, and the photocatalytic activity.

4.6 CONCLUSIONS

N-doped TiO, nanosize photocatalyst with a homogeneous size and spherical shape
has been prepared by three different routes namely (i) simple hydrolysis of TiCls
(i1) thermal decomposition Ti- salen complex and (iii) thermal decomposition of
Ti-melamine complex. The light absorption onset of N-doped sample in the visible
region is clearly observed. The advantages of the first method over other methods of
preparation are (i) use of inexpensive chemical precursors for the synthesis of
N-doped TiO,, and (ii) formation of TiO, as uniform sized nanoparticles. Studies of
optical absorption, identified the substitutional N-doping and localized N-states in
TiO; lattice. XPS results indicate the status of N to be anion like (N°) and the chemical
environment of N is as in N-Ti-O in the TiO, lattice. The methods of preparation
strongly affect the visible light absorption capacity, and the chemical nature N in the
doped TiO,. Also, the calcination temperature plays an important role in the
absorption of visible light. The photocatalytic activity induced by visible light for the
prepared N-doped samples was evaluated by decomposition of methylene blue. The
N-TiO, sample shows higher photocatalytic activity as compared to Degussa P25 and

pure TiO;.

Visible light active N, S co-doped TiO, nanosize powders have been prepared by
thermal decomposition of Ti based metal complex in vacuum. Investigations on
absorption of visible light by the doped samples indicate a clear red shift in the onset

absorption spectrum and hence the reduction in the band gap. The chemical nature of
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the doped N and S atoms in the TiO; lattice is identified using XPS spectrum. Higher
visible light induced photocatalytic activity for the N, S co-doped samples than that of
the TiO, (degussa P25) has been examined by methylene blue decomposition. This
high activity is ascribed to a synergetic effect of doped N, S atoms in the TiO, lattice.
The theoretical calculation shows that, the band gap reduction in the TiO, could be
achieved by substitutional doping with hetero atoms like N and S in the TiO,. The
magnitude of band gap reduction increases with decrease in the electronegativity
difference between Ti- hetero atom bonds. Also, the observed results emphasize that,
S doping has more impact on the band gap reduction, and the doping of S atom in the
TiO, replaces only the oxygen atom, but not the Ti atom in the lattice. However, the

doping of S in the Ti position has no significant influence in the band gap reduction.
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CHAPTER 5

STUDIES ON THE ELECTROLYTIC GENERATION OF
HYDROGEN - DESIGN OF COMPARTMENTALIZED CELL

5.1 INTRODUCTION

Hydrogen is widely recognized as the promising energy carrier now and in the future.
The hydrogen production methods from water have received much attention in the
recent years. Even though the hydrogen production by electrolysis of water is one of
the classical and important reactions, due to the hydrogen and oxygen over potentials
the electrolysis requires more than the theoretical decomposition potential of water.
The theoretical value for water decomposition is 1.23 V. The decomposition potential
of water in different media, using platinum electrode (in the presence of various
mineral acids, except HCI, and /or alkalis), is around 1.70 V. This extra potential to
be applied is due to the sum of the hydrogen over potential (0.05 - 0.1 V) and oxygen
over potential (~ 0.5 V in acid medium and ~1.0 V in alkaline medium) (Vogel, 1961)
Due to this, the industrial electrolytic plants operate at an applied potential of ~1.75 V
using nickel/stainless steel electrodes in alkaline medium. The energy efficiency of
the process is much dependent on this extra potential one has to apply in order to

make the process economically viable.

The energy required to produce hydrogen via electrolysis (assuming 1.23 V) is about
32.9 kW-hr / kg. A kilogram is about 2.2 Ib. For 1 mole (2 g) of hydrogen the energy
is about 0.0660 kW-hr / mole. For commercial electrolysis systems that operate at

about 1 A/cm?, a voltage of around 1.80 -2.00 V is required. This translates into about



46.8 kW-hr / kg, which corresponds to an energy efficiency of 70%. Lowering the
voltage for electrolysis, which will increase the energy efficiency of the process, is an
important area of research. Various attempts have been made by researchers to reduce
the over potential (Suffredini et al., 2000; Rossmeisel et al., 2005;Hu et al.,
1997;Campillo et al., 2002; Millet et al., 1996; Stojic et al., 2003; Kreuter and

Hofmann, 1998; Ulleberg, 2003). But, no significant success has been attained so far.

In the present study, an attempt has been made to design a simple compartmentalized
electrolytic cell. The study involves the utilization of a compartmentalized electrolytic
cell for electrolysis of water. The effect of other parameters like, electrolyte
concentration, nature of the electrode and nature of the separator material have been

studied.

5.2 RESULTS AND DISCUSSION

5.2.1 Cell design

A compartmentalized electrolytic cell has been designed as shown in Fig. 5.1. The
compartmentalization enables one to use different electrolytes in the two chambers,
namely, anode and cathode chambers. The advantage of this is that the over-potentials
at the cathode and anode are minimized. As a result of this, decomposition potential is
drastically reduced. The separator prevents mixing of the electrolytes as well as the

products of electrolysis; but does not affect the passage of current.
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Fig. 5.1. Single unit electrolytic cell

1. Cathode

2. Anode

3. Separator disk
4. Catholyte

5. Anolyte

5.2.2 Cell current

The cell current obtained at different applied potentials for common electrolytic cell
with acid or alkali as common electrolyte, and the compartmentalized electrolytic cell
where different electrolyte used as anolyte and catholyte are shown in Fig. 5.2. The
vertical line shows the theoretical decomposition potential of water at ambient

condition.
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Fig. 5.2. Cell current vs applied potential for common and compartmentalized
electrolytic cell

It can be seen from the figure that, in common electrolytic cell, either acid or alkali as
electrolyte, the decomposition occurs around at 1.8 V. whereas, in compartmentalized
electrolytic cell, the decomposition starts at 1.0 —1.1 V. Moreover, the observed cell
current at 1.8 V is much larger for compartmentalized electrolytic cell when compared
to common electrolytic cell. Among the common electrolyte, the alkali shows slightly

higher cell current than the acid.

The Fig.5.3a, shows the photographs of compartmentalized electrolytic cell, where
alkali as common electrolyte in both sides of the compartment. The Fig. 5.3b, shows
the compartmentalized electrolytic cell, where different anolyte and catholyte were
used in the anode and cathode compartment respectively. The cell current and applied

potential (1.2 V) are shown separately using different digital multimeters, it can be

131



seen clearly that, for an applied potential of 1.2 V the observed cell current are
0.01 and 156 mA for common electrolyte and two different electrolytes

(compartmentalized) cell, respectively.

(b)

Fig. 5.3. Photographs of (a) Common electrolytic cell (b) Compartmentalized
electrolytic cell.
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5.2.3 Effect of nature of the electrolyte on decomposition potential

It is well known that the nature of the electrolyte and concentration of the electrolyte
play a major role in the electrolytic processes. The decomposition potential of water is
dependent on the nature of the electrolyte. The decomposition potential of water for
various electrolytes with common electrolyte cell is given in the Table 5.1. Though,
there is a slight variation in the decomposition potential, almost all of them are fall

around 1.7 V.

Table 5.1. Decomposition potential of water in different media (Vogel, 1961)

S. No Medium Decomposition potential
V)
1 HNO; 1.69
2 H2SO4 1.67
3 HCI 131
4 NaOH 1.69
5 KOH 1.67
6 NHs(aq) 1.74

5.2.4 Effect of electrolyte concentration on cell current

With single common electrolyte, the effect of acid concentration or alkali
concentration on the cell current have studied by varying the concentration of the
electrolyte from 0.5 N to 10 N and the results are shown in the Fig. 5.4 a and b. It can
be seen from Fig. 5.4a, that when the alkali concentration is increased from 0.5 N to

10 N, there is a slight increase in the cell current. Similar observation has been made
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(Fig. 5.4b) when increasing the acid concentration from 0.5 to 2 N the cell current

increases. Pt is used as anode and cathode in these studies.
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Fig.5.4. Variation in the cell current-voltage profile for different
concentrations of (a) NaOH and (b) H,SO, in the single common
electrolyte cell
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The effect of concentration in the compartmentalized cell has been calculated by
varying the concentration of anolyte from 0.5 to 20 N and keeping the catholyte
concentration as 0.5, 1 and 2 N as constant separately. The variation in the cell current
for each catholyte concentration is shown in Fig. 5.5 a, b and c. Fig. 5.5a shows, for
0.5 N anolyte concentration, the increase in the cell current when the concentration of
anolyte was increased from 0.5 to 10 N. It can be seen that, as the concentration of the
electrolyte increases, the cell current also increases, but there is no significant change

in the decomposition potential with respect to concentration.

Fig. 5.5 b and c, shows the cell current Vs applied voltage curve for various anolyte
concentration and at a constant catholyte concentration of 1 N and 2 N respectively.

The similar trends have been seen for both the cases as in previous case.
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Fig.5.5. The cell current vs applied voltage curve for various anolyte
concentrations and at a constant catholyte concentration of (a) 0.5 N
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Fig.5.5. The cell current vs applied voltage curve for various anolyte
concentrations and at a constant catholyte concentration of (b)1 N
and (c)2N
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The variation in the cell current at 1, 1.2 and 1.4 V applied potential for various
anolyte and catholyte concentrations (when the anolyte concentration is varied, the
catholyte concentration is kept constant) are shown in Fig. 5.6a, b & c respectively. It
can be seen from the figures, when the catholyte concentration is 0.5 N, the rate of
electrolysis is very low for all the concentrations of anolytes. On the other hand,
when it is kept at 2 N, the rate of electrolysis increases dramatically as shown by the
increased cell current. Nevertheless between 2 N and 10 N anolyte concentrations, no
substantial rise in cell current is observed. When the catholyte concentration is 1 N,
there is a gradual increase in the cell current as anolyte concentration increases from
0.5 N to 10 N. Based on the above observation, 1 N has kept constant as anolyte and

catholyte concentration for our further studies.
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Fig. 5.6. Variation in the cell current for various concentrations of anolyte and
catholyte at (a) 1.2 V
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Fig. 5.6. Variation in the cell current for various concentrations of anolyte
and catholyte at (b) 1.4V and (c) 1.6 V
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5.2.5 Nature of the anode material

In order to increase the cell current and reduce the applied potential various
modifications have been carried out in the electrode surface. In this present study, the
Pt and Ti electrodes are modified with Co and Ni oxides. The electrochemically
deposited Co and Ni have been converted to oxide by calcining at 673 K in air for 2 h.
Fig. 5.7 shows the applied potential vs the current plot of water electrolysis carried
out with Pt cathode and Pt, Pt/Co and Pt/Co/Ni as anode. The decomposition potential
for various electrodes are tabulated and are given in Table. 5.2. It can be seen from
Table. 5.2 and Fig. 5.7, the decomposition of water has been achieved at an applied
DC potential of 1 V. The coating of the metal oxides cobalt oxide and nickel oxide on
Pt electrode shows a slight shift to a lesser decomposition potential, but one can

observe significant increase in the cell current than in the case of pure Pt anode.

Table 5.2. Water decomposition potential in a divided cell with different
electrolytes

Electrode Decomposition potential (V)
Anode Cathode
Pt Pt 0.9
Pt/Co Pt 1.0
Pt/Co/Ni Pt 0.9
Ti/Co Pt 0.8
Ni Ag 1.0
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Fig. 5.7. Variation in the cell current for various Pt based anode materials

Similarly, the cell current has been measured for modified Ti anodes and shown in

Fig. 5.8. Though pure Ti anode shows lesser activity when compared to Pt anodes, the

modified Ti anodes show notably higher cell current than the pure Pt anode.
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Fig. 5.8. Variation in the cell current for various titanium based anode materials
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5.2.6 Product estimation

To ensure that the gases evolved at the cathode and anode compartments are only
hydrogen and oxygen, the products of electrolysis, at a constant current of 1 mA have
been collected separately for 26 h continuously, using Pt electrodes. The collected gas
products have analyzed by gas chromatography. The evolved gases are shown to be
only hydrogen and oxygen. Fig.5.9 shows the amount of gases (hydrogen and oxygen)
produced in the cathode and anode compartments. The ratio between the volumes of
hydrogen and oxygen gas is 2:1, which clearly indicates the absence of any other side

products or side reactions during the water electrolysis.
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Fig.5.9. Volume of hydrogen and oxygen generated at the cathode and anode
compartments at various time
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When the cell current is increased to 2 mA, for 15 h of electrolysis, ~ 12 and ~ 5.5 ml
of hydrogen and oxygen gas are generated in the cathode and anode compartments

respectively. Which is almost twice the volume of gas, which has been produced for

15 h at 1 mA as constant current.
5.3. MULTIPLE ELECTROLYTIC CELL

A multiple electrolytic cell has been designed as shown in Fig. 5.10. The cell
performance was studied with Ag and Ti as cathode and anode, the optimum

concentration (1 N) of anolyte and catholyte have been used. The anode and cathodes

are connected in parallel mode.
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Fig 5.10. Multiple unit electrolytic cell

1.Catholyte inlet n = Number of multiple cells
2. Anolyte inlet A - Anode (Ti)
3. Catholyte outlet C - Cathode (Ag)

4. Anolyte outlet.
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The cell current obtained for one single cell and multiple electrolytic cells are shown
in the Fig. 5.11. It can be seen that, there is a noticeable increase in the cell current for

the multiple cell.
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Fig. 5.11. Variation in the cell current for single and multiple electrolytic cell as
a function of applied potential

5.4 EFFECT OF CELL DESIGN ON CELL CURRENT

The cell design has significant contribution in the efficiency of the electrolytic cell. In
this view, various types electrolytic cells have been designed and studied for the water
electrolysis (uni polar, bipolar, divided electrolytic cells). Also, the type and design of
electrolytic cell depends on the mode of operation, nature of the electrode material,
nature of the electrolyte. In our present study, to increase the cell current, the cell
design has been modified and shown in Fig. 5.12. The advantages of this modified

cell over the previous one are
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1. The distance between anode and cathode is reduced significantly

2. The nature and size of the separator disk can be varied according to our

requirement.

3. Performance various other separator can be easily examined using this cell

Fig. 5.12. Modified divided electrolytic cell

Various types of separator materials have been studied with the modified electrolytic
cell, and it is observed that, there is significant increment in the cell current
(not shown). This increase in the cell current is attributed to the increase in the area of

the separator and minimum distance between the electrodes.

5.5 CONCLUSIONS

By using compartmentalized electrolytic cell, hydrogen generation has been achieved
at an applied DC potential of ~1 V. Also, the restrictions on the choice of electrode
material are minimized due to the separation of the catholyte and anolyte. The
obtained cell current for titanium based anodes are comparable with the Pt electrodes.
The concentrations of the electrolyte are lesser than the concentration of the
electrolyte used in the commercial electrolytic cells. In addition, the mixing of gas

products generated at the cathode and anode surface will be reduced greatly.
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CHAPTER 6

ELECTROCHEMICAL DEGRADATION OF AQUEOUS PHENOL
AND REMOVAL OF ARSENIC FROM WATER

6.1 ELECTROCHEMICAL DEGRADATION OF AQUEOUS PHENOL

6.1.1 Introduction

Concern for environmental pollution from industrial waste water is high, and many
groups world wide are engaged in this area. One of the many methods employed for
the removal of organic pollutants is “electrochemical oxidation of the organic
pollutants”. Researchers have reviewed the work in this area with a special emphasis
on the merits of the electrochemical methods over the other processes like chemical
oxidation, photocatalytic decomposition (Rajeshwar et al., 1994; Juttner et al., 2000).
Different anodes like graphitic carbon electrode (Kannan et al., 1995; Liu and
McCreery, 1995; DuVall and McCreey, 1999; DuVall and McCreey, 2000), metal
oxide electrodes (Tahar and Savall, 1998; Wu and Zhou, 2001; Azzam et al., 2000)
and metal electrodes (Canizares et al., 2002) have been employed. The major problem
in the electrochemical oxidation of phenol is the formation of a polymer film on the
electrode surface and this results in unwanted reduction of current density. For
characterization of these polymeric films, Fourier Transform Infrared Spectroscopy
(FTIR) has been widely used (Ezerskis and Jusys, 2002; Zareie et al., 2001). The
formation of these films depends mainly on the nature of the electrodes, the ions in
the electrolyte and the pH of the medium. It is reported that the formation of
polymeric film on the electrode surface is favored by the alkaline medium than by

acidic or neutral medium (Comninellis and Pulgarin, 1991; Canizares et al., 1999).



Scanning tunneling microscopy has been used to study the morphology of the film

formed during the electro-oxidation of phenol (Wang et al., 1991)

The effect of various experimental factors like nature of the electrode, pH,
temperature and the nature of medium on the electro-oxidation of phenol has been
reported (Pulgarin et al., 1999; Ribordy et al., 1997; Iniesta et al., 2001). Recently,
attempts have been made to study the relationship between the structure and reactivity
of p-substituted phenols for electrochemical oxidation at Pt anodes and it is suggested
that compounds with electron donor substituents will readily undergo
electro-oxidation on Pt electrodes (Torres et al., 2003). When nickel or stainless steel
is used as the anode, the efficiency has been found to be perceptibly slow due to the
electro coagulation of the metal in the organic polymer matrix. In a similar type of
electrooxidation, platinum metal anode has been reported to be efficient during
electrolysis for the removal of organic wastes (Ezerskis and Jusys, 2001). But the
stability of the electrode in saline medium is a point to be kept in mind in addition to
prohibitive cost of platinum. Photochemical decomposition of hazardous wastes like
phenol and chlorophenols is another cheap and efficient way to clean up the
environment (Peiro et al., 2001). In an earlier work on the removal of phenolic
compounds by electro-assisted process, a combination of photo-electrocatalysis has
been reported. The combined process of electrocatalysis and photocatalysis has

significant synergetic effect at the suitable applied potential of 3 V (Wu et al., 2002).

With this background, an attempt has been made in this chapter to investigate the
electro- oxidation of aqueous phenol as a test pollutant in a divided electrolytic cell.
The advantage of the compartmentalization is the use of anolyte and catholyte with

different compositions. This in turn will open up new avenues, to employ more stable
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electrodes involving chemically biased electrolytic cells. This setup further enables
one to employ lower voltage conditions (5 V which is less than the voltage employed
by previous studies) (Wu et al., 2002). By using FTIR technique, it has been shown
that phenolic species are strongly adsorbed on the carbon anode (especially in alkaline

medium), which inhibits the rate of mineralization of phenol.

6.1.2 RESULTS AND DISCUSSION

6.1.2.1 Removal of phenols from water

The concentration profile of phenol as a function of electrolysis time is shown in
Fig 6.1. The initial rate of degradation of phenol is almost independent of nature of
the supporting electrolyte (0.1 N NaCl or 0.5 N NaOH or 0.5 N NaCl + 0.25 N
NaOH). However, after 4 hours of electrolysis, decomposition of phenol is faster in

the neutral chloride medium than in the alkaline medium.
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Fig. 6.1. Concentration of phenol and p-chlorophenol as a function of
electrolysis time in different media at an applied cell potential of 5 V
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Also it can be seen that, in the case of NaCl alone as supporting electrolyte, the
decomposition of phenol and 4-chlorophenol are almost constant after 20 h of
electrolysis. There is no significant change in the concentration in both the cases.
Whereas, in presence of NaOH (NaOH or NaCl + NaOH mixture), the concentration

of phenol has been observed to decrease even after 25 h of electrolysis.

6.1.2.2 Cell current and anode potential

In Fig 6.2, variations of the anode potential and cell current are plotted as a function
of time when NaCl alone is used as the supporting electrolyte. The experiments have
been carried out at a constant cell potential of 5.0 V. At the start of the experiment the
anode potential constitutes around 2 V. Though cell potential is maintained at a
constant value of 5.0 V throughout the 40 h of electrolysis, when NaCl is used as the
supporting electrolyte, the anode potential is found to decrease as electrolysis
proceeds and while the cell current is observed to increase. This feature indicates the
greater extent of electrolysis as the time progresses. Also, it can be seen that, this
significant increment in the cell current is observed for only 20 h of electrolysis.
Beyond 20 h of electrolysis, there is no significant increment in the cell current. It is
in agreement with the concentration profile for phenol decomposition in the NaCl
medium. Also, the availability of the phenol on the electrode surface will be less due

to the low concentration of the pollutant after 20 h electrolysis.
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Fig. 6.2. Variation of anode potential and cell current as a function of electrolysis
time at an applied cell potential of 5V (in NaCl medium)

But, when NaOH is present in the anolyte, the anode potential has been observed to be
more or less constant at 1.5 = 0.2 V. The cell current on the contrary shows a
decreasing trend as shown in Fig 6.3. Though, the initial cell current is high, it is
gradually decreased to greater extent when the electrolysis time is increased. From the
constant cell current and the observed decrease in the cell current, it can be concluded
that, the active electrode surface (anode) is blocked. Also, it can be noticed from the
decomposition profile of phenol in presence of NaOH, the decrease in the phenol
concentration is constant, though the cell current is decreased. This observation
indicates that, phenols are converted to some other form rather than decomposition on
the electrode surface. This shows that the electrolytic degradation of phenol is

dependent on the nature of the electrolyte medium.
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Fig. 6.3. Cell current vs time in different media at an applied cell potential of 5 V

6.1.2.3 Formation of passive film on the electrode surface

Presence of alkali in the electrolyte favours polymeric products to be coated on carbon
electrode. This film can hinder or slow down the electrolytic process. A recent study
reports the formation of non-passivating polymer film on carbon electrode surface
during the electrolysis of phenol at high initial concentrations in NaCl medium
(Zareie et al., 2001). But in the present study, the non-passive film formation has not
been observed in presence of NaCl electrolyte. This may be due to lesser
concentration of phenol taken for this study. When NacCl is present as the electrolyte
the chlorine generated in situ will form hypochlorite or hypochlorous acid which are
powerful oxidizing agents. In addition to this, the formation of p-chlorophenol will
also assist the rate of decomposition of phenol, because the p-chlorophenol is found to
be decomposing faster than phenol. In Fig 6.1, the concentration profiles of phenol

and p-chlorophenol in the NaCl medium show that the decomposition rate of
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p-chlorophenol is higher than that of phenol. In Table 6.1, electrolysis time,
concentration of phenol and p-chlorophenol and COD are tabulated for the
electrolysis experiment with NaCl alone as the supporting electrolyte.

Table 6.1 Phenol and COD concentration as a function of electrolysis time at
an applied cell potential of 5V (in NaCl supporting electrolyte)

S. | Time Phenol p-Chlorophenol Phenol | p-chlorophenol
No (h) Concentration | Concentration COD COD (ppm)
(ppm) (ppm) (ppm)
1 0 191 199 399 341
2 20 26 29 134 147
3 30 20 17 125 132
4 40 12 - 93 -

6.1.2.4 FT-IR studies

In order to find whether phenolic species are coated on carbon surface, FT-IR spectra
have been recorded for carbon powder under different conditions. The spectra are
shown in Fig 6.4, represents the conditions in the NaCl medium and Fig. 6.5,
represents the conditions in the alkaline medium. In Fig 6.4 & 6.5, spectrum ‘a’ in,
represents IR spectrum for carbon electrode powder material washed with distilled
water and dried at 175° C for 4 h in an air oven and pelletized with KBr. Spectrum ‘b’
is for the carbon powder, collected from the electrode immediately after electrolysis.
The powder is washed and boiled with distilled water to remove traces of physically
bound phenol, filtered and then dried at 175 °C for 4 h in hot air oven. The dried
sample has been pelletized with KBr for recording the IR. Another sample of carbon
has been collected from the electrode after the polarity of the carbon electrode had
been reversed and employed as a cathode for a short period (~ 5 minutes). During this

process it is expected to remove any of the weekly bound phenol. The powder is
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collected form the electrode surface and washed with distilled water. Then it is boiled
with distilled water to remove traces of physically bound phenol, washed, filtered and

dried at 175 °C for 4 h in hot air oven and pelletized with KBr. This is shown in

spectrum ‘c’ of Fig 6.4 and 6.5.

a Carbon washed with water before electrolysis

b —— After electrolysis
c

After electrolysis and after reversing the polarity of the electrode
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Fig. 6.4. IR spectrum of carbon electrode before and after the electrolysis in
NaCl medium

a Carbon washed with water before electrolysis
102 b —— After electrolysis
c After electrolysis and After reversing the polarity
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Fig. 6.5. IR spectrum of carbon electrode before and after the electrolysis in
NaOH medium
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The O-H stretching frequency is in the range of ~ 3600 — 3700 cmand the C-H
bending frequency is in the range of ~ 650 — 700 cm™ and these are observed on the
electrode surface after the electrolysis with NaCl as the supporting electrolyte. These
absorption frequencies disappear on reversing the electrode potential. This proves that
the phenol is adsorbed on the electrode surface during electrolysis. At the same time
this is not strongly bound as these frequencies disappear when the potential has been
reversed. Similar kind of experiments carried out in the alkaline medium, shows that
the species adsorbed on the surface are still retained even after the reversal of
potential. This clearly indicates that the surface is coated with phenolic species
(may be polymeric). As shown in spectrum ‘¢’ in Fig. 6.5, it is worthwhile to keep in

mind that the phenate ion eliminates the bridging through hydrogen bond
Generally, the reaction sequence for phenol decomposition is as follows:
Phenol — Intermediate compounds — Final products (CO; + H,O + polymers)
6.1.2.5 Formation of 4 chlorophenol intermediate

In order to check whether any chlorinated phenol is formed as intermediates,
UV-visible Amax for phenol and chloro-phenols have been recorded and the values are
given in Table 6.2. The phenol and o-chlorophenol have An,x at 268 and 272 nm
respectively. While the p-chlorophenol has the value around 278 nm and the
phenoxide has value around 286 nm. The Ay.x value of samples electrolyzed in NaCl
is also included. The sample has initial Ay.x pertaining to phenol. On electrolysis there
is a shift in the Anax value to 276 — 278 nm. At the end of electrolysis the Amax shifts
back to the original. From this it may be concluded that p — chlorophenol is formed as
an intermediate species during the initial stages of electrolysis. The formation of

p-chlorophenol intermediate has also been confirmed by gas chromatography by
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analyzing the electrolyzed solution (after 5 hours of electrolysis). The disappearance

of p-chlorophenol at the end of the electrolysis is observed.

Table 6.2. Amax Of phenolic compounds

S.No Compounds Amax(Nm)
1 Phenol 268
2 Phenoxide ion 286
3 O-Chlorophenol 272
4 P-Chlorophenol 276
5 Sample-1 (after 5 h electrolysis) 276
6 Sample-2 (after 15 h electrolysis) 274

6.1.2.6 Proposed reaction mechanism

Based on the results of our study, the possible pathway for the decomposition of
phenol is shown in the Scheme 6.1, which is similar to the one reported in the
literature (Torres et al., 2003; Gattrell and Kirk, 1990). In the presence of NaCl, the
pathways I and II are favoured and the pathway III is restricted; but in alkaline
medium, the pathway I is completely restricted due to the absence of chloride ion in
the medium and II & III are favoured. However, polymerization of phenol occurs only
in the alkaline medium under the specific conditions when the phenoxide ion is more

stable (pathway I).
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Scheme 6.1. Proposed pathway for the decomposition of phenol

6.1.2.7 Efficiency of phenol removal

a. Current efficiency

The volume of hydrogen produced at cathode compartment, during the entire duration
of electro-decomposition of phenol with NaCl as supporting electrolyte is shown in
Fig 6.6. The amount of hydrogen generated indicates that, this process has a current
efficiency exceeding 97 %. Thus with the present cell one gets a value added
by-product in the form of hydrogen. The chemical reaction for the phenol

mineralization is,

C6H60 +7 02 — 6C02 + 3H20
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Theoretically 7 moles of oxygen is needed to oxidize each mole of phenol. This will
be equivalent to 14 moles of hydrogen at the cathode. In our experiments, the anolyte
contained 8 mg of phenol, which is equivalent to 0.085 mmole of phenol. This will
liberate 1.19 mmole of hydrogen. The hydrogen gas volume at 300 K for this amount
will be around 30 ml. The fact that more hydrogen is liberated indicates that either
side reactions are accompanying phenol degradation or not all the liberated oxygen is
used in the phenol degradation. Thus it can be seen as added advantages of using a
divided cell. The generation of hydrogen, as a by-product and fuel of the future will

be a valuable by-product.
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Fig. 6.6. Volume of evolved hydrogen at the cathode during the decomposition
of phenol at an applied cell potential of 5 V

b. The average current efficiency (ACE)

The average current efficiency (ACE) for phenol removal has also been calculated by

using the following formula.
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Experimental change in number of moles of phenol

ACE = - :
Theoretical change in number of moles of phenol

The experimental change in the number of moles of phenol was calculated by taking
the difference between the initial and final COD values. For this calculation, the cell
current was taken as average of cell current obtained in the period of 0 to 40 h for
every 5 h from the Fig. 6.2. It was observed that the ACE for the removal of phenols

in the NaCl medium are 63 % for phenol and 85% for chlorophenol, respectively.

6.2 REMOVAL OF ARSENIC FROM WATER BY ELECTROLYSIS

6.2.1 Properties of arsenic

Elemental arsenic (As) occurs in two solid modifications, yellow and silver-gray
crystalline metallic solid that exhibits low thermal conductivity. Although arsenic is
often referred to as a metal, it is classified chemically as a non-metal or metalloid
belonging to Group 15 (VA) of the periodic table. The principle valances of arsenic
are +3, +5 and -3. Arsenic and its compounds are poisonous and it is finding
increasing uses as a doping agent in solid-state devices such as transistors (Weast and
Astle, 1978). Gallium arsenide is used as a laser material to convert electricity directly

into coherent light.

6.2.2 Occurrence of arsenic

Arsenic is found widely in nature and is most often combined with oxygen, chlorine
or sulphur. It is found in trace quantities in all living organisms, the atmosphere, water
and geological formations. It is usually found in ores containing gold, silver, cobalt,
nickel and antimony. There are over 150 known arsenic-bearing minerals and the

most of them are of inorganic origin. A few are listed in Table 6.3.
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Table 6.3. Important arsenic bearing minerals

Mineral Arsenic Content,
%
Arsenopyrite 46
Lollingite 73
Orpiment 61
Realger 70
Native Arsenic 90 - 100

Compounds of arsenic can be typically divided into two categories: inorganic and
organic forms. Inorganic arsenic occurs naturally in many kinds of rocks as
highlighted in Table 6.3, the most commonly found inorganic form is with sulphide
ores, such as arsenopyrite. Organic compounds of arsenic occur due to its affinity to
combine easily with carbon to form a wide variety of organic compounds with one or
more As-C bonds. The most commonly occurring organic forms are

monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA).

Elevated arsenic concentrations are found in groundwater due to anthropogenic
activities and natural processes. Anthropogenic activities include mining, use of
arsenical pesticides, herbicides and crop desiccants, release of industrial effluents, and
disposal of chemical waste (Bang et al., 2005; Chakravarty et al., 2002; Smedley and
Kinniburgh, 2002). The release of arsenic from natural processes can be caused by the
reduction of iron hydroxides and the oxidation of pyrite minerals including orpiment

(As3S;3) and realgar (As;S,) (Meng et al., 2001; Nickson et al., 2000).

6.2.3 Methods for removal of arsenic from water

Removal of arsenic from drinking water is one of the main aims of water purification
because of its execrable health threat. Arsenic is removed from water mainly by
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adsorption (Daus et al., 2004; Zhang et al., 2003), precipitation (Roberts et al., 2004),
ion exchange, UV-Oxidation process (Zaw and Emett, 2002), electrocoagulation
(Ratna Kumar et al., 2004) and membrane filtration. Activated alumina (Kim et al.,
2004) is the most commonly used adsorbent for the removal of arsenic from aqueous
solutions. Though there are many methods known to remove arsenic from water they
have their own limitations like slow kinetics, instability, saturation and the
contamination by other metal ions in the medium. Electrochemical reduction of
arsenic ion to arsine is one of the methods, in which one can achieve maximum
efficiency compared to many other methods. This part will also emphasis the cathodic

removal of arsenic from the water.

6.2.4 RESULTS AND DISCUSSION

In the case of arsenic removal, H' ions are reduced to atomic hydrogen at the cathodic
compartment and this nascent hydrogen favours the reduction of arsenic from its
higher oxidation state, namely, As (III) and As (IV). The reduced arsenic atoms will

combine with hydrogen atoms, which results in the formation of Arsine (AsHj3) gas.

6.2.4.1 Removal of arsenic

Two different concentrations of arsenic solution have been taken for the analysis
(200 pg/l and 1082 pg/l). This experiment has been carried out in galvanostatic
conditions at 20mA and 30mA current. The quantities of arsenic present in the test
solutions are electrolyzed with different currents are given in Table 6.4. It can be seen
from Table 6.4, that the solutions containing initial concentration of 1082 and 200
pg/l of arsenic are brought down to 210 and 13 pg/l respectively at 20 mA as applied

cell current and time period of 48 h. For 30 mA of applied cell current, the solutions
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containing the same initial concentration of arsenic are brought down to 156 and 6
pg/l respectively at 48 h of electrolysis. The lower level of arsenic concentration
(6 pg/l) has been achieved by employing this method. The achieved value is found to
be lower than the permissible value (10 pg/l) of drinking water standard proposed by
the World Health Organization (www.who.int) and hence it is proposed that this

electrolysis is an inexpensive and suitable method of removal of arsenic in potable

water.

Table 6.4. Effect of cell current and initial concentration on arsenic removal

Current Time of Initial concentration | Final concentration
(mA) | electrolysis (h) (gl (ug/)
20 48 1082 210
200 13
30 48 1082 156
200 6

It can be seen clearly form the table that, when the initial concentration is high, the
complete removal of arsenic from the solution has not been achieved even when the
electrolysis has been carried out for more than 48 h, where as, when a fresh solution,
which have the same concentration of 200 ug/l has taken, one can able to reduce the
arsenic concentration up to 6 pg/l. This can be attributed due to the formation of
equilibrium between the deposited arsenic metal on the electrode surface and
dissolution of deposited arsenic metal from the electrode surface, which results in a

decrease in the removal efficiency.

Fig. 6.7 shows the decomposition profile of arsenic in the cathodic compartment and

it can be seen that, at the initial stages of the reaction, the removal rate is very high up
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to 12 h of electrolysis and after 12 h of electrolysis, there is no significant change in

the removal rate for both the initial concentrations.
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Fig. 6.7.  Amount of arsenic collected from the cathode compartment with time
of electrolysis for different initial concentrations

6.3 CONCLUSIONS

In the present study a relatively lower voltage of 5 V has been found to be sufficient
to degrade phenol. This has been made possible due to the compartmentalization of
the cell. As a consequence of this, nascent oxygen generated in situ at the anode
compartment is providing an additional route for the degradation process. The
electrochemical decomposition of phenol was found to be dependent on the medium
in which it is carried out. Among the alkaline and NaCl media, the decomposition is
faster in the latter. In the NaCl medium, the formation of p-chlorophenol intermediate
and absence of non-passive film formation on the electrode surface were identified

and was confirmed using UV-Visible, IR and Gas chromatography. The formation of
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passive film (polymer) on the carbon electrode surface in alkaline medium resulted in
slower degradation of phenol. The IR study confirms that the polymer is strongly
adsorbed on the electrode surface. This indicated that the polymerization of phenol
was favoured only in the alkaline medium. The major advantage of the divided
electrolytic cell was that it produced a valuable co-byproduct of pure hydrogen, with
> 97% efficiency. This process will enable the user to employ lower voltages and
hence the energy consumed will be concomitantly lower than the values reported in

the earlier literature.

The arsenic removal has been profitably achieved by using divided electrolytic cell
with Ag and Ni electrodes. The left over arsenic in the solution, after the electrolysis
is very much within permissible level. The removal of arsenic is very much effected

by the initial concentration of the arsenic present in the electrolytic medium.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In this study, CdS nanoparticles prepared from zeolite matrices and ultrasonic
precipitation methods have been shown to be efficient photocatalyst for hydrogen
production. In the first method, the zeolite matrix acts as a template preventing the
growth of CdS particles during precipitation process resulting in the formation of
nanoparticles. In the second method, the CdS mesoporous nanoparticles are formed
due to the high energetic ultrasonic waves. The CdS nanoparticles prepared by both
the methods exhibit blue shift in the absorption edge (UV-Vis) due to particle size
effect. Mixed cubic and hexagonal phases have been observed in the XRD pattern for
the CdS nanoparticles prepared from the zeolites. Only cubic phase has been observed
in the samples prepared in the ultrasonic precipitation method. The nanoparticles are
of uniform size with a particle size distribution in the range of 6-12 nm and 5 + 1 nm
in zeolite template and ultrasonic precipitation methods, respectively. Studies on the
photocatalytic activity of these materials show that the nanoparticles exhibit higher
activity compared to the bulk samples. Surface area, morphology and particle size of
the CdS are important factors, which affect their performance as catalyst for hydrogen
evolution. Presence of noble metals such as Pt and Pd greatly enhances the
photocatalytic activity of the synthesized CdS nanoparticles. Pt/CdS-U nanoparticles
show higher photocatalytic activity (both in UV light and direct sunlight). In the
CdS-TiO;, coupled system, Pt/CdS-U: N-TiO; shows higher activity when the ratio

between the CdS and TiO, is 0.5.



N-doped TiO; nanosize photocatalyst with a homogeneous size and spherical shape
has been prepared by three different routes namely (i) Simple hydrolysis of TiCls
(if) Thermal decomposition Ti- salen complex in vacuum and (iii) Thermal
decomposition of Ti-melamine complex. Similarly, the N, S co-doped TiO, sample
has been prepared by thermal decomposition of Ti based metal complex in vacuum.
The light absorption onset of heteroatom doped sample in the visible region is clearly
observed. The advantages of the first method over other methods for preparation of
N-doped TiO, are (i) use of inexpensive chemical precursors for the synthesis of
N-doped TiO,, and (ii) formation of TiO; as uniform sized nanoparticles. XPS results
indicate the status of N to be anion like (N°) and the chemical environment of N is as
in N-Ti-O in the N- doped TiO; lattice. The methods of preparation strongly affects
the visible light absorption capacity, and the chemical nature N in the doped TiO,. In
the N, S co-doped TiO,, the N and S are present as anions and replace some of the
oxygens in the TiO, lattice. The visible light induced photocatlytic activity of the
prepared heteroatom doped samples are evaluated for decomposition of methylene
blue. The heteroatom doped TiO, sample shows higher photocatalytic activity when
compared to Degussa P25 and pure TiO,. The theoretical results using DFT
calculation, shows that the band gap reduction in the TiO, could be achieved by
substitutional doping with heteroatoms like N and S in the TiO,. The magnitude of
band gap reduction increases with decrease in the electronegativity difference
between Ti- heteroatom bonds. Also, the observed results strongly emphasis that, S
doping been more impact on the band gap reduction, and the doping of S atom in the
TiO, replaces only the oxygen atom, but not the Ti atom in the lattice. Also, the
doping of S in the Ti position has no significance in the band gap reduction, and the

photocatalytic activity.
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By using compartmentalized electrolytic cell, hydrogen generation has been achieved
at an applied DC potential of ~1 V. Also, the restrictions on the choice of electrode
materials are minimized due to the separation of the catholyte and anolyte. The
obtained cell current for titanium based anodes are comparable with that of the Pt
electrodes. The concentrations of the electrolyte are lesser than the concentration of
the electrolyte used in the commercial electrolytic cells. In addition, the mixing of gas

products generated at the cathode and anode surface will be considerably reduced.

By using compartmentalized electrolytic cell, the electrolytic decomposition of phenol
has been carried out in the anodic compartment. The electrochemical decomposition
of phenol was found to be dependent on the medium in which it is carried out. Among
the alkaline and NaCl media, the decomposition is faster in the latter. In the NaCl
medium, the formation of p-chlorophenol intermediate and absence of non-passive
film formation on the electrode surface were identified and was confirmed using
UV-Visible, IR and Gas chromatography. The formation of passive film (polymer) on
the carbon electrode surface in alkaline medium resulted in slower degradation of
phenol. The IR study confirms that the polymer is strongly adsorbed on the electrode
surface. This indicated that the polymerization of phenol is favoured only in the
alkaline medium. The major advantage of the divided electrolytic cell is that it
produced a valuable co-byproduct of pure hydrogen, with > 97% efficiency. The
arsenic removal has been profitably achieved by using divided electrolytic cell with
Ag and Ni electrodes. The left over arsenic in the solution, after the electrolysis is
within permissible levels. The removal of arsenic is very much effected by the initial

concentration of the arsenic present in the electrolytic medium.
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The significant conclusions arrived at from these studies are

0,
°

0,
°

Particle size, crystalline nature, surface area and morphology of CdS

nanoparticles influence the rate of photocatalytic hydrogen production.

Noble metal (Pt, Pd, Ru and Rh) loaded CdS nanoparticles show enhanced
photocatalytic activity. In particular, Pt metal loaded on mesoporous CdS

nanoparticle shows higher activity for photocatalytic hydrogen production.

Different synthetic routes are evaluated for the preparation of N doped, and N,
S co-doped TiOy, which are active in the visible region. They have been
characterized systematically. It is shown that, N and S doping results in
substitution at anionic sites and hence alters the optical response. These doped
TiO, systems are found to be suitable photocatalyst for methylene blue

decomposition employing visible light radiation.

Hydrogen generation has been observed at ~ 1.0 V using a novel

compartmentalized electrolytic cell with chemically treated disk as separator.

Compartmentalized electrolytic cell has been devised both for electrolytic
degradation of phenol and removal of arsenic from water. It is shown that that
this method is effective and also yields pure hydrogen or oxygen as valuable

by-products.
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Suggestions for Future studies

Platinum loaded mesoporous CdS can be developed for hydrogen production by water
splitting using direct sunlight as energy source. The preparation methods, amount of
metal loading and experimental conditions have to be optimized to achieve higher

photocatalytic efficiency.

Visible light active TiO, based photocatalyst can be prepared for environmental
application by doping with hetero atom, and the amount of hetero atom doping in the

TiO, should be optimized to use TiO; in the visible light application.

Compartmentalized electrolytic cell can be utilized for hydrogen production and
environmental application, by designing cells having larger electrode surface. Studies

can also be undertaken with different chemical treatments for the separator.
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