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CHAPTER 1 

INTRODUCTION 



INTRODUCTION 

Waste, water from various industries are nowadays a serious 

problem to environment. Most of the industries use dyes and pigments to 

colour their products. The largest consumers of these dyes are textile, tannery, 

p  
paper, pulp, pharmaceuticals, cosmetics, food processing units etc. The 

discharged wastes of these dyes are toxic to microorganisms, aquatic life and 

human beings. These extensively used commercial dyes are toxic on inhalation 

and ingestion that may cause liver and thyroid damage and other harmful 

effects. Besides their toxic effects, they are the major source of coloured 

effluents and many times non bio- degradable pausing threat to the 

environment". Dyes are insufficiently removed by conventional sewage plant 

treatment because of their high biochemical stability, relatively high molecular 

weight and high water solubility due to their excellent all round fastness4. 



Extensive research is underway to develop advanced analytical, 

biochemical, and physicochemical methods for the characterization and 

elimination of hazardous chemical compounds from air, soil, and water. 

Advanced physicochemical processes such as semiconductor photocatalysis are 

intended to be both supplementary and complementary to some of the more 

conventional approaches to the destruction or transformation of hazardous 

chemical wastes such as high temperature incineration, anaerobic digestion, 

amended activated sludge digestion, and conventional physico-chemical 

treatment s-6 . 

Several work have been done on heterogeneous semiconductor 

photocatalysis using various semiconductors such as Ti0 2, ZnS, CdS, Fe203, 

ZnO etc. for the degradation of organic and inorganic dye pollutants' -15 . 

Photocatalysis have received a special attention in the decomposition of 

hazardous organic compounds because of their complete mineralization ability 

and possible application to pollution control using solar energy which is a 

renewable energy form, cost effective, completely free and which can be used 

directly to oxidize or degrade the dye chemicals 4 '7 . 

Transition metal oxide materials are of interest when designing 

catalysts since they are less expensive in comparison to the precious group 

metal (PGM) catalysts such as Platinum and Palladium. 



Oxide catalysts are thermally stable, which increases the lifespan of the 

catalyst. In supported metal catalysts, the metal particles are sometimes 

detached and transported out, leading to reduced conversion values 16 . 

Insertion of transition metal ions on the photocatalyst structure can 

significantly enhance the photonic efficiency either by widening the light 

absorption range or by modifying the redox potential of the photo-

produced radicals. Transition metal doping improves trapping of 

electrons thus inhibiting electron-hole recombination during 

i 1 lumination 7 ' I 8 . 

Much effort has been spent in the preparation, 

characterization and application of ceria and ceria based mixed metal 

oxide materials for automotive exhaust catalysis, electrochemical cells 

and oxidation of environmental pollutants. CeO 2  has interesting 

economical and physicochemical properties. Cerium dioxide is 

abundant, nontoxic and inexpensive that presents several characteristics 

that could be potentially advantageous for photocatalytic applications. 

Ceria is an n-type semiconductor with a band gap of 2.94 eV that 

absorbs light in the near UV and slightly in the visible region. It's 

catalytic applications relies primarily on the high efficiency of the 

reduction / oxidation cycles by shifting between Ce 4+  under oxidizing 



conditions and Ce 3+  under reducing conditions, respectively. The 

formation of oxygen vacancies in redox processes occurring on the 

surface of ceria containing samples is considered to play a crucial role 

on the oxidative reactions. The capabilities of the redox couple Ce 4+- 

Ce3+  are strongly enhanced if other elements are introduced into the 

Ce02  lattice by forming solid solutions 

SnO2  has been proved to be good photocatalyst for the 

degradation of various dyes and organic contaminants 23-24 . It is also used 

in gas sensing materials for the detection of various gases because of its 

good sensitivity25. SnO2  has wide range of applications in sciences, 

technologies, and in industries, such as catalysis, conductivity, ceramics, 

plastics, bio -medicine and as an active component of sensor device 26 . 

Phthalocyanines are particularly attractive as oxidation 

catalysts because of their relatively cheap and simple preparation in a 

large scale and their chemical and thermal stability. Besides acting as a 

photosensitizer and sensor material they can be used as photocatalyst for 

the degradation of dyes27-29 . 

The mixed oxide photocatalysts containing transition and 

rare earth element which are discussed in this investigations are prepared 

by co-precipitation method in order to achieve homogeneity and low 



temperature formation with better surface areas, unlike other solid state 

methods which require high temperature for their formations. Various 

metal phthalocyanines are prepared by well known methods as 

described in literature30 1 . 

In the present investigations the photocatalytic degradation 

of textile diazo dye Naphthol Blue Black (NBB) and basic yellow 

Auramine 0 were studied on the prepared photocatalysts as model 

reactions. Attempts were made to correlate the photocatalytic activity 

and solid state properties. 

The present investigation includes: 

1. Preparation of series of photocatalysts such as 

a) Ce i _xSnx02 	Cel,Fe„02 	c) Ce ^ _XMnXO2  

d) Sn i ..„Mn,(02 	where x = 0, 0.1, 0.2, 0.3 and 1.0 

e) Metal phthalocyanines MPc where M = Cu, Ni, Co and Fe 

2. Characterization of oxides and phthalocyanines by different methods 

such as X-ray powder diffraction (XRD), thermal study (TG/DSC), 

vibrational spectroscopy (IR) and BET surface area measurements. 

3. Solid state properties such as magnetic susceptibility, electrical 

resistivity, and electron spin resonance (ESR) studies. 



4. Photocatalytic degradation of Naphthol Blue Black over prepared 

photocatalysts. 

5. Photocatalytic degradation of basic yellow Auramine 0 over some 

selected photocatalysts. 

6. It was aimed at finding out which factors predominantly contribute to the 

observed photoactivity. 

7. Proposed the probable reaction mechanism to the photocatalytic 

degradation of dye. 

6 
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REVIEW OF LITERATURE 

For the past three decades, an intensive research on 

energetically economic methods of solar energy conversion using 

semiconductor photocatalysts in the form of fine powders, colloids and 

bulb electrodes is carried out. These methods aim at the solar energy 

conversion into electrical energy 33 . 

Transition metal oxides with cations in high formal oxidation 

state, such as TiO 2  are characterized by a high oxygen/metal (0/M) ratio 

in the structure. The oxygen sub-lattice has in this case empty 

interstices". The oxides of tetravalent transition elements constitute 

relevant products for chemical Industry and research in relation to several 

appl ications34 . CeO2 is an n-type semiconductor and can be 

photoactivated by irradiation with light in the UV-vis range". 



2.1 CRYSTAL STRUCTURE 

2.1.1 CeO2  Fluorite structure 

In the oxides of the fluorite and MO 2  each metal atom M is 

surrounded by eight equivalent nearest neighbor 0 atoms each of which in 

turn is surrounded by a tetrahedron of four equivalent M atoms. A typical 

feature of the fluorite structure is the large (', '/2, 'A) octahedral interstitial 

holes in which interstitial ions can easily be accommodated 35 . 

CeO2  has cubic fluorite structure 21 '36  and each Ce atom is 

surrounded by eight equivalent 0 atoms each of which in turn is 

surrounded by a tetrahedron of four Ce atoms. Fig.2.1 shows the CeO 2 

 fluorite structure. 

2.1.2 SnO2  structure 

The rutile crystal structure of Sn02 is formed by a tin atom 

in the center, surrounded by six oxygen atoms in the vertex. The tin atom 

is bonded to four oxygen atoms with the same bond length in the basal 

plane and with another two apical oxygen atoms ? ' -  'Q . The sub lattice of 

Sn 4  ions is body centered tetragonal, the c dimension being much smaller 

than a dimension, c/a = 0.644. The structure can he regarded as consisting 



u. 

of SnO6  octahedra sharing edges and corners in such a way that each 

oxygen ion belongs to three neighbouring octahedra. The oxygen 

octahedra are slightly distorted. When this structure is observed parallel to 

the (short) c-axis, open channels become apparent, which allow fast 

diffusion of small interstitial ion. Fig.2.2 shows SnO 2  ruffle structure. 

2.1.3 Molecular structure of Phthalocyanine 

The single basic structural unit of phthalocyanine molecule 

is shown in fig.2.3. The molecule is planar consisting of four isoindole 

molecule linked together at the corners of the pyrrole ring by four 

nitrogen atoms4 '. The space within the four central nitrogen atoms are 

occupied either by hydrogen atoms in metal free phthalocyanine or by a 

metal atom in metal substituted phthalocyanines. Distinguishing feature of 

the phthalocyanines is its conjugate bonding. The most common 

polymorph of phthalocyanine belongs to the Pz I/a space group with two 

planar centro-symmetric molecules in a unit cell. The intermolecular 

binding is weak, but the electrons within a molecule are tightly bound. 

The electrons associated with the conjugated bonds are not localized on a 

particular atom, but are associated with the entire molecule. The 



O metal 0 oxygen ❑ interstitial positions 

Flgai. The fluorite (042) structure. 

°metal ',oxygen 

Fig. 2.2 SnO2  Rutile structure 

► 0, 



Fig. 2.3 Molecular structure of Metal phthalocyanine 
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replacement of the central hydrogen molecule by a metal ion does not 

alter the structure of the material. 

Since the center of the phthalocyanine ring is anionic and 

essentially bivalent in character, two univalent metal atoms or one 

multivalent metal atom may enter it42 . If the central atom has a valency 

greater than two, the valency is satisfied by the attachment of one or more 

anions, situated on either or both sides of the great ring. Dihydrogen 

phthalocyanine is reffered to as phthalocyanine or as metal free 

phthalocyanine. Bivalent metal phthalocyanines are described simply as, 

for example, copper, barium, calcium, zinc, or nickel phthalocyanine. 

Trivalent metal phthalocyanines are reffered to with the substituent 

anionic group or element as, for example, chlorogallium, iodoindium, 

hydroxyaluminium phthalocyanines. In the quadrivalent metal 

phthalocyanines, for eg; tin diphthalocyanine. 

2.2 NON- STOICHIOMETRY 

The fluorite structure adopted by several oxides (eg. UO 2 , 

PrO2, Th02  and Ce02 ) shows exceptional adaptability, tolerating high 

levels of disorder which are introduced either by dopants or by redox 

processes 43
. The large interstitial sites whose presence results in 

11 



interstitial disorder dominate in this lattice. And since the lower Madelung 

term results in the binding of the anions to their lattice sites being less 

strong than that of the cations. The anion Frenkel pairs are the dominant 

intrinsic defects in fluorite compounds. Aliovalent dopants or redox 

reactions thus lead to the creation of extrinsic concentration of anionic 

defects: vacancies are introduced by low-valence cation dopants or by 

reduction; interstitials are present in the anion — excess systems created on 

oxidation or by doping with high - valence cations. 

The fluorite structure of CeO 2  is more stable than that of ZrO 2 

 because the ion radius of Ce44-(0.97°A) is more acceptable than 

Zr4+(0.84°A) in eight fold coordination with oxygen ion. It has been 

reported that the introduction of isovalent cation like Zr and Hf into the 

fcc cell of ceria results in nonstoichiometric fluorite structure 44 . 

Tetravalent dopants show a strong preference for the substitutional 

solution in SnO2  and mono, di and trivalent dopants form two types of 

solution. Lighter elements form self-charge compensation solution which 

leads to both substitutional and interstitial dopant ions within the lattice. 

The heavier elements form substitutional solutions with anion vacancy 

charge compensation45. 



2.3 DEFECT THEORIES 

A necessary criterion for the formation of a non-

stoichiometric phase is that cation can exist in several oxidation (valence) 

states and non-stoichiometry is thus primarily observed in transition metal 

oxides, rare earth oxides, and actinide oxides. Generally the direction of 

the change in composition corresponds to a change in the oxidation state 

of the cations to the next stable state, which results in formation of the 

following defect types 35 . 

1. Oxygen vacancies V 0-, oxygen-deficient oxides in which the cations are 

easily reduced, eg. Ce0 2, and LaCo03,46. 

2. Metal vacancies V" m, metal-deficient oxides in which the cations are 

easily oxidized, eg. Fe 1 .y0, Mn 1 _y0, Co i _y0. 

3. Oxygen in interstitial lattice positions 0"i, excess oxygen compounds; 

cations are easily oxidized in these systems, eg. U07-fx. 

4. Metal in interstitial lattice positions M -L, this type of defect is found in 

metal- deficient oxides together with V" M, eg, in Fe l _ y0. 

2.3.1 Oxygen — Deficient Oxides 

The structure of the MO 2  FCC lattice can be represented in 

two ways: as oxygen cubes alternatively occupied by cations, or as cation 

141 



tetrahedral containing oxygen ions. For the oxygen — deficient oxides the 

second description is preferred 35 . The defect complexes consisting of 

2(Me3+), Vo.  are thus naturally formed within cation tetrahedral, and they 

are therefore termed tetrahedral defects. 

When a tetrahedral defect is formed in the FCC lattice, 

strain is introduced in the surrounding tetrahedral, which increases the 

lattice energy locally. The magnitude of this strain can be assumed to be 

inversely proportional to the distance from the central defect, and in the 

nearest — neighbor tetrahedral it is so large that the formation of new 

defects is excluded. There are 22 nearest — neighbour tetrahedral in the 

fluorite structure, and an envelope of 23 tetrahedral positions can be 

identified as an extended defect in the FCC lattice. 

Reduction of the fluorite structured oxides such as CeO 2 

 leads to anion — deficient phases of which Ce02 , is the most widely 

studied example 43
. Analogous phases may be created by doping these 

oxides (eg. Th0 2  and Hf02) with trivalent or divalent cations eg. Y 3  and 

Ca2+ . A.n interesting and important example is provided by Zr0 2  which 

has a monoclinic lattice at low temperatures when it is pure, and it is 

stabilized in the cubic fluorite structure by the introduction of Ca 2+  or Y3+. 



Oxygen vacancies are created by big size difference between the 

substantial and host ions when replaced in the lattice". 

These defective compounds show very high anion mobility—

sufficient in some cases for the materials to be classified as super ionic 

conductors. Such materials have electrical conductivities comparable with 

those observed in molten salts. For many of the reduced fluorite oxides, 

their defect structure is dominated by a cluster comprising two oxygen 

vacancies at the opposite ends of a body diagonal in one of the anion 

cubes of the fluorite structure. This vacancy dimer is presumably 

stabilized by neighbouring trivalent ions 35. 

2.3.2 Anion- Excess Oxides 

Anion — excess phases can be prepared by doping fluorite 

oxides with pentavalent ions like Nb 5'. The low symmetry defect structure 

is a general feature of anion — excess fluorites 48 . Two types of interstitials 

are found in such structures one displaced along the <110> axis from the 

center of the interstitial site and the second along the <11 I >axis. The 

vacancies are at the lattice anion sites. 

16 



2.4. General properties 

2.4.1 CeO2  

Cerium dioxide is an inexpensive and relatively harmless 

material that presents several characteristics that could be potentially 

advantageous for photocatalytic applications 2° . 

Several techniques have been employed to synthesize 

nanoceria. Some of the common methods are inert gas condensation, 

hydrothermal synthesis, sol-gel, homogenous precipitation, salt assisted 

aerosol decomposition, sonochemical and microwave heating, flash 

combustion method, thermal decomposition etc". N. Audebrand et a1 5° 

 studied the CeO2  formation by means of temperature depended X-ray 

diffraction and TG-DSC and they found that CeO 2  is formed'at 110-150 °C 

and the difference in experimental weight loss and theoretical weight loss 

was related to adsorption of gaseous products on CeO 2 . 

Ceria can form solid solution with various metal oxides 2136 ' 51 . 

R. Lin et a1 2 ' and others 51  synthesized Ce,_,Sn,0 2  mixed oxides and 

studied their structure and redox properties by means of differential 

thermal analysis and temperature programmed reduction they showed that 

low calcination temperature favours the formation of Ce1_,Sn,02 solid 



solution. T. Ohashi et a1 36  has done EXAFS study of Ce1.„Gd,(02_„/2. They 

suggested that oxygen vacancies are introduced by doping trivalent Gd 

ion to CeO2  and are located around both Gd and Ce ions. The association 

of two Gd ions and one oxygen vacancy is proposed in heavily doped 

solid solutions. W. Huang et a1 52  prepared (Ce0.83Smo.17)i-xibx01.915+8  and 

(Ce0.83Stno.17)1.APrx01.915+s (x = 0-0.10) solid solution having fluorite 

structure by hydrothermal method which require lower temperature than 

ceramic methods. 

G. Ranga Rao et a1 53  and others 54'55  characterized ceria-zirconia 

solid solution by UV-Vis diffuse reflectance spectroscopy and studied the 

effect of ceria content on the vapour phase transfer hydrogenation of 

cyclohexane using propane —2-ol as the hydrogen donor. Incorporation of 

other metal in ceria leads to the formation of ceria solid solution having 

L,  
better redox properties and generation of both acidic as well as basic sites 

involving Ce 4+  and 02-  ions, respectively. M. Kamruddin et a1 49  observed 

increase in lattice parameter with decreasing particle size mainly due to 

valency change of Cerium and its associated oxygen vacancies. 1'. ?hang 

et a1 37-56  reported that small amount of Fe doping (Fe/Ce < 1%) and Mn 

doping57  significantly promotes the densification and grain growth of 

w. 

	 Ce02 ceramic and also reduces the sintering temperature. Fe ions are easy 



to be dispersed on to the CeO 2  grains at a lower sintering temperature. 

Similar results were observed for Mn doped CeO 2  samples. G. Ranga Rao 

et a153  prepared Cu-Ce-O and Fe-Ce-O composite catalysts for 

heterogeneous decomposition of I-1 202  in neutral solution. W. Huang et 

a158  found lower sintering temperature for Samarium doped cerium oxide, 

Ce i .„Sm„02.„,2 (x = 0-0.3) prepared by sol- gel method. It is concluded that 

the solid solution limit of lanthana in ceria is about 60 % (x = 0.6) atomic 

fraction of lanthanum and the progressive shift of the cubic fluorite peaks 

toward lower 20 values as x is increased from 0 to 0.6 is attributed to 

expansion of the ceria lattice caused by the dissolution of the larger ions 

of the lanthana solute 59. S. Dikmen et a16°  found the solubility limit of 

Bi203  in CeO2  to be around 20 mole % and reported highest conductivity 

for Ce0.80Bi0.2001.9,0 composition. Mn CeO 2  solid solution exhibit strong 

clustering effect since there is a vacant cubic site in CeO2  which facilitate 

cl ustering61 . 

The defects on epitaxial CeO 2  (001) film was studied by G. S. 

Hermann 62  with mass spectroscopy of recoiled ions (MSRI) and direct 

recoil spectroscopy (DRS) and Y. Kamimura 63  studied CeO2-Fe2O3 

 catalyst for synthesis of 3-pentanone from 1-propanol. 

19 



Ceria (CeO 2) has many applications for e.g. solid electrolytes 

in solid oxide fuel cell, catalysis, optical additive, cosmetic material and 

polishers for chemical mechanical planarization (CMP) 641 ' 49 . Ceria stores 

oxygen under oxygen excess conditions inorder to maintain the 

stoichiometry. Cerium dioxide is one of the component in car exhaust 

converters for the elimination of toxic gases due to its ability to store and 

release oxygen65 . Ceria has a positive synergetic effect on some active 

catalyst phases. Ceria is common promoting component of three- way 

catalyst used for removing hydrocarbons, CO and nitrogen oxides from 

automobile exhaust due to its low redox potential between Ce 3+  and Ce4+ 

 states and high mobility of oxygen defects. In addition, the fluorite 

structure of CeO2  is stable from room temperature up to its melting point 

unlike other oxygen ion conductors such as Zr0 2, Th02  and Bi203 . CeO2- 

ZrO2  mixed oxide has improved stability as three way catalysts 16.66-67 
 

The cyclization of I ,6-hexanedio1 68  into cyclopentanone was investigated 

over CeO2-MnO, solid solution at 450°C. 

Cerium oxide has shown promise in enhancing dissociation of 

CO on Rh/ ceria ceramics. Also cerium oxide is considered as an 

adsorption material for gases such as CO and NO. Most recently thin 

films of CeO2  have been exploited in fabricating gas sensors for NO and 

20 



acetone vapors presenting a catalytic activity. Khodadadi et a1 69  and 

others" have investigated the effect of cerium oxide as an additive in 

Sn02- based gas sensors. An improved detection selectivity of carbon 

monoxide over methane is observed for a concentration of 10% of CeO 2 . 

R. Lin et a17' observed higher catalytic activity for 

CuO/Ce0.7Sno.302 catalyst in CO oxidation due to the combined effect of 

CuO and Ce0.7Sn0.302. Only a small amount of CuO (6%) is needed to 

form the active site for CO oxidation, and excess CuO forms bulk CuO 

particles contributing little to the activity. The films of CeO 2  and CeO2

-Sn02  on glass substrate film are interesting opto-electronic materials, 

which can be used in electrochromic displays and new generation of solar 

cells51 . CeO2  is a good stabilizer to maintain a tetragonal form 72  or cubic 

form of Zr02  at room temperature since ionic radius of Ce 4+  is 0.1 3°A 

longer than that of Zr 4+ . 

2.4.2 SnO2  

SnO2  is an n—type semiconductor and has many applications. 

Sharp XRD peaks of SnO 2  indicate increase in crystal size due to the 

annealing process. Average particle sizes of about 4,12,18 and 60 nm 

were obtained for the annealed material from 200 — 800 °C. Samples 
K 



obtained by precipitation of SnC1 4  at low temperature are poorly 

crystallized rutile Sn0 226 . SnO2  films calcined at high temperature are 

highly crystalline 74 . It has shown that the surface of SnO 2  adsorbs greater 

quantity of water than oxygen 75. Water is strongly bound to a SnO2 

surface possibly as Sn-OH group. On heating only minor water is lost at 

100°C, the major loss occurs over the temperature at around 240-400 °C. 

G. Korotcenkov et a1 76  found that the surface modification of SnO 2  films 

by Cu, Fe, Co and Mn oxide via (SILD) successive ionic layer deposition 

technology is an effective method for influencing the gas response of 

SnO2  based gas sensors to reducing and oxidizing gases. Surface 

modification is due to formation of schottky barriers or p-n 

heterojunctions at the SnO 2  clusters interface because oxides of Mn, Cu 

and Co are semiconductors with p-type conductivity. The addition of Mn 

L  
in the solution for preparing SnO 2  powders increases the resistance of the 

Sn02  ceramic by more than 10 2  times 77 . 

M. M. Bagheri-Mohagheghi et aft°  prepared single phase 

SnO2  — ZnO thin films deposited at 480 °C with Zn content upto 7.2 

atomic %. At Zn content more than 7.2 atomic % part of Zn 24-  ions move 

in Snit+  or interstitial site and the other part of ions form new phase. Sn 

substitution for Ti in rutile TiO 2  or vice versa, does not give rise to extra 



electrons in the conduction band or holes in the valence band of the 

material since Sn and Ti are isovalent. 

2.4.3 PHTHALOCYANINES 

In a phthalocyanine (Pc) moiety, the four coupled benzopyrole 

units forming the characteristic macrocycle produce a quite stable 

bonding system and the properties are determined by the conjugated It 

electron system of the whole molecule. This arrangement becomes more 

stable when a metal atom is complexed by the four inner nitrogen atoms'''. 

Several phthalocyanines hold the metal atom in the center of the ring by a 

covalent bond while other phthalocyanines hold the metal atom by an 

electrovalent bond. Mercury phthalocyanine is said to be an electrovalent 

compound because it is insoluble in organic solvents and easily 

decomposed to phthalocyanine in acidic solution. Copper phthalocyanine 

is covalent. Phthalocyanine compounds were the first examples of planar 

symmetry for cobalt, iron, and manganese metals38 . 

Phthalocyanine compounds exhibit stability to heat and 

decompose at elevated temperature'''. The stability increases sharply when 

the cation is capable of forming o- bonds, as a result of its greater electron 

affinity and the possibility of the 3d or 4d levels being filled with the 
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ligand electrons. Substituted phthalocyanines are less stable than 

unsubstituted phthaocyanines 12. Very high thermal stability of the 

phthalocyanine molecule is due to its extremely high aromatic character 

which exceeds that of a benzene ring by a factor of 15 80. An interesting 

phenomenon is observed in the coordination reactions between metal salts 

and phthalocyanine. H 2Pc is monoprotonated by concentrated H 2SO4 at a 

peripheral rather than a central nitrogen atom. The H 2PcH+  has an 

unbound coordination center. Due to which Pc readily form complexes 

when the Cu 2+  salt is brought in contact with its sulphuric acid solution. 

All Pc complexes and the H 2Pc ligand itself are liable to dissociate in 

sulphuric acid solution. If the cation is not capable of forming strong a 

bond because of the weak electron affinity or not being capable of dsp 2 

 hybridization, that is planar arrangement of the a bonds then labile 

complexes are formed. Examples are Li +, Na+, Ca2+, Hg2+, Pb2+  etc 

whereas Cu24 , Ni24  , Co24  , Fe3+, Mn3+, Zn2+  and Pd2+  form stable 

complexes30 . The considerable stabilization of complexes CoPc and CuPc 

is accompanied by a decrease in their shift of the first absorption band due 

to formation and strengthening of the backward dative it bonds which 

stabilize the complex. The formation is presented by no distortions of the 

L. 
	 ligand. NiPc is much less stable than CuPc due to steric factor. Cation 



Ni24  produces a tangible effect on the Pc ligand. By pulling together the 

four N atoms it reduces the size of the ligand's inner space, changing the 

valence angles of the C-N-C bonds and impairing the conditions for the it 

overlap in the macroring. 

Phthalocyanines have good sensitivity to the toxic gases like NO2 

due to its properties of good chemical and thermal stability 81 . CuPc and 

H2Pc have higher sensitivity to NO 2  compared to other MPcs29. The metal 

with atomic radii very close to 1.35 °A form metal-phthalocyanine 

complexes which make them thermally stable and a resistance towards 

concentrated sulphuric acid 82'30. Some of them are resistant to atmospheric 

oxidation at 100°C or higher. In aqueous acid solution, strong oxidizing 

agents oxidize phthalocyanines to phthalic residue, whereas in non-

aqueous solution an oxidation product that can be reduced readily to the 

original compound is usually formed. Reduction in the phthalocyanine 

molecule can take place at the central metal atom or at any of the 16 

peripheral carbon atoms on the four phenylene rings. The extent of 

reduction depends on the valency state attained by metal atom, and by the 

phthalocyanine ligand. The highest valency state that can be attained is 

four. 



L._ 

Phthalocyanine compounds are organic semiconductors and 

behave as a catalyst under certain conditions 42. They participate in 

photochemical reactions and may luminesce or fluoresce. They play a 

significant role in the development of radioisotope applications such as in 

medical therapy. Phthalocyanine and phthalocyanine type compounds 

possess remarkable colour properties. Several thousand phthalocyanine 

dyes has been synthesized by the attachment of sulphuric acid groups, 

ternary and quaternary salt groups, sulphur containing groups, azo groups, 

vat dye groups, leuco groups, chrome groups, precursor groups, triazine 

compounds, and other groups to from 1 to 16 of the peripheral carbon 

atoms of phthalocyanine molecule. They have been used as thickeners for 

high temperature greases. CuPc is a good charge generating materia1 83 . N. 

Sehlotho et a1 84  studied the oxidation of cyclohexene over Co and Fe 

phthalocyanine complex and reported PcM species as an intermediate for 

PcColl  and PcFe n  catalyst. Valence state of Iron in FePc is 2+. 

Thermal stabilities, IR, UVNis spectra and other physical 

properties of Iron and CoPc are strongly influenced by the peripheral 

substituents. The Pc's, in the solid state behave as p-type semiconductors, 

characterized by energy of the band gap about 2 eV. Upon irradiation with 

visible light X, 460 nm it is possible to excite the Pc molecule. 
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J. G. Guan et al" synthesized Co-Pc/Fe nanocomposite particles with high 

magnetic susceptibility. 

Phthalocyanines are organic light emitting diodes (OLED'S), 

solar cells, organic field-effect transistors, molecular gas sensors, 

memories, optoelectronic device and semiconductive junctions. CuPc 

layers are employed as hole transporting materials in photovoltaic cells 

and thin film transistors. Metallophthalocyanines (MPcs) are particularly 

attractive as potential catalysts for organic reactions such as oxidation 

because of their rather inexpensive and simple preparation on a large 

scale, ability to absorb oxygen and its chemical as well as thermal 

stability". The first mention of phthalocyanine compounds as catalysts is 

the work of Calvin, Cockbain and Polanyi who studied the effect of the 

presence of crystals of Pc and CuPc on the activation of molecular 

hydrogen. Since then the Pcs have been used as catalyst in the conversion 

of para hydrogen, the reaction between hydrogen and deuterium oxide, the 

decomposition of H202, isomerisation of dimethyl maleate to dimethyl 

fumarate and the polymerization of methyl methacrylate 42 . They act as 

photosensitizers 87.X8  and can be used for photodyanamic therapy of 

cancer89,90
. 



S. Sedan et al 91  has reported the activity of CoPc complexes 

encapsulated in zeolite —Y for phenol hydroxylation reaction. They also 

reported that CoPc complexes are model dioxygen carriers and may be 

used to separate molecular oxygen from gas mixtures. L. Jain et a! 92  used 

Co phthalocyaninesulfonamide for the oxidation of a- hydroxyketones to 

a- diketones. Carbon electrodes are modified with first row transition 

metal phthalocyanine for water electrolysis in basic media 93 . 

2.5 Electrical properties 

The basic property of a semiconductor is electrical conductivity 

which depends on the mobility and concentration of the charge carriers. 

The electrical properties are sensitive to the impurity content and doping. 

Organic semiconductors are molecular crystals whose energy structure 

and electronic properties are determined by the molecular structures'''. 

2.5.1 Theory 

The electrical conductivity in semiconductors is caused by thermal 

excitation of electrons, impurities, lattice defects and nonstoichiometry. A 

highly purified semiconductor exhibits intrinsic conductivity. In the 

temperature range at which the intrinsic conductivity is exhibited the 



electrical properties of the crystal are not modified by impurities. In 

organic semiconductors as the temperature is increased from absolute 

zero, electrons are thermally excited from the valence band to the 

conduction band. The conductivity due to the electrons and holes 43 , 

= (nepe + pep,n) 	 1. 

Where ne and pe are the carrier concentration and mobility of the 

electrons. pe  and in are the corresponding quantities for the holes. In an 

intrinsic semiconductor, the no of electrons is equal to the no of holes. 

The expression for carrier concentration is given by 

ni = Nc exp EF kBT 

pi = Nv exp (EF + Eg )/ kl3T 	2 

where Nc and Nv are the density of states in the conduction band and 

valence band. Eg is the forbidden energy gap, kB and T are the 

Boltzmann's constant and absolute temperature respectively. 

Nc and Nv are given by 

Nc = 2 (2rmic*kEIT/ h 2 ) 312  

Nv = 2 (27rm i,*kBT/ h2) 3/2 	 .3 

Where me* and mh*are the effective masses of the electrons and holes 

respectively. 

Since ni = pi 
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ni = pi = 2 (27±BT/ h2) 3/2  (m,*mr,*) 3/2  exp [-Eg / 2kBT] 

= A exp (-Eg / 2kBT) 	 4 

where A is a constant 

If we assume that the variation of mobility of the 

electrons and holes in an electric field with temperature is small, then 

conductivity is proportional to the no of carriers and has a variation of the 

form 

a = ao exp (-Eg / 2kBT) 	 5 

where cr o is a constant. Such an exponential variation of electrical 

conductivity is known for semiconductors. Multiple donor levels exist 

within the forbidden energy gap and deeper levels can be frozen out as the 

temperature is increased. If the substance behaves like an ideal 

semiconductor following equation 5 the plot of log a and 1 /T should be a 

straight line, the slope of which will determine the energy of activation for 

conduction. 

2.5.2 Mixed conduction in oxides 

a) Cubic- fluorite oxides 

A number of well known oxides Ce02 and ZrO 2  crystallize 

with the cubic fluorite structure and ZrO 2  only if stabilized by the addition 
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of sufficient levels of di-or trivalent impurities. Each of these systems can 

accommodate large additions of alkaline earth and rare earth oxides in 

solid solutions. The di and trivalent ions enter the fluorite lattice 

substitutionally at cation sites, thereby stimulating the formation of 

uncommonly high concentrations of oxygen vacancies approaching 10-15 

mole %. These high levels of ionic defects, coupled with relatively high 

ion mobilities, combine to give high ionic conductivities". 

The band gap of all these systems are reported to be — 5 eV 

and so possess low intrinsic concentrations of electrons and holes even at 

elevated temperature. The conduction bands of these oxides appear to be 

of either a d or f nature", which favour low electron mobilities (pn). The 

valence band, on the other hand, believed to be of oxygen 2p character, 

which supports electron- hole mobilities (pp). 

b) Cerium Dioxide 

i) Undoped CeO2  

Cerium dioxide, Ce02_, because of its multivalent cation (Ce 4+ , 

Ce34 )95, deviates strongly from stoichiometry at elevated temperature and 

reduced P02  to produce an oxygen — deficient n-type semiconductor. 

Extensive measurements of 6 (T, P02 ) coupled with thermoelectric and 
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thermo-gravimetric data show that doubly ionized oxygen vacancies, the 

dominant ionic defect at small x (x < 10 -3) is displaced by singly ionized 

vacancies at larger x. 

For very small x in Ce02.„ , it becomes a mixed conductor 

and under such conditions the ionic conductivity is controlled by 

background impurities. Measurements of electronic conductivity in 

combination with thermoelectric power or thermo-gravimetric data have 

confirmed that electron transport in CeO2..„ proceeds via a small polaron 

process. All studies find 14 to be activated with hopping energies in the 

range of 0.2 — 0.6 eV as x increases from 0.01 to 0.25. The variation in 

EH has been related to the onset of defect ordering at larger values of x. 

ii) Doped CeO2  

Addition of di and trivalent cation impurities to CeO 2  serves 

to increase its ionic conductivity. For dopant levels of > 1 mole %, doped 

CeO2  becomes a predominantly ionic conductor at high P0 2  values and 

temperatures below — 1000 °C. The electrolytic domain shrinks as the 

temperature is increased which is due to the increasing tendency for Ce 4+ 

 to be reduced to Ce3+  at elevated temperature. 
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Specimens doped with different impurities but at equivalent 

dopant levels do not resulfin equivalent electrolytic domains. It may be 

observed that doping with pentavalent impurities, ie, Ta and Nb, serves to 

increase the electronic conductivity an in CeO2 by orders of magnitude in 

air, indicating that such impurities enter the lattice substitutionally. Doped 

ceria system is generally known to have lower activation energy than 

commonly used zirconia-based solid electrolyte. Ce02-Zr02 system in 

Zr02-rich region has potential applicability as a solid electrolyte. Size 

effect was considered the possible reason for conductivity enhancement 

concerning the strain induced oxygen vacancy generation from the size 

difference between host and dopant ions. Y 203- doped 10 mol % Zr0 2- 

Ce02  solid solutions showed mixed conducting property with 

predominant electronic conduction at lower doping conc. And gradually 

transform to pure conductor at higher doping concentration 96 . 

c) Applications 

Mixed conductors play an important role in many practical 

applications. The majority of applications take advantage of the extended 

high ionic conductivity that a number of oxides exhibit over extended 

operating conditions. Because of their stability and reasonably high 
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conductivities the cubic fluorite oxides including zirconia and ceria have 

received the most attention. Efforts are being directed to enhance the 

electronic conductivity of these materials by doping with multivalent or 

pentavalent ions. 

2.5.3 Electrical properties 

i) CeO2  

Ce02 is reported to be a predominantly ionic conductor, exhibits n-

type conductivity under certain conditions 97. 

The impedence spectra of CeO 2 : 20Gd thin films show only 

one semicircle from bulk and grain boundary resistance 98. The 

measurements of electrical conductance as a function of oxygen partial 

pressure and temperature provide the information about the type of 

conductance and thermodynamic parameters of the defects. It is observed 

that the electronic conductivity increases and activation energy decreases 

as the grain size decreases. The activation energy for nano-crystalline 

specimens is between 1.0 and 1.3 eV, which is close to the value reported 

for the grain boundary conductivity. The transition from extrinsic to 

intrinsic type of conductivity was observed for 30 nm grain size Ce02 

specimen at elevated temperature, while for Ce02: 20Gd conductivity has 
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extrinsic character. The ionic conductivity in CeO2 : 20Gd increase as the 

grain size decrease which can be explained by the reduction of the 

activation energy due to the segregation of impurities in the grain 

boundary volume98 . 

ii) SnO2  

Pure SnO2  is a n-type semiconductor since oxygen vacancies or 

interstitial Sn 4+  are donor sites45. Doped SnO2  samples are characterized 

by high electrical conductivity due to the formation of doubly ionized 

oxygen vacancies". 

00  = Vo-  + 1/202  + 2e- 

In Er-doped. SnO 2  thin films, Er3+  is expected to be an acceptor 

in SnO2  since when it substitutes Sn 4+  in the Cassiterite structure, removes 

an electron from valence band, leaving a hole, which may recombine with 

a free electron. Very high resistivity value of Er-doped Sn02  film and Eu-

doped Sn02 powder was observed. This is an evidence of acceptor like 

character of Er3+  in Sn02, since the n-type conduction of undoped Sn02 

film is greatly compensated by Er34  introduction 98. Sn02  thin films close 

to stoichiometry, have low carrier concentration and high resistivity 

(p —108  SZ cm), which is similar to oxides. Non- stoichiometric tin oxide 



thin films have high free carrier concentration between 10 18  and 1020cm-3 . 

In Sn02-ZnO thin films, with increasing Zn content up to 12.5 atomic %, 

resistivity of films increases. However, with Zn content up to 20.7 atomic 

% sheet resistance decreases sharply and then in higher Zn content 

increases again4° . 

An increase in porosity results in decreased conductivity. Sb 

doped SnO2  presents metal like properties". However, the sol-gel route 

normally leads to films with a relatively high resistivity, and their high 

porosity (low density) is the reason for their low conductivity. Films with 

resistivity in the range of le CI cm were obtained for [Sb]/ [Sn] ratio. J. 

Tan et a1 1°°  found that in antimony doped tin oxide the resistivity 

decreases and the electrical conductivity increases with the molar ratio of 

Sn4+/Sb3+  decreasing and maximum for molar ratio 12.5:1. The 

conductivity is poor at 673K due to replacement of Sn' t+  lattice sites by 

Sb3+  ions. The localized energy level of the defect located near the top of 

valence band, and the vacancy bound flabbily is excited to fall in the 

valence band by attaining certain energy to have electronic conductivity 

and thermal conductivity. Thus SnO 2  forms a p-type semiconductor 

which is likely to be caused by the relatively difficult replacement of 

slightly larger Sb3+  ion at low temperature. The less current carrier formed 
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led to a poor a. The electrical conductivity of antimony doped oxide 

increases with calcining temperature because Sb 3+  ions are oxidized to 

Sb5+  ions gradually which are of smaller radius than that of Sn 4+  ions. The 

defect formed by the replacement of Sn 4+  lattice site with the Sb 5+  ion is 

equal to a monovalent cation bound flabbily by an Sb +sn. The defect give 

out electron with the formula of Sb xsn  + ED -4 Sbsn  + e to show as a 

donor defect and form an n-type semiconductor. When the energy of 

defect accepted is larger than or equal to ED, the electrons can be excited 

into conduction band to form a conductive current carrier. Because the 

mobility rate of the e -  is larger than that of the cavity, the conductivity 

increases. With calcination temperature increasing above 1073K, the 

resistivity of antimony doped tin increases and the electrical conductance 

decreases because of the reduction of Sb 5+  ions partly, leading to a 

decrease of Sb 5+  ions to replace Sn 4+  lattice sites and a decrease of 

electron current carrier, but an increase of cavity current carrier. J. M. 

Hermann et ai m  studied the electrical conductivity of Mo-Sn-O system. 
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iii) PHTHALOCYANINES 

Phthalocyanines are a class of organic semiconductors, whose 

electrical properties have considerable importance owing to their potential 

application in electronic devices and sensor systems. 

Shihub and Gould 102  have calculated the activation energy of 

CoPc films as 0.54 eV and concluded that conductivity is mainly of the 

free band type in the high temperature low frequency region, whereas it is 

of the hopping type in the low temperature high frequency region. In 

evaporated CuPc thin films, Gould and Hassan 1°3  have also studied the a. 

c. electrical properties in the frequency range 100 Hz — 20 KHz and 

temperature range 173-360K. A. Vidadi et a1 104  investigated the a. c. 

conductivity of preheated samples of CuPc and MgPc in vacuum. Their 

observations are in agreement with the results of Shihub and Gould 1°2 . 

CoPc single crystal is a p-type material and exhibits ohmic 

conductivity at low applied voltages. It has similarity in conductivity with 

(3-NiPc single crystal due to similarities in band structure' 05 . 

Semiconducting behaviour of Pc films is p-type at all temperature and has 

three linear regions on graph of In R Vs I 000/T. E 1  arises from holes as 

the charge carriers, E2 and E3 from impurity scattering"*". 



Annealing decreases the activation energy due to redistribution 

of traps41 . The reduction values of both capacitance and conductance 

observed after heat treatment may be attributed to the desorption of 

oxygen from the CoPc molecules which are bonded by weak coupling 

forces. It was suggested that freshly prepared samples may contain 

different kinds of defects such as vacancies, grain boundaries and 

dislocations which may be partially annealed out by heat treatment 

resulting in a decrease in the density of defects and in local structural 

rearrangements. The desorption of oxygen which is a major source of 

intrinsic conductivity leads to an increase in the resistance of the material, 

thus proving the sensitivity of the electronic conduction of phthalocyanine 

to the presence of oxygen. The annealing temperature of 450K is 

sufficient to desorb oxygen without causing structural changes in the 

material 102 . 

Semiconducting property of the CuPc polymorphs can be accounted 

for the differences in the interaction of the highly conjugated 7r-electrons 

between the molecules, inter-molecular spacing and the nature of the 

molecular stacking along the 'b' axis. 13-form is the most stable which can 

be crystallized 10`'. 



2.6 ESR STUDY 

The shifting of a g value from 2.0023 in a transition metal 

complex is due to the mixing, via spin-orbit coupling of the metal orbitals 

involved in molecular orbitals containing the unpaired electrons, with the 

empty or filled ligand orbitals 1°7 . When the mixing is with the empty 

ligand orbitals, the result is a negative g shift, whereas the mixing with the 

filled ligand orbitals leads to a positive g shift. This depends on the 

amount of the unpaired electron density at the donor sites of the ligands 

i.e. on the degree of covalency of the complex. 

In a coordination complex, the unpaired electron of the 

metal ion is delocalized to the donor sites of the ligands or to the chelate 

ring or even to the atoms outside the chelate ring. In CuPc, the unpaired 

electron of copper (II) spends 35-36% of its time in the nitrogen donor 

sites of the ligand phthalocyanine. The ESR singlet at g = 2 is specific for 

the presence of a crystalline phase and it is associated with the presence of 

defects in the crystal lattice". The EPR spectra of a and 13 -CoPc 

complexes exhibit an axial symmetry with 2 principal g values '08 . The 

ESR investigations showed the formation of microcrystals of the Pc 

complexes. In the case of Pc diamagnetic complex, anchored on supports 

narrow ESR singlet at g = 2 is the evidence for the formation of 
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microcrystals. The ESR spectra of paramagnetic CoPc is more difficult 

because of the short spin- lattice relaxation times and the high sensitivity 

to exchange interactions 27 . 

2.7 MAGNETIC STUDY: 

According to Y. Hinatsu et ai m  oxygen deficient Ce02, is 

paramagnetic and the average state of the cerium ion is between +4 and 

+3 110. The transition temperature (the Neel temperature) for Ce yUl.y02 

solid solutions with y 0.35 decreases with increasing cerium 

concentration (y). An antiferromagnetic transition has been observed for 

the solid solutions with y 0.3, but the Neel temperature are lower than 

those of the oxygen stoichiometric solid solutions due to formation of 

oxygen vacancies which transfers magnetic interactions between uranium 

ions. 

The magnetic susceptibility and magnetic moments of square 

planar metal octabromophthalocyanine pigments (MPOBrs) have been 

studied by K. R. Venugopala Reddy et al HI  in the solid state and revealed 

that CuPOBr and CoPOBr are paramagnetic and that NiPOBr and 

ZnPOBr are diamagnetic. The observed magnetic moments for CuP0Br 

and CoPOBr are higher than one unpaired electron (1.73BM) which is 
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related to the orbital contributions due to the mixing of ground state 

orbitals (b2g)2, (eg)4  and (aid', and higher orbitally degenerate states (b2g) 2, 

(eg )
3 and (a 1g )

2 
• The observed higher values of tteff  at lower field strength 

for Cu and Co is attributed to intermolecular magnetic interaction coupled 

with the magnetic anisotropy of the strong phthalocyanine It-electron 

current82
. The effective magnetic moment from magnetic susceptibility for 

FePc was found to be intermediate between theoretical spin only value 

s = 1 and s = 2 state l°8 . 

2.8. UV-VISIBLE SPECTROSCOPY 

Several theoretical calculations for the Doh symmetry of the 

metallophthalocyanine molecules predicted five distinct bands (Q, B, N, L 

and C) in the spectral region between 200 and 800 nm. The Q band 

corresponds to the excitation between HOMO (a 1 „) to LUMO (e g), while 

B band is mostly an a 2 , eg  transition. Both (Q and B) bands are 

characteristics for the phthalocyaninato ligand. The N, L and C bands 

resulting from a contributions of a 2 , eg, a-)„ eg  and a t „ --+ e a 

 transitions"'11 2 . 
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2.9 UV- VISIBLE DIFFUSE REFLECTANCE SPECTROSCOPY 

The DRS technique provides information about the electronic 

transition (d-d transition) and band gap of doped and undoped 

semiconductor33 . The diffuse reflectance (DRS) and its application to 

study metal oxides have been reviewed recently 113 . 

In a diffuse reflectance spectrum, the ratio of the light scattered 

from a thick layer of sample and that from an ideal non-absorbing 

reference sample is measured as a function of the wavelength'. Very small 

particles have a large bandgap due to quantum size effects 73. The 

incorporation of ceria to TiO 2  induces small red shift of the electronic 

absorption with respect to pure TiO2  anatase and larger contribution of 

Ce4+  - 02-  charge transfer transitions which yield relatively broad band 

with a maximum at 380 nm 17 . 

N. Sergent et al 14  reported that SnO 2  calcined at 100°C in 02 

show distinct absorption bands at 210, 230 and 280 nm. The absorption 

bands at 210-230 nm corresponds to Sn (IV) species while the band at 280 

nm would be assigned to either intervalence Sn 4±/Sn24  transitions or S-P 

transitions characteristic of Sn 2+  ions. Sample heated at 200-300 °C in 02 

show additional bands at 250-320 nm attributed to Se/Sn 2+  intervalence 

transfer or Sn 2+  S- P transitions. After heating at 400- 600°C in show a 
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marked absorption in the visible range adjacent to the valence/conduction 

transition. Simultaneously the solid colour changes irreversibly from 

white to yellow that can be related to the loss of oxygen atoms leading to 

a non- stoichiometric Sn0 2.x. The side band observed between 350 and 

550 nm in the R.T. uv spectra is mainly related to mono ionized oxygen 

vacancies' I3 . 

2.10 PHOTOCATALYT1C STUDIES 

For the removal of recalcitrant pollutants, traditional physical 

techniques like adsorption on activated carbon, ultra-filtration, reverse 

osmosis etc can generally be used efficiently. They are non-destructive 

since they just transfer organic matter from water to sludge. 

Consequently, the regeneration of the adsorbent materials and post 

treatment of solid wastes are expensive operations 9 . 

In recent years advanced oxidation processes (AOPs) have been 

developed to meet the increasing need of an effective wastewater 

treatment. AOP generates powerful oxidizing agent hydroxyl radical 

which completely destroys the pollutants in waste water. Heterogeneous 

photocatalysis through illumination of UV (or) solar light on a 

semiconductor surface (SC) is an attractive advanced oxidation process. 



Photodegradation of pollutants using SC with solar light can make it an 

economically viable process since solar energy is an abundant and 

inexpensive natural energy source 115 . This solar energy can be used 

instead of artificial light sources. These sources need high electrical 

power which are costly and hazardous. Solar energy has been successfully 

used for photocatalytic degradation of pollutants 116. The main advantage 

of the photocatalytic process is its mild operation conditions. 

In general, solids with bandgap energies less than 3 eV are 

considered to be semiconductors'''. In a semiconductor the highest 

occupied and the lowest empty energy bands are particularly important. 

The highest occupied energy band is called the valence band and the 

lowest empty energy band is the conduction band. Semiconductors can be 

made conductive either by adding extra electrons into the conduction band 

or by removing electrons from the valence band. Removal of an electron 

from the valence band creates a positively charged vacancy called a hole 

that can be regarded as the mobile entity. So electric current can be 

carried either by electrons in the conduction band or holes in the valence 

band, or by both type of charge carriers. Mobile charge carriers can be 

generated by three different mechanisms. 
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I. 	Thermal excitation 

2. Photoexcitation 

3. Doping 

If the bandgap energy is sufficiently small (less than half an 

electron volt) thermal excitation can promote an electron from the valence 

band to the conduction band. In a similar manner, an electron can be 

promoted from the valence band to the conduction band on absorption of 

a photon of light ie photoexcitation, provided that hv > Ebg. The third 

mechanism of generating mobile charge carriers is doping. Fig. 2.4 shows 

the mechanisms of charge generation. 

Doping is the process of introducing new energy levels into the 

bandgap. There are two types of doping, n-type and p-type. For n-type 

doping, occupied donor levels are created very near to the conduction 

band edge and current is mainly carried by negative charge carriers. 

Likewise, in p-type doping empty acceptor levels are formed near the 

valence band, creating positive charge carriers. The current is carried by 

these positive charge carriers. 

The various semiconductor particles acting as photocatalysts 

have been used. Most attention has been given to Ti02 because of its high 

photocatalytic activity, resistance to photocorrosion, biological 
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harmlessness and low cost. Hence the photocatalytic decomposition of 

frequently used dyes over TiO 2  has been investigated' 18• The 

photooxidation of organic substances catalyzed with TiO 2  semiconductor 

was first published by Carry in 1976 who dealt with the 

photodecomposition of chlorobiphenyl compound in heterogeneous TiO2 

particle dispersions' 18 . T. Zhang et al l 15  investigated the photocatalyzed 

N-demethylation of Methylene Blue with decomposition of MB using 

solar irradiation source and Degussa P-25 TiO 2  as the photocatalyst in 

aqueous dispersions. Photocatalytic destruction of MB follows pseudo-

first order kinetics. The photocatalytic degradation of azo dye Reactive 

Orange 4 (R04) in aqueous solution with TiO 2  —P25 as photocatalyst in 

slurry form has been investigated using solar light. Degradation was 

strongly enhanced by electron acceptors such as H202, (NH4)2S208 and 

KBr03 14. M. V. Shanker et al l 19  degraded Reactive dyes using TiO 2  slurry 

in a batch reactor using UV irradiation. Addition of H 202  enhances the 

degradation efficiency. S. Sakthivel et al ' 2°  investigated the 

photodegradation of leather dye Acid Brown 14 over TiO 2  catalyst 

supported on Alumina and glass beads. They suggested a new approach 

for prevention of recombination by incorporating more effective 

adsorption sites. 
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Hariprasad J. S. et al9  studied the photodecolourisation of reactive 

textile dyes using ZnO catalyst and sunlight. Complete decolourization 

(100 %) was obtained when ZnO was used in presence of sunlight as 

compared to UV light. The degradation kinetics involved Langmuir-

Hinshelwood model and addition of 11202  enhanced the rate of 

decolourization. Photobleaching of Rose Bengal (RB) on ZnO powder 

was carried out in presence of light by A. Sharma et al 121  and the effect of 

variation of different parameters, like concentration of RB, pH, amount 

and particle size of the SC and light intensity on the rate of bleaching 

were observed. Similar observation was made for degradation of sulphur 

containing heterocyclic compounds 2-methylthiophene 8  and G. R. 

Rajarajeshwari et al 122  carried out photocatalytic oxidation of an organic 

dye Violet 5BN using immobilized ZnO and UV light. L. S. Roselin et 

al 123  investigated the photocatalytic degradation of three reactive dyes 

Reactive Red 22, Reactive Yellow 15 and Reactive Blue 28 using ZnO 

and sunlight. Complete decolourization and mineralization can be 

achieved using solar light. 

V. Pareek et al 124  has studied the thermodynamic efficiency of 

photocatalytic processes. S. N. Paleocrassas' 25  reviewed photolysis of 

water using sunlight. It is often suggested that surface hydroxyl groups 



play an important role in determining the photocatalytic activity, since 

these species act as traps for photogenerated holes to form hydroxyl 

radicals and reduce electron - hole recombination 34. H. Chun et al' 26 

 showed that in the photodegradation of reactive dyes, the azo group was 

attacked by OH at two positions. One at single bond of C-N from azo 

group connecting with benzene ring and other at double bonds of azo 

group. The N of azo group was converted to N2 and NI-14+  ions. The 

photocatalytic activity is influenced by the crystal structure, surface area, 

size distribution, porosity, band gap and surface hydroxyl group density". 

2.10.1 Conditions for maximum photocatalytic efficiency 

The materials that can be used as photocatalysts must satisfy 

certain conditions. They are' 16 : 

1. The particulate system must absorb maximum amount of incident light. 

2. There should be rapid charge separation succeeding the light absorption 

act, ie h+  - e" separation, electrons (e) are excited from the valence band 

to the conduction band; this increases electron density in the conduction 

band and leaves positive hole (h +) behind. They should not recombine 

before they have assisted the chemical reaction. 
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3. The substrate should undergo a redox reaction. Hence the redox 

potential of the substrate and the redox potential of the excited 

catalysts must be compatible. 

4. There must be a facile removal of the photoproduct otherwise the 

reverse reactions and secondary reactions will suppress the overall 

yield. 

5. The catalyst should have long-term stability for continuous use. 

2.10.2 Semiconductor energetics 

When light of energy hv > Eg (band gap) falls on the 

semiconductor, e" - h +  pairs are generated. The electron excited into the 

conduction band drifts towards the bulk and the hole in the valence band 

drifts towards the surface. The Fermi level is the redox potential of the 

semiconductor. When the semiconductor is in contact with a solution 

containing a reactant, equilibrium can be achieved by changes in charge 
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densities and consequent leveling of Fermi level of the semiconductor 

and the redox potential of the reactant redox system. When a 

semiconductor powder is under consideration we recognize four regions, 

viz. i) bulk ii) space charge layer iii) surface of the particle and iv) 

solution phase. 

Bending of the energy levels near the space charge layer is a 

very important eVent 116' 127 . With n-type semiconductor such a bending is 

upward; with p-type it is downwards. With n-type the surface is 

concentrated with respect to hole and the reverse is true of p-type 

semiconductor. 

2.10.3 Ceria as a photocatalyst 

The catalytic activity of ceria may be related to the oxygen 

evolution ' 28  and absorption equilibrium reaction (1) as shown in the 

equation below: 

Ce0, <=> 	 x/40, ..... • • .... I 

Oxygen defect, 0 < x < I 

The ideal r(M n+)/r(0 2 ) ionic size ratio of a MO 8  eight 

coordination oxide is 0.732. In the case of the fluorite structure of ceria, 
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r(Ce4+)/r(02) is 0.703, which is smaller than that of the ideal value, 

indicating that Ce4+  is not large enough to stabilize the fluorite structure. 

To take on a more stable eight coordination of the fluorite structure, 

some Ce4+  have a tendency to be reduced to Ce 3+, which has a larger 

ionic radius than Ce 4+  as shown in equation 1. Accompanying this 

reaction, oxygen molecules are released to form oxygen vacancies. By 

doping Ca2+, which possesses a lower valence and larger ionic size than 

Ce4+, with CeO2, stabilizes the fluorite structure of ceria and 

consequently reduces the oxidation catalytic activity. 

The low photocatalytic activity of ceria is due to the existence of 

an oxygen defect that plays an important role to enhance the 

recombination reaction of photoinduced electrons and holes". Even 

undoped CeO2 itself has a tendency to form an oxygen defect. By doping 

CaO with CeO2, there is formation of a greater oxygen defect and 

decrease in photocatalytic activity of CeO 2. Also, the catalytic activities 

of pure and doped ceria have been variously associated with, interstitial 

oxides, lattice oxygen atoms, oxyanion vacancies, basicity of the surface 

and redox activity58 . 

Among photocatalytic applications, several studies have 

investigated the photocatalytic production of oxygen from water over 



CeO2  using Ce4+  as electron acceptor34 . The photoactivity of the CeO 2 

 nanoparticles for the oxidation of toluene shows the complete 

mineralization without significant catalyst deactivation 20 . Yabe S et al 128  

synthesized ultrafine particles of M 2+  doped ceria (M2+= Mg2+, Ca2+, 

Sr2+, Ba2+  and Zn2+) for using as a UV filter via soft solution route at 

400C. They reported that doping with 20mole % Ca 2+  and Zn2+  resulted 

in a considerable decrease in the particle size and catalytic activity of 

ceria for oxidation of castor oil. CaO doped CeO 2  show excellent UV 

absorption and transparency in the visible ray region compared with 

undoped CeO234
. 

Nevertheless, there is some disagreement between the 

different reports since CeO 2  thin films are found to be inactive for the 

photocatalytic degradation of methylene blue' 29. 

2.10.4 SnO2  as a photocatalyst 

SnO2  is a n-type semiconductor which has been widely used 

for the degradation of various dye pollutants. The use of Sn,Tii_x02 solid 

solution in environmental catalysis has been examined because of its 

photocatalytic activity as it exhibits high quantum yield / 3° . It has been 

shown that small Sn substitution for Ti in rutile TiO 2  increases the 
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photoactivity of the rutile by 15 times for the oxidation of acetone. Also 

it endows the catalyst with major photoactivity to decompose methyl 

orange which is an organic compound model that exhibits good 

resistance to light degradation. Pt/Sn xTii.,(02 (at higher TiO 2  contents) 

appears to be a good catalyst for CO oxidation. Sn02/TiO2 coupled 

semiconductor system on an OTE under an anodic potential show faster 

degradation of azo dyes 23 . 

2.10.5 Phthalocyanine as a photocatalyst 

Phthalocyanines and porphyrins have been used as 

photocatalyst for a large variety of oxidation reactions of phenol 

derivatives and some mechanistic aspects have also been investigated. 

The phthalocyanines in the solid state behave as p-type semiconductor, 

characterized by band gap energy of about 2 eV. It is possible to excite 

Pc particles on irradiating with visible light". The H 2Pc, CoPc and 

CuPc anchored on TiO2 or W0 3  are much more effective catalysts for 

the oxidation of Na 2S and Na2 S2O3  upon irradiation with visible light 27 . 

The use of metallophthalocyanine complexes such as iron 

tetrasulfophthalocyanine as a catalyst has recently been shown effective 

in the oxidative degradation of persistent pollutants with I -11022 '. 
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The band gap energies of materials are related to the 

photocatalytic activity for the degradation of pollutants. The larger the 

band gap energy of a material is, the greater the redox potential of the 

photogenerated electron — hole pairs. Thus, these exhibit more redox 

capacity. The major challenge in heterogeneous photocatalysis is the 

need to increase the charge separation efficiency of the photocatalyst. 

Coupled semiconductor photocatalysts exhibit a very high photocatalytic 

activity for both gas and liquid phase reactions by increasing the charge 

separation and extending the energy range of photoexcitation 27,6.  The 

photoelectrochemical degradation of organic pollutants is an extension 

of the heterogeneous photocatalytic process, in which the catalyst is 

placed on an electrode that is controlled potentiostatically. The 

photogenerated electron- hole pairs are separated by means • of the 

externally applied electric field' 31 . 

Naphthol Blue Black is a complex textile diazo dye which has 

a high photo and thermal stability. Conventional methods of oxidative 

degradation do not effectively degrade these dyes. Investigation of the 

visible light induced degradation of NBB dye has been carried out using 

colloidal suspensions of TiO2  semiconductor nanoparticles' 32. It was 

assumed that most likely the chromotope 2B and chromotrope 2R were 



the reaction intermediates and a quinone was the final product. 

Mechanism for NBB dye degradation was given by K. Vinodgopal et 

ali33 and others 134' 135. J. Luo et al ' 36  investigated the 

photoelectrochemical degradation of NBB dye on WO 3  film electrode. 

Colourless degradation products indicate complete mineralization of the 

dye. The intermediates of the NBB dye degradation were detected using 

HPLC analysis and possible mechanism for dye degradation was 

proposed 137. By irradiating the composite slurry in the near UV area 

using Zr supported Ti-substituted Keggin type polyoxometalates 

indicated the degraded product as CO2, NH4 4 , NO3" and 5042" ions 138 . 

2.10.6 Mechanism 

In a semiconductor when a photon with energy of UV matches 

or exceeds its bandgap energy, Eg, an electron is promoted from the 

valence band into the conduction band leaving a hole behind. Excited 

state conduction band electron and valence band hole can recombine and 

dissipate the input energy as heat. Thus, if suitable electron and hole 

scavengers are available to trap the electron or hole, recombination is 

suppressed and the photoactivity of the semiconductor catalyst is 

enhanced43 . According to Cordischi et al28  the main steps of a 



photocatalytic reaction are: (a) photogeneration of hole and electron 

pairs which must be trapped to avoid recombination (b) reduction and 

oxidation reactions by the separated electrons and holes with suitable 

adsorbed species. (c) evolution of intermediates, desorption of products 

and reconstruction of the surface. According to them Fe 3+  ions in Fe203- 

TiO2  system act as electron traps and also play a role in the charge 

transfer mechanism via a cooperative effect with the Ti 4+/Ti3+  couple. 

Ti3+  + Fe3+  --> Ti4+  + Fe2+  

Fe2+  + hv --> Fe2+*  

Fe24*  + ox Fe3+  + R 

Ti3+  + ox Ti4+  + R 

In a slurry based photoreactor system, the rate determining step 

in the degradation process is considered to be the reduction of Oxygen 

by the trapped electron on the semiconductor surface to produce reduced 

oxygen species such as superoxide radical ion 02 -  or H202 13 . 

According to Hasnat M. A. et al 14()  organic pollutants like 

dyestuffs have the ability to absorb visible light. The visible light 

mechanism suggests that the light excite the dyestuff" 

D + hv —> D* 
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D* + TiO2 D+  + TiO2  (e) 

TiO2  (e) + 02  --> TiO2  + 

+ 2H20--> H202  + 
e. 

H202  + e"--> 'OH + Off 

Br+  + 02  (or 02' or *OH) Degraded products 

The excited dye (D*) injects an electron to the conduction band 

of TiO2  where it is scavenged by 02  to form active oxygen radicals. 

These active radicals drive the photodegradation or mineralization of 

organic compounds. TiO 2  absorbs light (X < 400 nm) to generate e7h + 

 pair. The injected photosensitized e-  generate radicals (0 2', 'OH) 

followed by degradation of dyestuff in the system. In this process 

degradation is faster than that of visible light. TiO 2  assisted 

photodegradation of malachite green (MG) under both UV and visible 

light is faster in UV light (X 320 nm) and follow Langmuir-

Hinshelwood model. 

The photocatalytic degradation of malic acid under UV light 

using TiO2  was studied by Herrmann J. M. et ai m  which show first order 

kinetic and follow Langmuir- Hinshelwood mechanism. They indicated 

that the oxidation or photodegradation may involve two oxidizing agents 

photoproduced holes h +  and OH' radicals. 
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TiO2 + hv 	+ h+  

(H2O 4--> 11+  + OFF) + h+  ---÷ H+  + OH.  

Holes can directly oxidize MA 

RCOO" + h+—> R + CO2  

And OH' radicals are prone to abstract a H atom 

RCOO" + OH --> R-000 -  + H2O 

The radicals thus formed will add 0 2  and finally give rise to the products. 

The photocatalytic degradation of Reactive Yellow 17 (RY17) 

dye has been investigated by B. Neppolian et ai m  in aqueous 

heterogeneous solution containing TiO 2  as photocatalyst. The formation 

of CO2, SO42-, NO3" and NH4+  was identified which was analyzed by 

HPLC analysis at various irradiation time. The CO 2  generated during the 

photocatalytic degradation is the evidence for the total destruction of 

organic compounds in water. As irradiation time increases, the dye 

degrades to components of lower molecular weights and the 

intermediates gradually disappear during the remaining time of 

irradiation. Complete mineralization of the dye is accomplished during 

an irradiation time of 4 hours. 

Oxygen adsorbed on the surface of TiO 2  prevents the 

recombination process by trapping electrons according to the reaction, 
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02 + 	02" 

The enhancement of photocatalytic degradation of the dye is due 

to the formation of 11 202  according to the following reactions 

02" + 1-14-  -41102 ' 

H02* +HO2 H202  + 02  

02" + H02  -+ 02  +1102" 

H02" +H+  14202  

The reactive species (OH radicals) responsible for 

photocatalytic oxidation can be formed from 14202 according to 

following reactions 

H202  + hv-+ 20H 

11202  + *02" —> -OH + OH-  + 02 

H202  + e" -÷ -OH + OFF 

H 2O + h+  *OH + H+  

20H" + h+  -÷ *OH +OH" 

1) Singlet oxygen photochemistry 

The overall reaction is an oxidation of the organic compound 

with dissolved 02  as the oxidizing agent. The first step is absorption of a 

photon by the photosensitizer (dye) to reach an excited state 143 -145  
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S + photon -÷ S* 

The excited sensitizer molecule is able to transfer its energy to a 

dissolved oxygen molecule to change it from the ground state ( 3Eg02) to 

the first excited state ('A g) which has a higher energy by 22.5 Kcal mole" 

and a lifetime of 1 to 10 m sec in water. 

S* + 3;02 	S + l Ag02  

The singlet 02; ('A) then is the oxidizing agent, 

Target molecule + l Ag02  --> Oxidation products 

II) Fenton reaction 

This system is based on the capture of a photon by a ferric-

hydroxyl with its conversion to a ferrous ion plus a hydroxyl radical 143 . 

This reaction can be energized by photons from the ultra-violet into the 

violet and blue. The ferrous ion can be oxidized by molecular 0 2  to 

restore the original ferric complex. 

Fe (OH)+4  + photon-3 Fe++  + OH' 

Fe++  + H202 -4 OH' + Fe (OH)++  

Target molecule + OH .  -÷ reaction products 

Two OH' radicals are generated for each H20 2  and for each 

photon absorbed. Two H202  are needed to oxidize one C atom to CO". 
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EXPERMENTAL TECHNIQUES 

Ceria based materials are found to have catalytic activity, 

structural and electronic promoters of heterogeneous catalytic reactions and 

oxide ion conducting solid electrolytes in electrochemical cells 52' 

By using co-precipitation procedure, it is possible to achieve a high 

degree of homogenization together with a small particle size and thereby 

speed up the reaction rate. 

Reactants are dissolved in water, the solutions then being mixed, 

co-precipitated and the resulting fine powder is a solid solution. The 

precipitated solids are filtered off and calcined in the usual way, but because 

of the high degree of homogenization, much lower reaction temperatures are 

sufficient for reaction to occur. 

3.1.A Preparation of Cerium and Tin Oxide doped compounds: 

The mixed oxide compositions (a) Ce l _,Sn,02  (b) Ce1_,Fe,02 

(c) Ce1. xMn,02 and (d) Sn i _,Mn,02 (where x = 0, 0.1, 0.2, 0.3, and 1) were 

prepared by co-precipitation method, a stepwise process is shown in the flow 

diagram fig, 3.1. The required amount of metal salt of AR grade was 
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dissolved in distilled water and ceric ammonium sulphate was taken in 

stoichiometric ratio and dissolved in dilute sulphuric acid solution to obtain 

a clear homogenous solution. Both the solutions were mixed with continuous 

stirring. 10% sodium hydroxide solution was prepared by dissolving NaOH 

(AR grade) in distilled water to obtain an approximately equi-molar 

concentration solution. This was slowly added to the metal solution with 

constant stirring till the precipitation is complete. The pH of the solution was 

maintained between 9-10. The resultant precipitate was digested on a water 

bath for 3 hours. It was then cooled to room temperature and subjected to 

oxidation by dropwise addition of 30% H 202  with continuous stirring. The 

precipitate was then filtered, washed and dried at 100 °C. The solid was then 

heated at 400°C for 4 hours. The calcined material was homogenized well in 

a mortar and then fired in a furnace at 600-800 °C for 10-12 hours. The fired 

material was homogenized well in a mortar and after characterization used 

as photocatalyst for further study. 

3.1.B Phthalocyanine preparation: 

Metal phthalocyanines (MPc) (where M = Cu, Ni, Co and Fe) 

were prepared by method described elsewhere 29. Required amount of 

phthalic anhydride, urea, metal salt and ammonium molybdate were 
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suspended in nitrobenzene and heated, at 190 °C. After 4-5 hours the mixture 

was filtered hot and then washed with nitrobenzene, followed by methanol. 

The crude product was boiled 2 hours, first with 1N HCI and then with 1N 

NabH,filtered and washed with water each time until the filtrate was neutral. 

The solid material was then stirred in methanol, suction filtered, and dried at 

60°C. 

3.2 Characterization 

The mixed oxides prepared by co-precipitation method and the 

phthalocyanines prepared by literature method were characterized by X-ray 

diffraction technique, vibrational spectroscopy, B.E.T. liquid nitrogen 

adsorption method and thermal studies. 

3.2.1 The X-ray powder diffraction technique 

The prepared samples were characterized by recording X-ray powder 

diffractograms. The diffraction patterns were recorded on ITAL X-ray 

diffractometer using Cu Ka radiation, filtered through Ni absorber, at a 

scanning rate of O.1 °/min. The samples were identified by comparing the 

observed inter planar d-spacings and relative peak intensities, with those 

reported in the literature (ICDD-PDF data files). The intermediate 

compositions, which are not reported, were confirmed by comparing with the 

end compositions. 



3.2.2 Vibrational spectroscopy (IR spectroscopy) 

The infra red absorption spectra were recorded for all the 

compositions in the range 4000-400 cm - ', on a Shimadzu FTIR instrument, 

model 8101 A, using KBr as a carrier. The mixture of sample and KBr was 

pressed into a pellet with thickness of about 1 mm. The spectra were compared 

with the literature and interpreted. 

3.2.3 Atomic absorption spectroscopy 

The sodium contamination in the oxides prepared by co-precipitation 

technique using NaOH, was found out using an atomic absorption 

spectrometer. Approximately 250 mg of powdered sample was dissolved using 

25 ml of pure HC1 it was then further diluted to the required concentration. The 

total amount of sodium was determined by comparing with the standard. 

3.2.4 B. E. T. method (Surface area measurement) 

Surface areas of the prepared samples under study were measured 

using BET nitrogen adsorption method on SMARTSORB 91. Specific surface 

areas of the catalyst were calculated with the help of well -known Brunauer, 

Emmet and Teller (BET) expression. 

6 



PN (Po-P) =1NmC + (C-1 )NmC X P/Po 
	

(1) 

Where '13 ' is the equilibrium pressure. 'Po' is the saturated vapour 

pressure of the gas at the temperature of the adsorption. 'V' is the volume of 

the adsorbed gas at S.T.P., 'C' is the constant related to the heat of adsorption 

and `Vm' is the volume of the gas at S.T.P. required to form a monolayer. 

Various quantities from the above equation like P, Po and V could be 

determined experimentally. Vm and C can be obtained by plotting PN (Po-P) 

versus P/Po. Plot should give a straight line with slope (S) = C-1 /VmC and 

intercept (I) = 1NmC which proves the validity of the equation (1). 

It can be shown from equation (1) that Vm = 1/S+1 and C = S/1+1. 

Since Vm is the volume of the gas at 0 °C and 1 atmospheric pressure necessary 

to cover the surface with one layer of the gas, it is easy to convert it to the no of 

molecules involved. Assuming 16.2 °A as the value of the cross sectional area 

of single nitrogen molecule at liquid temperature Brunauer, Emmet and Teller 

have shown that, 

Surface area = 4.38 Vm (C.C., S. T. P. ) m 2/g 	 (2) 

Surface area for various oxide samples were observed in the range of 2.6 to 

46 m2/g. 
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3.3 Electrical resistivity measurements 

The electrical resistivity measurements were carried out to study the 

conductivity behaviour of the samples and possible relationship with catalysis. 

Electrical resistivity measurements were carried out using a two-probe 

conductivity cell in the temperature range from room temperature to 250 °C. 

For the resistivity measurement, sample was pelletized using an approximately 

1-2 g of the sample, under a pressure of 7,500 Kg/cm 3. The prepared pellets 

were subjected to the heat treatment in an electrical furnace at 600-800 °C for 

10 —12 hours. Metal phthalocyanines were pelletized and heated at 200 °C fore 

 24 hours. Silver paint was applied on both the surfaces of the pellet. The pellet 

was tightly held between two polished and cleaned silver electrodes by 

adjustable type assembly and the resistivity measurements were carried out 

from room temperature to 250 °C, point- by -point measurement. Measurements 

were recorded while cooling the pellet. 

3.4 Magnetic Susceptibility Measurements: 

The magnetic susceptibility `x 8 ' in air of the samples was determined 

by Gouy's method at room temperature. A field of the order of 8,000 Gauss 

was employed. A sensitive analytical balance of DONA was used to measure 

the difference in weights. Mercury tetra thiocyanatocobaltate {Hg[Co(SCN) 4] 
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was used as the standard material. The sample tube was washed, dried and 

filled with the standard material up to a certain mark and hanged between the 

electromagnets of the Gouy balance. 

The weight was recorded before and after applying the appropriate 

magnetic field. The procedure was repeated for the sample whose xg  is to be 

determined. The magnetic susceptibility of the sample was calculated by using 

the following calculations. 

In the first part, tube constant or (3 - constant is calculated, as xg  value 

of the standard material is known. Using the relation, 

13- Constant = x g  x W/AW ( Xg = 16.44 X 10 -6  cgs units for 

Hg[Co(SCN) 4]) 

W = (W3-W 1 ) = Wt. of standard material taken 

AW = AW', AW" (+ ye for paramagnetic and -ye for diamagnetic) 

AW = (W24-W3) and AW" = (W 1 -W2) where 

W I  = Weight of the empty tube, 

W2 = Weight of the empty tube with field 

W3 = Weight of the tube with standard material and 

W4 = Weight of the tube and standard material with field 

Hence (3 - constant was calculated. In the second part, to calculate x g  of the 

sample, substitute (3- constant in the above relation, gives the magnetic 



susceptibility. Further this data is utilized to calculate unpaired electrons 

present in the sample as follows. 

Xrn = x x molecular weight of the sample 

Where = molar susceptibility and 

= gram susceptibility 

The magnetic moment p. effective (N) of the sample was calculated by using 

the equation given below. 

Jeff  = 2.84 xj„ x T B. M. where T = absolute temperature and 

peff  is the magnetic moment 

3.5 Saturation magnetization study 

The saturation magnetization is studied with the help of hysteresis loop 

tracer. These measurements were done on selected magnetic samples, using a 

high field hysteresis loop tracer and the three major components are 

electromagnet, pick-up coil and integrating circuits. 

The loop tracer consists of an electromagnet working at 50 Hz mains 

frequency. The alternating magnetic field of about 3600 Oersted is produced in 

an air gap of about 1 cm, in the instrument and a special balancing coil is used 

to measure the saturation magnetization of the sample in the air gap. 

Depending upon the magnetic induction in the sample, pick-up coil produce a 



field proportional to the magnetic induction of the sample. A supporting coil 

produces a signal that is equivalent to the strength of the magnetic field. The 

signal is displayed as a hysteresis loop on the screen of an oscilloscope. A 

digital AC Voltmeter, which is connected to the output, displays the peak or 

RMS value of the signal proportional to the saturation magnetization, in 

millivolts. The calibration of the vertical scale corresponding to the 

magnetization value is done using Nickel as a standard substance having 

magnetization of 54 emu/g. The saturation magnetization values, as in emu /g 

of some selected samples was found out. 

3.6 Thermal studies 

The thermal technique of Thermogravimetric analysis (TG) and 

Differential scanning calorimetry (DSC) was carried out using NETZSCH-

Geratebau GmbH Thermal Analyzer. TG was used to study the heat effects, 

associated with the physical and chemical changes of the substances in the 

temperature range from room temperature to 800 °C. Thermal effects, 

exothermic or endothermic preceding physical and chemical changes were 

studied by differential method in which the sample temperature is continuously 

compared against the temperature of thermally inert reference material. TG 

was recorded to study the behaviour of weight loss of the precursor sample. 
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The samples, in a powdered form and weighing between 5 to 10 mg, 

were placed in alumina crucible covered with lid. Sample was continuously 

weighed as it is heated at a constant linear rate of 10 °C/min. 

3.7 Electron Spin Resonance (ESR) study 

Electron Spin resonance occur when a spinning electron in an 

externally applied magnetic field absorbs sufficient electromagnetic radiation 

to cause the inversion of spin state of the electron, which is also known as 

electron paramagnetic resonance and as electron magnetic resonance. 

ESR study was carried out for the sample containing paramagnetic 

species. In ESR spectroscopy, a magnetic field strength of 3220 gauss 

(commonly used field strength = 3300 gauss) was employed. The energy level 

difference due to electron spin was 6.1x10 17  ergs (or about 1.5x10 -24  calories) 

and frequency 'V' is 9.2 GC (Giga cycles or 10 9  cycles per sec.), this 

frequency lies in the microwave region of the electromagnetic radiation 

spectrum. The ESR spectra were taken at the X- band on a varian E- 112 

spectrometer at room temperature. The sample was mounted in a quartz tube 

and TCNE was used as a field calibrant taking its g-value as 2.00277. 

Spectroscopic spitting factor (g) or gyro magnetic ratio was obtained from the 

following relation, 



i.i= -g Ps 

Where `}f is the magnetic moment, and '0' is the Bohr magneton (ergs/ 

gauss), 'g' is the gyro magnetic ratio and 's' is the spin of electron +1/2 or —1/2 

3.8 UV- Visible Spectroscopy 

The UV-visible absorption spectra were recorded for phthalocyanines 

in the range 400-700 nm, on a UV- visible spectrophotometer (spectro119) 

using pyridine as -a solvent. The phthalocyanines were dissolved in pyridine 

and the solution was scanned from 400 to 700 nm using glass cuvettes, each 

phthalocyanine showed maximum absorbance at particular wavelength which 

was compared with the literature. 

3.9 UV-Visible diffuse reflectance study 

The UV-VIS -DRS spectra were recorded on UV-visible 

spectrophotometer with BaSO 4  as a reference material. The samples were taken 

in the form of 2mm thick self supported pellets to measure the reflectance. 

Samples were scanned from 200 to 700 nm. Band gap energy was calculated at 

absorption edge shown by each sample in the spectra. 



3.10 Photocatalytic Studies 

Prepared samples were tested for two model reactions such as 

photodegradation of textile diazo dye Naphthol Blue Black and basic Yellow 

Auramine 0. 

10-3  M dye solution was prepared by dissolving the Naphthol Blue 

Black dye in distilled water and was used as stock solution. From this, 10 -5 M 

solution was prepared in a standard volumetric flask and used as test solution. 

200 mg of the prepared sample was used for the degradation of the dye that 

was found to be optimum amount for the degradation. The degradation rate 

was monitored using UV-visible spectrophotometer (spectro 119) by 

measuring absorbance of the reaction mixture after every hour. Naphthol Blue 

Black absorbs at 618 nm. 

100 ml of the 10-5  M dye solution was aerated with oxygen for 2-5 

minutes and to this 200 mg of prepared photocatalyst was added and stirred 

well. This reaction mixture was kept in sunlight for irradiation. Small amount 

of reaction mixture was taken out after every hour, filtered with Whatmann no 

41 and absorbance was measured at A. „, a, 618 nm. 

The reaction was carried out at various experimental conditions like 

change in pH, with different amount of photocatalyst and with and without 

oxygen. The pH of the solution was adjusted by using previously standardized 

r?5 



IN HC1 and 1N NaOH. The pH was measured with pH paper. The degradation 

product was analyzed by HPLC method and qualitative analysis. The dye 

Naphthol Blue Black degrades to a colourless solution. 

Photocatalytic degradation of another textile dye basic Yellow 

Auoramine 0 was studied on selected samples. Test solution was prepared with 

distilled water and used for degradation. 100 mg of the photocatalyst was used 

and the absorbance of the reaction mixture was measured at wavelength 432 

nm by taking out small amount of the solution after every hour. Absorbance 

versus time was plotted for every sample. The degradation rate was found to 

increase with time. 
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SOLID STATE STUDIES 

The various solid state studies such as X-ray powder diffraction, IR 

spectroscopy, thermal analysis, electrical resistivity, magnetic susceptibility, 

saturation magnetization and electron spin resonance were under taken. The 

comparison of different results were made and discussed on the basis of 

experimental data. 

4.1 X-ray diffraction analysis 

The formation of monophasic oxides were checked by recording X-

ray powder diffractogram of all the samples such as Ce1_,Snx02,Cei-xFex02, 

Cel_xMn,(02 and Sn i ..„Mn,02  ( x = 0, 0.1, 0.2, 0.3 and 1.0). The d spacing and 

intensities corresponding to 20 value obtained from the diffractograms were 

compared with the values reported in the literature (ICDD-PDF files) and 

found to be in good agreement. Since the d spacing of the intermediate 

compositions was not reported in the literature, the values were compared with 

the end members of the series. Figures 4.1- 4.4 shows X-ray diffraction pattern 

of representative samples. 

Fig.4.1 shows the XRD pattern of Cel,Snx02 (x = 0, 0.1, 0.2 and 0.3) 

oxides calcined at 600°C. Pure CeO 2  is in cubic phase and Sn0 2  is in tetragonal 
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Figure 4.1 XRD pattern of Ce l _„Sn,(02  a) Ce02  b) Ceo 9 Sn0 . 1 02  c) 
Ce0. 8Sn0.202  d) Ce0.7Sn0.302 



phase. Ce0.9Sn0.102, Ce0.8Sn0.202 and Ce0.7Sn0.302 are in cubic phases and the 

crystal lattice parameter (5.3857°A) is smaller than that of calculated pure 

CeO2  (5.4189°A). It may be due to the insertion of Sn atom into the CeO 2 

 crystal lattice and since the radius of Sn4+  (0.81°A) ion is smaller than that of 

the Ce4+  (0.97°A), it reduces CeO 2  crystal lattice parameter. On increasing x 

above 0.3, the XRD diffraction peaks due to CeO 2  become weak and SnO2 

phases are observed. Therefore only small amounts of SnO 2  can be introduced 

into the CeO2  lattice to form solid solution and excess SnO 2  remains in a 

tetragonal phase. The results are in agreement with the literature values 21,56,72 

All the X-ray diffraction peaks have been shifted gradually to higher 20 values 

with the increase in Sn content in the solid solution which is attributed to the 

insertion of Sn ions of smaller size into the cubic lattice of CeO 2  resulting in 

the contraction of it's cell parameter. The XRD pattern of Ce0.9Fe0.102 oxide 

sintered at 800°C show similar results. Fe 203  has a-hexagonal structure and 

Ce0,9Fe0. 1 02  is in cubic phase with lattice parameter smaller than that of pure 

CeO2 . The radius of Fe 34  (0.64°A) ion is smaller than the Ce 44  (0.97°A) ion. 

The XRD pattern of Ce1_,Mn,02 (x = 0, 0.1, 0.2 and 0.3) is shown in 

Fig.4.2. The XRD lines of solid solution Ce09Mn0. 1 01, Ceo grvino. ,02 and 

Ce07Mn0. 302  are similar to those of Ce02  indicating the stabilization of the 

fluorite structure with Mn substitution. On increasing x, diffraction peaks of 
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Mn02  along with CeO2  peaks can be seen. All the X-ray diffraction peaks have 

been shifted gradually to lower 20 values with the increase in Mn content in the 

solid solution which is ascribed to the insertion of Mn ions of slightly bigger 

size into the cubic lattice of CeO 2  resulting in the expansion of it's cell 

parameter. Accordingly the lattice parameter increases linearly from 5.41 °A to 

5.57°A with increase in Mn content. 

Fig.4.3 indicates the XRD pattern of Sn0.9Mn0.i02.  Pure SnO2  is in 

tetragonal phase 74. The solid solution of Sno.9Mn0.102, Sn0.8Mno.202 and 

Sn0.7Mn0.302  show XRD peaks similar to those of SnO 2  indicating the 

tetragonal structure. The crystal lattice parameter increases as the Mn content 

increases due to expansion of the cell parameter. Shift of the CeO 2  pattern 

towards the lower 20 values indicates the possible formation of a solid 

sol ution 146 . 

Fig.4.4 gives X-ray pattern of Copper phthalocyanine. The 

phthalocyanine compounds exist in different polymorphic forms, the common 

are a, 0 and y- phases and the 13 form is thermodynamically more stable. The 

phthalocyanine molecule is a square planar molecule consisting of a divalent 

metal ion surrounded by four benzopyrrole units. The structure of CuPc is 

adjudged to be tetragonal with six molecules per unit cell which is in 

agreement with Robinson and Klein 147. Well defined diffraction peak in the 
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(001) direction gives the direction of the preferential orientation. The lattice 

parameter are obtained as a = b = 16.68 °A and c = 1 I .8°A. Indexing is carried 

out by comparing the International Centre for Diffraction Data- Powder 

Diffraction File(ICDD-PDF). The differences in the d values are attributed to 

higher X-ray absorption, sample purity, particle size, preferred orientation and 

crystal texture 147. Similar observations were made regarding CoPc, FePc and 

NiPc. They are having stable 0- phase. 

4.2 Infra-red spectroscopy 

The oxides are characterized by metal-oxygen bonding present in the 

region from 1000cm-I  — 400cm-I . In the IR spectra of doped compounds, the 

evolution of new bands can be observed with metal substitution as shown in fig. 

4.5- 4.9. The frequency of these bands has been related to the strength of metal 

— oxygen covalency. 

In fig. 4.5 in the IR spectra of Cei.,Sn,02 	= 0, 0.1,0.3 and 1.0) 

samples it is observed that as the substitution of Sn 4-4  in Ce02  increases, the 

absorption peak observed at 852 cm -i  gets reduced and there is appearance of 

peaks at 620 and 670 cm - ' which are due to Sn-O vibrational modes. These 

bands are prominent in SnO2 and at slightly lower wave number value at 680 

and 610 cm-I  which is in agreement with the literature 39. This suggests the 
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Fig. 4.5 IR spectra of Ce 1 _„Sn,(02 a) CeO 2  b) Ce0.9Sno.102 
c) Ce0• Sn0.302  d) SnO2 



substitution of Ce 4+  by Sn4+  ions in all the samples. Also there are two small 

peaks observed at 420 and 450 cm"' of CeO2 stretching vibration in agreement 

with literature64 . 

In fig. 4.6 in Ce 1 .„Fe,(02 samples, for x = 0.3 two sharp absorption 

peaks at 600 and 652 cm' are seen. Also peak at 852cm' is reduced which is 

of Ce-O stretching vibrational mode. The two bands are shifted at 546 and 450 

cm-1  and they are sharp and of strong intensity in a-Fe20 3 149 . 

Fig.4.7 shows the IR spectra of Ce1_ xMn,02 series. It is observed that 

as the x increases the Ce-O band at 852cm -1  gets reduced and there are 

appearance of bands at 510 and 580 cm"' due to Mn-0 vibrations. These bands 

are of strong intensity in Ce07Mn0.302 than Mn0 2. Fig•4.8 shows the IR spectra 

of Sn i .„Mn,(02  samples. Evolution of Mn-O band at 510cm -1  can be seen with 

the increase of x in Snt_ XMnx02 composition. The absorption peak at 680cm -1 

 disappears gradually, showing substitution of Sn4+  by Me-  ions. 

Phthalocyanines are characterized by IR Spectroscopy 82,108,111-112. /R,  

spectra of metal phthalocyanines are shown in fig.4.9. IR spectra show 

following absorption peaks. The peaks around 1121-1123, 1090 -1092, 1067-

1070, 947- 949, 872- 885 and 754 cm - ' are due to phthalocyanine skeletal 

vibrations. The peaks observed at 1420 — 1423 and 1335 cm -1  is due to 

aromatic phenyl ring. The peaks around 1286, 1226 and 1202 -1210 CIT1-1  are 

86 
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Fig. 4.7 IR spectra of Cei,Mnx02 a) Ceo 7Mn0 302 b)Mn02 
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due to C-N stretch. The peaks assigned to C-H in plane bending around 1165- 

67, 1001-1005 cm-1  and peaks due to C-N bending at 901 cm' and 799 - 802 

-t 	 -1 

	

cm respectively. The peaks at 770 - 773 cm"' 	due to C-H out of plane 

bending. Broad peak at 3400 -3415 cm' is attributed to the hydrogen bonding 

formed between the nitrogen atom of the Pc macromolecule and H atom of the 

moisture absorbed on the KBr pellets m. The sharp peaks observed at 1610 - 

1616 cm'' are attributed to C = C, C = N and ring stretching (skeletal band). 

4.3 Thermal Analysis 

Co-precipitated hydroxide precursors before decomposition were 

subjected to thermal analysis studies, to find out the decomposition 

temperature of hydroxides and then the initiation of solid- state diffusion 

reaction. Metal phthalocyanines were subjected to thermal treatment to check 

the thermal stability of the phthalocyanines. TG/DSC pattern of representative 

samples are shown in figures 4.10 — 4.13. 

Thermo-gravimetric studies show three major steps in the decomposition 

process and the probable reactions are 

1. Dehydration 

2. Decomposition of hydroxides to corresponding oxides and followed by 

9l 



3. 	Solid-state diffusion reaction leading to solid solution formation in mixed 

oxides. 

The reactions taking place during heating in the case of mixed oxides may be 

represented by following steps: 

M(OH)„.x.1-120 + M'(OH)„.xH20 	M(OH)„ + M'(OH)„ + 2xH2O 

M(OH)„ + M'(OH)n  ... 150 - 350 	MO„ + M'On  + xH2O 

MO„ + ml on ....400 - 700 . 	mm on
-. 

Where M and M' are metal ions and n indicate the number depending on 

oxidation state of the metal. 

Figure 4.10 show TG/DSC pattern of cerium tin co-precipitated 

hydroxide decomposition. First weight loss is around 100°C for the elimination 

of water. Further weight loss is around 150-350°C due to decomposition of 

hydroxide and on further heating leads to the solid solution. There are two 

endothermic DSC peaks at 92 and 308 °c respectively corresponding to two 

weight losses. These results are in accordance with literature' s° . Since solid - 

state diffusion being slow process and takes place over a range of temperatures, 

no sharp change in thermal event is observed. 

Fig. 4.11 shows a weight loss for Ce 0.9Fe0 I (OH)4  precursor 

decomposition between 90-120°C due to the loss of moisture and further 

weight loss between 250-300°C due to decomposition of hydroxides and 
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initiation of solid state diffusion leading to oxide formation. Two endothermic 

DSC peaks are observed at 118°C and 263°C corresponding to elimination of 

water and hydroxide decomposition. 

In the fig. 4.12 TG/DSC pattern of SnMn(OH) 4.xH20 precursor 

decomposition, weight loss is observed between 90-120°C due to the loss of 

water and further weight loss around 250- 300°C due to decomposition of 

hydroxides and after that initiation of a solid state diffusion up to 800°C 

leading to solid solution formation. The Ce-Mn hydroxide decomposition 

shows similar TG/DSC pattern. 

Fig.4.13 depicts the TG/DSC pattern of CoPc decomposition. It starts 

decomposing at 425°C and shows weight loss till 700°C. An exothermic peak 

is seen at 484°C. The decomposition products suspected to be formed are 

phthalic residue, ammonia and cobalt oxide. At 745°C there is sharp 

endothermic rise due to the formation of metal oxide as indicated by DSC 

peak'''. Copper phthalocyanine does not have sharp melting point 42 . It starts 

decomposing at 450°C and shows weight loss till 800°C. An exothermic peak 

around 459°C corresponds to CuPc decomposition. At 830°C there is sharp 

endothermic rise may be due to the formation of CuO as indicated by DSC 

peak. 
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The TG/DSC patterns of NiPc and FePc are slightly different than that of 

CoPc and CuPc. They start decomposing around 200-300°C. 

The thermal stability of the phthalocyanine molecule is due to its 

extremely high aromatic character which exceeds that of a benzene ring by a 

factor of 15 8° . The thermal stabilities of the substituted phthalocyanines are 

lower than those the unsubstituted7 FePc or CoPc compounds 

4.4 Electrical resistivity 

Electrical resistivity of the prepared samples were measured using two 

probe method at various temperature range from room temperature to 250 °C. 

The resistivity of these oxides was found in the semiconducting range. Plot of 

resistivity log (p) versus inverse temperature are shown in figures 4.14 - 4.18. 

The resistivity of the phthalocyanines was measured from room temperature to 

150°C. Resistivity was found to decrease with increase in the temperature for 

all the compositions under investigation. 

Fig 4.14 shows the resistivity behaviour of Ce1_xFe,02 series during 

cooling cycles. Pure Cerium oxide is basically a poor oxide ion conductor. 

When trivalent dopant cations (M s+) substitute for Ce 4+;  one oxygen- ion is 

introduced for every second M 3+  cation. The conductivities are significantly 

enhanced in Cel..,Fe,02 solids by increasing the oxygen vacancies (V 0") 36 . The 

98 



L
og

  r
e

s
is

ti
v

ity
  

11 
RI  X 

M  X 
X 

	

ri  X 	A 

xxxNT  A 
XX me 

	

X in 	A 
4. ceo2 	 >K or 	A 

8.5 	
0 Fe0.1 	X 

A Fe0.2 	i(  e 	AA 
0 X E E Fe0.3 	• E 	A 	6 

x Fe2O3 V 	AA 	0 
X 	A 	41D 

ketAAAAAM 	A 	
0 • 40 

4$*  

I  ek 	eise 
• 

7.5 

1.5 
	

2 
	

2.5 
	

3 
	

3.5 

1000/T K 

Fig. 4.14 Variation of electrical resistivity of Ce 1 _x Fe,(02  with temperature 



electrical resistivity decreases systematically with increasing Fe substitution 

and reaches a maximum for the composition Ce03Fe0.302. 

For Cel,Snx02 series as shown in Fig. 4.15 all the samples 

show linear decrease in resistivity showing semiconducting behaviour. 

Resistivity value is highest for' Ce0•8Sno.202. SnO 2  is an n-type semiconductor 

since oxygen vacancies or interstitial Sn4+  are donor sites48'98. According to 

literature39  for Ce02-SnO2  samples the variation of log p Vs 1000/T show two 

different slopes, which may be assigned to two different conduction 

mechanisms, due to the migration of charge carriers in presence of pores. The 

sample lose water on dry argon flushing, indicating contribution of protonic 

conduction on wet samples. The progressing dehydration is accompanied by 

the decrease of conductivity. The conductivity of SnO 2  increases with 

increasing reduction or non-stoichiometry of the oxide. Doped SnO 2  are 

characterized by high electrical conductivity. A plot of log p Vs 1000/T for 

Sn i _ xMnx02  series is shown in fig.4. l 6. 

Similar observation can be made for Cel.xMn,02 series as shown in 

fig.4.17. The resistivity decreases with increase in temperature i.e. conductivity 

increases with temperature showing semiconducting behaviour. 

Phthalocyanines are a class of organic semiconductors, whose electrical 

properties have considerable importance owing to their potential application in 
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electronic devices and sensor systems. Achar and Lokesh 1°6  studied the 

electrical conductivity measurement for freshly prepared four polymorphs of 

CuPc in the temperature range 25-200 °C in the air atmosphere and found a 

marked difference in variation of electrical properties with temperature for 

different phases before and after the heat treatment. A phthalocyanine molecule 

is a good electron donor. The ring of N- atoms around the central metal atoms 

forms a potential well which is responsible for the semiconducting properties. 

Transfer of charge between molecules in films or single crystal is only possible 

by crossing the potential well 8. 

Electrical resistivities of the phthalocyanines were studied from 

room temperature to 150 °C. They showed decrease in resistivity with 

temperature. Resistivity pattern of the phthalocyanines is shown in fig.4.18. 

4.5 Magnetic susceptibility 

The magnetic susceptibility of different paramagnetic samples was 

determined by Gouy method at room temperature using field strength of 8000 

gauss. The magnetic moments in Bohr Magneton were calculated using an 

expression 

livff  2.84 x,„ x T, 

Where, z„ is the molar susceptibility at room temperature, T is the temperature. 
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The observed gram susceptibility of oxides is shown in table 4.1-4.3. 

Most of the samples are paramagnetic. The magnetic susceptibility values of 

Ce i _„Fex02  were in the range of 2.984x10 -6  to 14.37x10-6  cgs units. For 

Cei,Snx02 series, the values were 7.64x10 -6  to 2.68x10-6  cgs units decreasing 

with Sn substitution and for Cei_ xMn,(02 series, the values were in the range of 

4.06x 10-6  to 6.84x10-6  cgs units increasing with the Mn substitution. The 

magnetic moment also increases which comes from both Mnli+  and Ce3+  ions. 

For Sni_„Mn„02 series, the values were 5.16x10 -6  to 18.60x le cgs units 

increasing with Mn substitution. The diamagnetic nature gradually changes to 

paramagnetic nature with Mn substitution in SnO 2  doped samples. 

Among phthalocyanines, Cobalt phthalocyanine and Copper 

phthalocyanine are paramagnetic in nature. Achar and Lokesh i°6  studied the 

magnetic susceptibility of a, p, and 8 Copper phthalocyanine polymorphs at 

ambient temperature and varying the magnetic field strengths. They found that 

higher or lower values of [Leff  indicate the contribution of direct or super 

exchange intermolecular interaction spacing and inclination of the molecules in 

the crystal lattice. During the process of stacking, each Pc molecule is stacked 

to the neighboring molecule along the b-axis in such a way that each molecule 

is contributing either a nitrogen atom at inter-planar distance of 3.38 °A above 

or below the central metal. This inter-planar distance provide a suitable 
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Table 4.1 The Magnetic susceptibilitiy values of Ce1_ xFe,(02 and 

Ce1,Snx02 samples 

Sample Magnetic susceptibility 

(Xg  cgs units) 

1-teif (B.M) 

CeO2  2.984x 10-6  1.06 

Ce0.9Feo. I 02 8.987 x 10-6  1.80 

Ce08Fe0.202 11.2 x 10-6  1.95 

Ce0.7Fe0.302 14.37 x 10-6  2.14 

Ce0.9Sn0.102 7.39 x 10-6  1.66 

Ce0.8S no 202 7.20 x 10-6  1.63 

Ce0.7Sno 302 2.68 x 10 -6  0.99 

4_ 

Id 



Table 4.2 The Magnetic susceptibility values of Ce 1 ,Mn,(02 and 

Sn i _„Mn„02 series 

Sample Magnetic susceptibility 

(y cgs units) 

pefr (BM) 

Ce0.9Mn0.102 4.06x 10-6  1.21 

Ce0.8Mn0.202 4.98 x 10-6  1.30 

Ce0.7Mn0.302 6.84 x 10-6  1.48 

Mn02 84.98 x 10-6  3.84 

S110.9Mn0. 102 5.165 x 10-6  1.27 

Sno.8Mn0.202 9.2 x 10-6  1.66 

Sn0.7Mn0.302 18.6 x 10-6  2.17 

/e) 



Table 4.3 The Magnetic susceptibility values of 

Metal phthalocyanines 

Sample Magnetic susceptibility 

X8 cgs units 

geff (B.M.) 

Copper phthalocyanine 27.9 x 10-6  2.61 

Cobalt phthalocyanine 1.8 x 10-6  1.58 



pathway for spin- spin coupling interaction between adjacent metal atoms 

either directly or super exchange through the N atoms of the molecule. 

4.6 Saturation magnetization 

The saturation magnetization was measured for the magnetic samples 

such as a-Fe203 and FePc using hysteresis loop tracer. The results are shown in 

table 4.4. Since the magnetic susceptibility values are higher, magnetic 

moments were calculated for these samples using Nickel as a standard material. 

4.7. ESR Study 

ESR studies were carried out for various samples to get an insight 

about the photo-catalytically active and paramagnetic species. The technique 

was used as qualitative tool to ascertain the changes occurring with doping in 

CeO2 structure. ESR data of representative samples recorded at room 

temperature is presented in table 4.5. ESR spectra of some representative 

samples are shown in figures 4.19 a.-`. The line width depends on the 

relaxation time of the spin state through either or both of the processes. ( 1 ) spin 

-lattice relaxation and (2) spin-spin relaxation. The interaction of the 

paramagnetic ions with the thermal vibrations of the lattice leads to a short 

spin-lattice relaxation time. 
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Table 4.4 The observed Saturation magnetization values at 

room temperature 

No Sample Saturation magnetization 

emu/g 

1 Ni (standard)) 56 

2 ce-Fe203  3.18 

3 Iron phthalocyanine 2.1 

1/, 



Table 4.5 ESR data of representative samples at room temperature 

Sample g value 

:3- 

Line width 

(gauss) 

CeO2  3.8598 

4.4974 

384 

192 

Ce0.8Fe0.202 2.0080 

4.302 

672 

640 

Ce0.9Mn0.102 2.0041 400 

S no.9Mno.102 1.962 1680 

Ce0.8Sn0.202 4.5033 

2.0673 

192 

112 

CuPc 2.00277 500 

CoPc 2.5962 1912 



ESR signal in CeO2  is due to paramagnetic Ce 3+  anion vacancy 17'35 . 

The ESR spectrum of CeO 2  shows peaks at g = 3.85 and g = 4.49 due to Ce 3+ 

 type defects present in CeO2  crystalline structure 19. There is no ESR signal due 

to Ce-Mn because Mn 3+  and Mn4+  are ESR inactive. 

ESR spectra of copper phthalocyanine and cobalt phthalocyanine are 

presented in fig.4.19. The data are in agreement with the magnetic 

susceptibility measurement regarding the paramagnetic nature of the 

compounds. The ESR signal observed is due to -1/2 OH to +1/2 OH 

transition, where g is the Lande, or spectroscopies splitting factor, 0 is the 

electron Bohr magneton and H is the applied magnetic field. This single energy 

transition signal is modified with the axially symmetric copper phthalocyanine 

which has D4h symmetry 106. 

In an ideal case for CuPc, the unpaired copper d, (2_y2  electron 

residing in D4h symmetry interacts with its own nucleus of spin 3/2 and each of 

its four ligands nitrogen nuclei of spin 1. So, 36 discrete transition signals with 

the intensity ratio 1:4:10:16:19:16:10:4:1 for each of 4 subsets are expected. 

But all the ESR signals of copper phthalocyanine showed with partial 

resolution and overlapping of the hyperfine structure due to copper atom and 

superfine structures due to the 4 nitrogen atoms") . 
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Fig.4.19 b) shows ESR spectra of Ce0.8Fe0.202 sample recorded at 

room temperature. The spectrum shows a broad line with two low intensity 

peaks at g values of about 2.0 and 4.3. Fe 3+  has five unpaired electrons in the 

low field, high spin state ( 6S512) and only one in high field. In the former case, 

since the symmetry is spherical, g = 2.0080. Only one signal at the same g 

value would be observed in perfect tetrahedral or octahedral symmetries. In 8 

 distorted tetrahedral or distorted octahedral symmetries the powder spectrum 

can display signals with g from 2 to 6 when the symmetry is lower than Dan 

(orthorhombic) one can observe an isotropic signal in the range g = 4.29. 

In the present study, the g = 2.0080 in Ce0.8Fe0 202 sample is assigned 

to Fe3+  ions incorporated in the ceria lattice 35 . 
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PHOTOCATALYTIC STUDIES 

Semiconductor photocatalysis is an efficient way for the destruction 

of various pollutants. In this chapter the photocatalytic activity of CeO 2  and 

SnO2  with effect of dopants is being discussed with respect to Naphthol Blue 

Black dye degradation separately for series- I (Cel_„Sn.02), series-II (Ce l _ 

xFex02), series -III (Ce1..Mrix02), series- IV (Sn 1 .„Mnx02) and series- V (MPc) 

and Auramine dye degradation on selected series- I and series- V. These 

reactions are significant from the point of environmental pollution control. 

The surface area and band gap energy of the samples were correlated 

with the photocatalytic activity for the degradation of textile dyes. 

5.1 UV-visible spectroscopy 

The UV-visible spectrum observed for phthalocyanines originates from 

molecular orbitals within the aromatic 18 71 electron system and from 

overlapping orbitals on the central metal. The conjugated double bonds within 

the crystal structure create electron orbitals which overlap with molecular it 

orbitals. These electrons are able to transfer energy throughout the structure 

and are responsible for the absorption peaks4"9. 



The UV-visible spectra of the phthalocyanine core is dominated by two 

intense bands, the Q band around 680 mn and the B band in the near UV region 

at around 330 nm, both correlate to it — it transitions86. Copper phthalocyanine 

in pyridine showed absorbance at 673 nm. Electron withdrawing substituents 

cause a blue shift compared to the electroneutral CuPc, whereas electron-

donating substituents cause a red shift 32. The observed Amax  of the 

phthalocyanines are shown in table 5.1. The values obtained are in agreement 

with the literature 31  '83 ' 1" . 

5.2 UV- Vis diffuse reflectance spectroscopy 

The band gap energy of all the samples were calculated by recording 

UV-Visible diffuse reflectance spectra using BaSO 4  as a reference material. The 

band gap energy of the representative samples is shown in table 5.2-5.3. 

Fig 5.1 illustrates the reflectance spectra of CeO 2  sample. The spectra show that 

CeO2  has an intense absorption in the UV that trails into the visible region of the 

spectrum. The onset of absorption Of Ce0 2  was at —430 nm which corresponds 

to the band gap energy of calculated 2.8 eV. This value is consistent with the 

characteristics values given in the literature ie E = 2.8-3.2 eV 22 . 

Fig 5.2 depicts the reflection spectra of Ce0.2Fe 0.302. The sample show a 

reflection band similar to that recorded for the bare CeO 2. The intensity of this 

//or 



Table 5.1 UV- visible data of metal phthalocyanines 

Sr No Sample Wavelength (rim) 

1 Copper phthalocyanine 673 

2 Cobalt phthalocyanine 658 

3 Iron phthalocyanine 655 

4 Nickel phthalocyanine 667 

I/8 



Table 5.2 Band gap energy of Ce i .„Snx02 and Ce l ,Fe„02 samples 

Sr No Sample Band gap energy 

(eV) 

1 CeO2  
2.8 

2 Ce0.9Sno.102 2.36 

3 Ce0.8Sn0.202 4.26 

4 Ce0.7Sn0.302 3.38 

5 Sn02  3.67 

6 Ce0.9Fe0. 1 02 2.09 

7 Ce0.8Fe0.202 2.68 

8 Ceo  7Fe0.302 2.21 

9 ct-Fe203  2.17 

/ 4.9 



Table 5.3Band gap energy of Sn1,Mn, (02 samples and metal 

phthalocyanines 

Sr No Sample Band gap energy 

eV 

1 SnO2 3.67 

2 Sno.9Mn0.102 4.09 

3 Sno.8Mn0.202 4.1 

4 Sn0.7Mn0.302 4.29 

5 Mn02 3.64 

6 Copper phthalocyanine 2.87 

7 Nickel phthalocyanine 3.81 

8 Cobalt phthalocyanine 4.71 

9 Iron phthalocyanine 5.67 

"Pd 



Fig. 5.1 UV-Visible diffuse reflectance spectra of CeO 2  sample 
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band ascribed to a charge transfer process from oxide orbitals to Fe 3+  orbitals, 

increases with the increase of Fe content. Similar observations have been 

reported for a-Fe 203  loaded Zn07. Fig. 5.3 shows the reflectance spectra of 

Sn02. The spectrum of SnO 2  consists of a single, broad intense absorption below 

400 nm usually ascribed to a charge transfer process. 

5.3 Surface area measurement 

Surface areas of the prepared samples were measured using BET 

nitrogen adsorption method at liquid nitrogen temperature. The samples 

prepared by co-precipitation method possessed surface area as low as 2.7 m 2/g 

and as high as 26.41 m 2/g. The surface area of the sample decreases due to 

sintering. Surface areas of the prepared samples are shown in table 5.4-5.5. 

5.4 Photolysis study 

Samples prepared were tested for two model photolysis reactions such 

as photodegradation of textile diazo dye Naphthol Blue Black (NBB) and basic 

yellow Auramine 0 using oxygen and sunlight. The progress of the 

photocatalytic degradation was monitored by UV-visible spectrophotometer by 

measuring the absorbance of the dye solution at Amax. 
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Table 5.4 Surface area of Ce1_,,Snx02 and Ce 1 .„Fe„02 samples 

Sr No Sample Surface area 

m2/g 

1 CeO2  7.36 

2 Ce0.9Sno.102 3.21 

3 Ce0.8Sn0.202 4.98 

4 Ce0.7Sn0.302 6.07 

5 SnO2  8.05 

6 Ce0.9Fe0.102 8.92 

7 Ce0.8Fe0.202 5.62 

8 Ce0.7Fe0.302 3.86 

9 a-Fe203  26.41 

14C' 



Table 5.5 Surface area of Ce1.„Mn,02 and Sni.,,Mn„02 samples 

Sr No Sample Surface area 

m2/g 

1 CeO2  7.36 

2 Ce0.9Mrio.102 2.7 

3 Ce0.8Mno.202 6.5 

4 Ce0.7Mno.302 8.34 

5 Mn02 16.07 

6 SnO2 8.05 

7 Sno.91\4n0.102 3.91 

8 Sno.8Mn0202 5.8 

9 Sna7Mno. 302  7.73 



Naphthol Blue Black as received without further purification was used 

in the present investigations. The stock solution 10 -3  M was prepared by 

dissolving dye in distilled water. The photodegradation of the dye was observed 

taking 100 ml of the 10 -5  M dye solution and 200 mg of the prepared 

photocatalyst sample. The dye solution was first aerated by bubbling oxygen for 

5-10 min before adding the catalyst. The irradiation was carried out keeping the 

reaction mixture under sunlight during fixed period of time. 

The desired pH of the solution was adjusted by the addition of 

previously standardized HC1 and NaOH solution. The filtration was performed 

using Whatmann 41 filter paper to obtain the desired accuracy in measurement 

of absorbance (O.D.) of the dye solution. A UV-visible spectrophotometer was 

used for measuring absorbance at different time intervals. The X max  for the dye 

was determined by scanning the dye solution in the visible region from 400 — 

700 nm range with the help of an UV-visible spectrophotometer. 

The reaction was studied for various experimental conditions like using 

different amount of the catalyst, without aeration, without catalyst, without 

irradiation and changing the pH conditions from acidic to basic. The degradation 

products were analysed by HPLC analyzer for qualitative analysis of the dye 

sample for the representative sample. 



The UV-visible spectrum of the Naphthol Blue Black is shown in Fig. 

5.4 The NBB dye has absorption in visible region at 1.. m„„ 618 nm in water. 

5.4.1 Optimisation of catalyst loading 

The optimum amount of the catalyst for solar induced photocatalytic 

degradation of Naphthol Blue Black was found to be around 200 mg for 100 ml 

of the dye solution as shown in Fig.5.5. The dye degradation rate increases with 

the amount of photocatalyst. Which • may be attributed to the increase in the 

exposed surface area of the semiconductor. But after a certain limit (200 mg) if 

the amount of photocatalyst is increased further, there will be a saturation point. 

According to 0. E. Kartal et al b  the amount of photocatalyst affects both the 

number of active sites on photocatalyst and the penetration of light through the 

suspension. As the amount of photocatalyst increases, the number of active sites 

increases although the penetration of light into the suspension decreases due to a 

shielding effect. Neppolian et al ;  reported that beyond the optimum dose of 

catalyst loading the solution becomes more opaque and the degradation rate 

decrease due to the retardation in the penetration of light. It has been also 

reported by S. Sakthivel et al' 42  that increasing the loading of photocatalyst 

increase the rate of deactivation of activated molecules by collision with ground 

state photocatalyst. 
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5.4.2 Effect of Oxygen 

Oxygen is an electron scavenger and it traps the photogenerated 

electrons from the conduction band forming 02 ions and thus preventing the 

electron — hole recombination' 53 . In the absence of oxygen, electron — hole 

recombination occurs thus decreasing the rate of degradation. Similar results 

were observed by T. Zhang et al 115  and others5  reported that dissolved 0 2  in the 

reaction plays an important role by trapping the conduction band electrons 

forming super oxide ions (02) and thus delays the electron — hole recombination 

(02 + 02) and at the same time H202 is formed from 02. 

5.4.3 Effect of pH 

Dye degradation was studied at different pH conditions. pH of the 

medium is one of the important factor for the degradation because of the 

amphoteric nature of most of the semiconductors 14o153 . It has been observed that 

degradation of dye is faster in alkaline pH ie at pH 10. In alkaline medium, there 

is a greater probability for the formation of hydroxyl radical (OK which can 

act as an oxidant, thus increasing the rate of photodegradation of the dye r `'. 

According to J. Luo et al 1°2  the photoelectrochemical degradation rate 

of NBB dye is almost constant in the pH range 1.0 — 4.5 and decreases for the 

pH values higher than 4.5. While at low pH the main radicals formed in the 

/8/ 



reactions of the medium with surface holes hv B  are most likely C1 2 * -  and Cl*, the 

increasing pH is favouring the formation of hydroxyl radicals OH, a different 

main degradation path for NBB is expected at pH > 4.5. At higher pH, the 

absorption spectra does not change considerably, only less time is required for 

the dye degradation to complete. 

Increase of pH of the dye solution from 4 to 10 increases the 

photocatalytic reaction from 20 to 90% at 240 min. The photocatalytic 

degradation was faster in alkaline pH than in acidic pH range. Similar 

observation has been reported earlier 121 . At acidic pH range the removal 

efficiency is minimum. This is because at low pH value the semiconductor 

particle agglomeration reduces the dye adsorption as well as photon absorption. 

In the azo dye, the azo linkage (-N = N-) is particularly susceptible to 

electrophilic attack by hydroxyl radical. But at low pH the concentration of H +  is 

in excess and H ions interact with azo linkage decreasing the electron densities 

at the azo group. Consequently, the reactivity of hydroxyl radical by 

electrophilic mechanism decreases. 

At alkaline pH the negative surface of the semiconductor with OH -  ions 

act as an efficient trap for the photo-generated holes and produce hydroxyl 

radicals. At higher pH, the hydroxyl radical and 02 radical can easily diffuse 



from the negative surface of semiconductor into the bulk of the reaction 

solution. Hence hydroxyl radical is responsible for dye degradation. 

Fig. 5.6 shows the percentage conversion rate of NBB dye for various 

experimental conditions with time. In absence of 0 2  and catalyst the dye is 

unable to degrade on irradiation with sunlight. Under solar irradiation, along 

with oxygen and catalyst the dye is degraded completely with a time of 240 min. 

Absorption spectra obtained after completion of the NBB dye degradation 

indicate that the degradation products are colourless. Thus, the photocatalytic 

degradation provides an efficient way to mineralize this textile diazo dye. The 

concentration of NBB dye in the solution was determined by measuring the 

absorbance (A) of the dye solution at = 618 nm. According to M. 

Muruganathan et al 154  decolourisation is due to destruction of chromophoric azo 

bond of the dye molecule. The calibration experiments show that the absorbance 

at 618 nm is proportional to NBB dye concentration. All the prepared samples 

were tested for their photocatalytic degradation efficiency with respect to time. 

5.5 Photodegradation of NBB dye 

5.5.1 Series I (Ce l..„Sn x02): 

The photocatalytic degradation of Naphthol Blue Black with time over 

Ce08Sno. 202  is shown in fig 5.7 a). It was observed that concentration of the dye 
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solution decreases with irradiation time. CeO 2  has negligible activity for the 

degradation of NBB dye. When it is doped with Sn it shows higher 

photocatalytic activity. As the x increases, the photocatalytic activity increases 

and it is maximum for Ce0 •8Sno.202. Again for Ce07Sno.302 photoactivity 

decreases. SnO2 show photoactivity between x =0.2 and x=0.3. This is because 

Sn substitution for Ce in CeO2  lattice results in a decrease in the rate of 

photogenerated electron-hole recombination which is attributed to increase in 

the band gap with Sn content in the . Ce i _„Snx02 system. When the system is 

illuminated by light of adequate wavelength, some electrons are promoted to the 

conduction band. Since the conduction band shifts toward higher potential, the 

energy of the electrons on the conduction band is enough to reduce oxygen in 

air. Thus, the photoexcited electrons and holes on the solid solution can be 

separated effectively and have a longer lifetime. Therefore, the increase in the 

photocatalytic oxidation-reduction potential of the semiconductor is inferred to 

be the origin of the enhanced photoactivity of Ce l .,Snx02 system. 

Degradation rate was faster in alkaline pH as observed by others 121 . 

SnO, has higher conversion rate at pH 10 as shown in fig. 5.7.b. 

5.5.2 Series —II Ce l _„Fe,02  : 

Ce l _,Fe,02  (x = 0, 0.1, 0.2, 0.3 and 1.0) show similar results for the 

photocatalytic degradation of NBB dye. As the x increases, the band gap 
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becomes higher which helps in enhancing the photocatalytic activity. a-Fe 203 

 has higher activity than CeO2  for the degradation of NBB dye. Photoactivity 

increases with Fe substitution due to increase in band gap. It is maximum for 

Ce0 .8Fe0.202 sample which is shown in fig 5.8. NBB dye is completely degraded 

with doped samples in sunlight. The higher photocatalytic activity is attributed 

to enhancement of redox couple of CeO 2  and change in band gap. Reaction was 

carried out at various pH conditions and alkaline pH show higher photocatalytic 

activity as shown in fig. 5.9. In alkaline medium, there is greater probability for 

the formation of hydroxyl radical (OH*), which can act as an oxidant, thus 

increasing the rate of photodegradation of the dye. 

5.5.3 Series III Cei,Mnx02: 

Photocatalytic degradation of NBB dye over Cel_„Mn, (02 (x = 0, 0.1, 0.2, 

0.3 and 1.0) samples was carried out under irradiation of sunlight. It was 

observed that Mn02  shows very little activity for the degradation of NBB dye. 

Degradation rate increases with increase in exposure time. Ce 0. 7Mn0 . 302  show 

maximum conversion rate. Mn doped samples show less activity as compared to 

other dopants which can be correlated with the increase in band gap energy. 

Larger band gap prevents the electron — hole recombination. Conversion rate for 

Ce 1 _,Mn,02  series is shown in fig. 5.10. 
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5.5.4 Series IV; Sn i_xMirlx02 

SnO2  has been proved to be a good photocatalyst for the degradation of 

NBB dye using visible light which takes longer irradiation time. Sn1..Mnx02 

(x = 0, 0.1, 0.2, 0.3 and 1) samples show considerable photoactivity. Mn doped 

SnO2  samples have large band gap which improves the photocatalytic activity 

for the degradation of NBB dye. Among all the samples Sn o.7Mn0.302  show 

better activity. Photocatalytic degradation of dye is faster in alkaline medium as 

compared to neutral medium. Dye degrades completely with less time. Fig. 5.11 

show degradation of NBB with time over Sn 3 _xMn,02  samples. 

It is not only the band gap responsible for photocatalytic activity, 

besides other factors such as surface morphology of the catalyst, active sites, 

valence states etc may be also responsible in photodegradation reaction. 

5.5.5 Series V; MPc (M = Cu, Ni, Co, Fe) 

Photodegradation of NBB was carried out on metal phthalocyanines 

under solar irradiation. Phthalocyanines are organic semiconductors and can be 

efficiently used as photosensitizers and photocatalysts. They show good 

photocatalytic activity for the degradation of NBB dye. Band gap energy of 

these phthalocyanines are shown in table 5.3. Iron phthalocyanine has large 

band gap than copper, cobalt and nickel phthalocyanine. Metal phthalocyanines 
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degrades naphthol blue black dye when irradiated under solar light. CuPc show 

lowest conversion value. Absorption spectra obtained after completion of the 

NBB dye degradation indicate that the degradation products are colourless. 

Thus, the photocatalytic degradation provides an efficient way to mineralize this 

textile diazo dye. Fig 5.12 shows the % conversion of NBB dye with time on 

MPc. 

5.6 comparative study of all the compositions 

Comparision of photodegradation for different compositions was 

made. Fig.5.14 shows percentage conversion values for NBB dye degradation 

against composition (x) after 240 min photoirradiation for different series. 

Among different compositions under investigation, Ce1_,Snx02 series 

show highest photocatalytic activity for the degradation of NBB dye. 

Photoactivity increases with x and it is highest for Ceo8Sno.202 and again 

decreases for Ce0.7Sn0302. After irradiation for 240 min under sunlight 

Ce0 8Sn0202  show almost 80% conversion at pH 7. Cel_,Fe,02 also shows 

similar activity. In this series Ceo8Fe0202 has same conversion value as that of 

Ceo xSn0 702. This may be due to enhancement of Ce - Ce 4+  redox couple and 

improvement of band gap energy. 
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In this study, Cei_xMn02 series show lowest activity for the 

degradation of NBB dye. The photocatalytic activity increases from 

Ceo 9Mno 1 02 to Ce0.7Mn0. 302. Also Sni_xMn,02 compositions show intermediate 

activity. It is higher than Cei_xMnx02 series but lower than Ce i _,Snx02 and 

Cel,Fex02 series. The photocatalytic activity increases from Sn o9Mn0. 1 02  to 

Sno.7Mno 302- 

5.7 Analysis by HPLC method 

The degradation products were analyzed by high performance liquid 

chromatography (I-IPLC) using Novapak C18 column. The mobile phase was 

composed of 70% methanol / 30%water at a flow rate of lml/min. In 

chromatogram A, before solar irradiation, sharp peak appeared with retention 

time equal to 2.711 min which is not observed in chromatograms B and C which 

are taken after 60 min and 240 min irradiation with solar light respectively. This 

indicates that chromatogram A is different from chromatograms B and C as 

shown in figure 5.15. 

Small peaks in chromatogram B with the retention time 4.016 min 

and 4.669 min are not observed in chromatogram C but peak at retention time 

4.669 min is observed in chromatogram A but of lesser intensity than B. 

Therefore chromatogram B is intermediate between A and C. The formation of 
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Fig 5.15 HPLC chromatograms of NBB dye degradation A) Before 
degradation B) Intermediate and C) After degradation 
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CO 2, SO42-, NO3-  and NH4+  was identified. This observation is similar to 'that 

reported earlier 138 . 

5.8 Mechanism 

Many investigators have suggested various mechanisms for the 

degradation of dye pollutants 121
'
155

'
156

. On exposure to solar radiation, the 

semiconductor (SC) will be excited to give SC*. This excited state will provide 

an electron (e-) in the conduction band leaving a hole in the valence band. This 

electron is then trapped by molecular 0 2  forming 02-  ions. The valence band 

hole generates hydroxyl radicals (OH) from hydroxyl ions, which can easily 

attack the adsorbed dye, thus leading finally to their complete mineralization. 

hV 
SC *  

• • • • • • • • • • • 	e CB + 
± 

VB 

e-o3  + h+vB  ......... 	Recombination --* heat 

ecB + 02 	02 

02-  + H+ 	— H0 2 	 .5 

H02  + H02  .... 	H 202  +02 	 .6 

h+vB + OH -  .......... 	OH 

_ degraded product(CO 2, NH - 	03 -, SO42-  ) 
• 

This observation is similar to that observed by 14, 4 .  

SC 

SC* 



5.9 Photocatalytic study of Auramine 0 dye 

Photocatalytic degradation of Auramine 0 dye was carried out on 

selected samples. The stock solution was prepared by dissolving dye in distilled 

water. 100 ml of the 10 -5  M dye solution was aerated by bubbling oxygen for 2-5 

min. To this, 100 mg of the prepared photocatalyst was added which was found 

to be the optimum amount for the degradation of 100 ml dye solution. The 

reaction mixture was stirred and kept in the sunlight for irradiation. After every 

hour small quantity of the reaction mixture was taken out, filtered and 

absorbance was noted down. The X i-na, of the dye solution was determined by 

scanning the dye solution in the visible region from 400 — 700 nm using UV-

visible spectrophotometer. Auramine 0 dye absorbs at wavelength 432 nm. The 

pH of the solution was adjusted by addition of previously standardized HC1 and 

NaOH solution. Fig 5.16 shows UV-visible spectrum of Auramine 0 dye. 

The reaction was studied for various experimental conditions like 

optimization of catalyst amount, with 0 2  and without 02, without using catalyst 

and with catalyst, only dye etc. The optimum amount of catalyst was found to be 

100 mg for the degradation of 100 ml of 10 -5  M Auramine 0 dye solution as 

shown in fig 5.17. It was found that dye is unable to degrade in dark. Also 

degradation is not possible without catalyst and without 0 2 . Since oxygen is an 

electron scavenger it prevents electron — hole recombination. 
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5.9.1 Series I ; Ce1_xSnx02 

L. 
	 Ce i _xSnx02 samples were tested for the photocatalytic degradation of 

Auramine 0 dye. It was found that Sn doped samples efficiently degrades 

Auramine 0 dye when irradiated under sunlight. Ce0 2  is not a good 

photocatalyst for the degradation of dye under solar light. It has low band gap 

energy which does not prevent electron — hole recombination. When it is doped 

with Sn, band gap is increased due to which doped samples show better activity 

for the degradation of Auramine 0 dye. As the x increase the band gap increases 

and it is higher for Ceo8Sno.202 which shows highest activity. Fig. 5.18-5.19 

shows degradation of Auramine 0 dye on Ce 1 _,Sn,02. 

5.9. 2 Series V; MPc 

Photocatalytic degradation of Auramine 0 dye was carried out on 

metal phthalocyanines. Among phthalocyanines Iron phthalocyanine show 

highest activity for the degradation of dye and copper phthalocyanine has lowest 

activity. This is because of variation in band gap energy. FePc has band gap of 

5.67 eV whereas CuPc has band gap 2.87 eV. NiPC and CoPc shows 

intermediate photoactivity. Auramine 0 dye is decolourised within 5 hours time 

after irradiation in sunlight in presence of photocatalyst and oxygen. Fig. 5.20 

shows conversion of Auramine 0 on MPc. 
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CONCLUSION 

Heterogeneous semiconductor photocatalysis is an advanced 

oxidation or degradation process to eliminate organic and dye pollutants in 

water. Photocatalytic reactions have received special attention in the 

decomposition of hazardous organic compounds because of their complete 

mineralization ability and possible application to pollution control using solar 

energy that is freely available almost throughout the year. 

In the present investigation, studies were carried out on 
• 

semiconductor oxides, mixed oxide solid solutions and phthalocyanines with 

an aim to correlate their solid state and photocatalytic properties with the 

substitution of different metals. The oxide samples investigated were prepared 

by co-precipitation method, which on sintering gave solid solutions. 

X-ray studies confirmed that the prepared samples are monophasic 

and in well crystalline form. Ceria can form solid solution with other elements 

up to 30% mole maintaining cubic fluorite structure. CeO 2  is having cubic 

fluorite structure and SnO 2  is in tetragonal phase. All Ce 1 .„Snx02 samples from 

x = 0.1 to 0.3 are having cubic structure with decrease in lattice parameter due 

to introduction of small size Sn atom into the Ce0 2  crystal lattice. Ce l _,Fe,O, 

from x = 0.1 to 0.3 also show similar cubic fluorite structure with decrease in 

lattice parameter whereas Fe203 has a hexagonal structure. From Ceo 9Mno.102 



to Ce0.7Mn0.302  show cubic fluorite structure with increase in lattice parameter 

due to large ionic size of Mn atoms. Similarly Sn i .xMn,(02, from x = 0.1 to x = 

0.3 show tetragonal structure. Phthalocyanines have stable f3 phase with square 

planar structures. 

The FTIR is an important tool to see gradual changes taking place in 

the metal oxygen bonding on substitution of metal ion in the oxides. In the IR 

spectra of doped compounds evolution of new bands can be observed with 

metal substitution. The frequency of these bands has been related to the 

strength of metal — oxygen covalency. 

In Cei _ Sn,(02 (x = 0, 0.1, 0.2, 0.3 and 1.0) samples, it is observed 

that with the substitution of Sn 4+  in CeO2 the absorption peak observed at 

852cm-I  gets reduced. And there is appearance of peaks at 620 and 670 cm' 

due to Sn-O vibrational modes. For Cei_,;Fe.02 samples, x = 0.3 show two 

-1 sharp absorption peaks at 600 and 652 cm which are of Fe — 0 bond and peak 

at 852 cin-1  gets reduced which is of Ce-O stretching vibrational mode. The 

a-Fe203  shows intense bands. 

In the IR spectra of Cel.,Mn,02 series, it is observed that as x 

increases the Ce-O vibrational modes starts disappearing and there is evolution 

of Mn-O bands at 510 and 580cm 1 '. These bands are of strong intensity in 

Ce0.7Mn0.302 than Mn02. Similar observations were made regarding the IR 
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spectra of Sn1_Nn,(02 samples. IR spectra of phthalocyanine show absorption 

peaks around 1121-1123, 1090- 1092, 1067 - 1070, 947- 949, 872 - 885 and 

754 cm' due to phthalocyanine skeletal vibration. In NiPc, FePc and CoPc 

complexes similar bands can be observed. 

Thermal studies were carried out on the co-precipitated hydroxides to 

study their decomposition behaviour and revealed that overall decomposition 

pattern is similar with three distinct steps. The loss of moisture in the range of 

100 - 150°C, followed by hydroxide decomposition between 150 — 350°C and 

initiation of a solid state diffusion leading to solid solution between 400 — 

700°C. The solid solution formation appears to take place over a large range of 

temperature after decomposition. Phthalocyanines do not have a sharp melting 

point they decompose at elevated temperature. Among all the phthalocyanines 

under study Cobalt phthalocyanine has higher stability. 

Electrical resistivity measurement with temperature showed that the 

resistivity pattern of all the compositions decreases exhibiting the 

semiconductor behaviour. CeO 2  and SnO2  are n-type semiconductors. On 

doping Ce02 with Sn 4+  electrical resistivity increases with x and it is maximum 

for Ce0.8Sno.202. Similarly on substituting Ce 4+  with Fey ` and Ivin 4+  electrical 

resistivity increases due to formation of oxygen vacancies. Phthalocyanines 

also show typical semiconductor behaviour. 
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Magnetic susceptibility studies showed that CeO 2  is paramagnetic 

and SnO2  is diamagnetic. The intermediate compositions are paramagnetic and 

the susceptibility value decreases with the substitution of Sn. Also geff values 

decreases with Sn substitution. Similarly for Cei,Fe.02, Cei_„Mn,(02 and 

Sni .„Mnx02, the intermediate compositions are paramagnetic and the gram 

susceptibility value increases with x. Also p,ff values found to increase with 

substitution of Fe and Mn metals. Among phthalocyanines, Cobalt 

phthalocyanine and copper phthalocyanine are paramagnetic and contains one 

unpaired electron. The g eff  values are slightly lower than the expected values 

due to contribution of direct or super exchange intermolecular interactions. 

Nickel phthalocyanine is diamagnetic due to planar symmetry. The saturation 

magnetization values showed that Fe 203  exhibit ferromagnetic behaviour. 

ESR spectra recorded at room temperature showed broad line width 

for some of the recorded compositions. This may be due to the paramagnetic 

ions with a nuclear moment having a short lifetime of excited state because of 

larger size rare earth ions in the samples. ESR data are in agreement with the 

magnetic susceptibility data regarding the paramagnetic nature of the samples. 

UV-Visible Diffuse Reflectance of the semiconductor 

photocatalysts was carried out to find out the band gap energies. These band 

gap energies were attempted to correlate with the photocatalytic activity in the 
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dye degradation process. Large band gap help in inhibiting electron — hole 

recombination. 

A significant increase in the photocatalytic activity for the 

degradation of Naphthol Blue Black dye was observed by substitution of Sn 4+ 

 and Fe3+  in CeO2  crystal lattice. This may be due to the enhancement of 

Ce4+- Ce3+  redox couple and improvement of band gap energy. As the x 

increases in the series band gap is increased. However slight increase in the 

photocatalytic activity was observed for Mn substitution in CeO 2  lattice. SnO2 

is a good photocatalyst for the degradation of dye. Slight increase in the 

photocatalytic activity was observed for Mn substitution in SnO 2  crystal lattice. 

Also metal phthalocyanines show better photocatalytic activity. Among all the 

phthalocyanines, iron phthalocyanine has higher activity than others due to 

large band gap energy. The pH of the solution is an important factor in 

determining the photocatalytic activity. 

It was found that textile diazo dye NBB can be degraded efficiently 

using semiconductor photocatalysts with solar light. The NBB dye degrades to 

a colourless solution after 240 min irradiation time. The formation of CO 2, 

NH4+, NO3" and SO42-  was evidence for the complete mineralization of the 

NBB dye. The mechanism involves formation of OH radical which is an active 



oxidizing agent for the degradation of NBB dye. 0 2  prevents recombination of 

electron — hole pairs thus enhancing the reaction rate. 

Also photocatalytic degradation of Auramine-0 dye over selected 

samples showed good results. Metal phthalocyanines are good photocatalysts 

for the degradation of Auramine dye. Among all FePc show higher 

photoactivity than others due to large band gap energy which prevents electron 

hole recombination. For Ce i _„Sn.02 series, Ceo.8Sn0.202 show better activity 

than other doped samples. CeO2  show very little activity. 

It is concluded that the photocatalytic degradation of hazardous 

chemical wastes and dye pollutants with semiconductor photocatalysts are 

economical, thermally stable and equally efficient but still the following 

strategies need to be considered for better performance: 

1. Selection of the dopants that principally determine the photocatalytic activity. 

2. Valency and vacancy control by the selection of dopants. 

3. Enhancement of surface area by forming fine particles such as nano particles or 

dispersing on supports. 

4. Improving favourable band gap either by using coupled semiconductors or by 

doping. 

5. May be also by addition of precious metals with their appropriate regeneration 

to realize a high performance of the catalyst. 
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