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Abstract 

A metal-organic hybrid compound named potassium hydrogen oxalate oxalic 

acid dihydrate (KHOOD) single crystal is synthesized using solvent evaporation 

technique at room temperature. Synthesized crystals are thoroughly characterized using 

various methods such as single crystal XRD (SCXRD), powder XRD (PXRD), UV-vis 

analysis, FTIR, TGA-DTA, DSC, photoluminescence, Vickers microhardness, SEM-

EDAX, I-V and dielectric measurements. The synthesized crystal belongs to centro-

symmetric space group P-1 with triclinic crystal system and from I-V studies negative 

photoconductivity effect is observed suggesting their use as photoresistors. Further, 

doping studies were carried out for the synthesized KHOOD crystals where, 

commercially purchased Amaranth dye and pre-synthesized Co(OH)2 nanoparticles 

were used for doping KHOOD single crystals. The presence of Co(OH)2 nanoparticles 

in the crystal system were confirmed through XRD, EDAX and PL measurements. The 

effect of nanoparticle incorporation on the optical, thermal and electrical properties of 

the crystals were studied with the help of UV-vis, TGA-DTA, I-V and dielectric 

measurements. From I-V and dielectric measurements it was confirmed that the 

conductivity increases as the dopant concentration increased. Influence of amaranth dye 

on the KHOOD single crystal was also investigated. The effect of dye molecule on the 

crystal of KHOOD was studied using XRD, UV-vis, SEM-EDX, PL, TGA-DTA and 

I-V measurements.  

  The defect induced studies were performed for different dosage of Gamma 

irradiations. The structural, optical and electrical properties of the irradiated crystals 

were studied and results were analyzed. The effect of irradiation on the crystal lattice 

for different dosage was investigated. As the irradiation dosage increased, the crystal 

conductivity decreases which consequently led to increase in its resistivity which is also 

true in case of light irradiated crystals.  

Further, a detailed study is conducted to understand the differences between 

Oxalic acid dihydrate (OAD), Potassium oxalate hydrate (KOH), Potassium hydrogen 

oxalate oxalic acid dihydrate (KHOOD) for comparing their physical properties. The 

crystals of these compounds were studied using PXRD, UV-vis, PL, TGA-DTA, I-V 

and Vickers microhardness studies to understand the physio chemical changes brought 

about by the complexation of the oxalic acid. 
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1  

CHAPTER 1 

INTRODUCTION 

Overview  

This chapter provides a detailed description of crystals, importance of crystals and, 

different methods used for crystal growth. This chapter gives a detailed literature 

survey on metal oxalate single crystals using solution method. Further, the research 

objectives and the organization of the thesis is mentioned. 

1.1 Background and motivation 

Ancient Greeks used the word ‘crystal (krustallos)’ to imply clear, transparent and 

hard ice. Pythagoras used the word ‘crystal’ to imply perfection, harmony and beauty. 

The enchanting appearance of crystals through their colour, transparency, shape and 

healing power as believed by some have always fascinated humans from the beginning 

of the Stone Age. Crystals were seen as mesmerizing work of nature, their internal 

structure ultimately bestow them with their unique external appearance or morphology. 

The crystal is a solid formed through three-dimensional periodic array of identical 

building blocks of a material (atoms, molecules or ions). Crystals may contain 

imperfections and impurities affecting their properties. The early crystallization 

experiments in 18th and 19th century formed the basis for the fundamental aspects of 

crystal growth. However, theoretical understanding of the process was not known until 

the development of thermodynamics in the late 19th century. Further, in the 20th century, 

nucleation and crystal growth theories gave a better understanding of the process [Kittel 

2012].   

A crystal is a solid material in which constituent atoms, molecules or ions are 

arranged in a regular repeating pattern in all three spatial directions, showing long range 

periodicity and symmetry. The building blocks may be ions, atoms or group of atoms. 

Further, a crystal is always characterized by anisotropy [Pring 2006]. In single crystals, 

distribution of basic constituents like atoms is continuous throughout the crystal 

without any discontinuous boundaries. Single crystals are difficult to grow when 

compared to polycrystalline materials. Perfect single crystals are rare in nature and they 
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have to be grown in laboratory in well controlled experimental conditions. They possess 

long range ordering and symmetry. The extra effort taken in growing single crystals is 

formidable due to the uniformity in composition and absence of grain boundaries. The 

aggregation of many small crystals with different orientations gives polycrystalline 

solid. These crystals in polycrystalline solid are microscopic and are known as 

crystallites. Polycrystals contain grain boundaries. If one desires to know some bulk 

properties of a material and measures those properties on a polycrystalline specimen, 

then the measured property would be that of the grain boundaries and not the bulk 

material. Electrical conductivity of semiconductors is always impurity-sensitive.  

Impurities tend to segregate at grain boundaries and thereby affecting the electrical 

properties of the semiconductors. Similarly, grain boundaries and associated voids 

cause light scattering, and thus single crystals are often required in optical studies.  

Good quality single crystals are needed for fabrication of high performance devices. 

Much better frequency stability and lower acoustic losses can be achieved in single 

crystals than in polycrystalline aggregates. Thus single-crystal piezoelectric crystals, 

such as quartz are used for frequency-control elements. The existence of lasers and 

masers has created new demands for single crystals for research and applications. 

“Today, man lives on the boundary between the Iron Age and a new Materials 

Age” said the Cocke and Clearfield [Cocke and Clearfield 1987]. Nobel laureate Sir 

George Thomson in 1987 made us aware of the upcoming material revolution which is 

still accelerating. Technology demands efficient materials for its implementation. Best 

example is the growth of electronics industry witnessed by advancement of 

semiconductor materials like silicon, germanium, gallium arsenide, etc. Crystal growth 

is an interdisciplinary subject which involves physics, chemistry, metallurgy, chemical 

engineering, crystallography, mineralogy and so on. The scientific study of crystal 

structure and symmetry is called crystallography. They are essential part of electronic 

industry, photonic industry and fiber optic communications. Good quality crystals are 

required for the production of semiconductors, superconductors, polarizers, 

transducers, radiation detectors, ultrasonic amplifiers, ferrites, solid state lasers, electro-

optic devices, acousto-optic devices, crystalline films for microelectronics and 

computer industries. The recent rapid advancements in microelectronics, photonics and 

fiber optic communications shows the strong impact of single crystals in the present 
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day technology. Growth of defect free single crystals and their characterization towards 

device fabrication have received great impetus due to their importance in both applied 

and academic research. 

1.2 Importance of Crystals 

Optoelectronics and laser technology are boosted with new optical materials 

especially nonlinear optical materials like lithium niobate, lithium tantalate, KDP, etc. 

It is difficult to imagine the photonic industry without crystals. Dr. Tadahiro Sekimoto, 

a Japanese businessman and scientist has accurately put forward the necessity of 

developing novel materials for advancement of technology as, “one who dominates 

materials dominates technology” [Sass 2011]. The rapid development of new materials 

has established materials science as a well-established discipline. As crystal is a basic 

building block of a solid-state material, growing newer and better crystals from existing 

and future techniques is inevitably important. Some recently developed types of crystals 

like photonic crystals and quasi crystals are gaining their ground. 

Over the past few decades there has been significant advancement in the field of 

opto- electronic device fabrication and to achieve highly efficient devices, good quality 

single crystals are needed. Growth and characterization of defect free single crystals 

has assumed great scope and significance in view of their importance for both scientific 

research as well as cutting edge industrial applications. 

The stages involved in the synthesis of single crystals include proper selection of 

growth technique, understanding growth behavior, setting up optimized growth 

parameters, characterization and utilization of these crystals in devices and finally 

extension from laboratory to commercial production. 

The search for newer crystals and faster crystallization techniques has driven the 

scientific community to understand the growth methodology better and design 

improved growth equipments. Hence there exists unending scope for crystal growth 

theory and technology. 

1.3 WHAT IS A CRYSTAL? 

A crystal is a solid composed of atoms or other microscopic particles arranged in 

an orderly repetitive array. The three general types of solids - amorphous, 

polycrystalline and single crystal are distinguished by the size of ordered regions within 

the materials. Order in amorphous solids is limited to a few molecular distances. In 
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polycrystalline materials, the solid is made up of grains which are highly ordered 

crystalline regions of irregular size and orientation. Single crystals have long range 

order and possess translational symmetry. The atomic arrangement in a crystal is called 

crystal structure. In a perfect crystal, there is a regular arrangement of atoms. This 

periodicity in arrangement generally varies in different directions. It is very convenient 

to imagine points in space about which these atoms are located. Such points in space 

are called lattice points and the totality of such points forms a crystal space lattice. If 

all the lattice points are identical, the lattice is called Bravais lattice. Thus, the three-

dimensional space lattice may be defined as a finite array of points in three dimensions 

in which every point has identical environment as any other point in the array. 

For a three-dimensional lattice 
 

�⃗⃗� = 𝑛1𝑎1⃗⃗⃗⃗  + 𝑛2𝑎2⃗⃗⃗⃗  + 𝑛3𝑎3⃗⃗⃗⃗  
Where, n1, n2 and n3 are integers and 𝑎1⃗⃗⃗⃗ , 𝑎2⃗⃗⃗⃗ , 𝑎3⃗⃗⃗⃗  are fundamental translation vectors 

which are characteristic of the array [Cubillas and Anderson 2010]. 

A crystal is likely to exhibit an external morphology of planes which make 

characteristic angles with each other if the sample being studied happens to be a single 

crystal. In three dimensions, triclinic is the most general lattice. The simplest primitive 

cell of triclinic is a parallelepiped with all angles different from 90º and primitive 

translation vectors a⃗ , b⃗  and c  are of different lengths. However, thirteen “special lattice 

types” are generated by considering relationships between sides and angles. Thus, in 

total, there are 14 Bravais lattices which can be grouped into seven crystal systems as 

shown in Table 1.1. 

Table. 1.1. The seven crystal systems and the fourteen Bravais space lattices. 

System Interfacial 

angles (α, β, 

γ) 

Axial 

length of 

unit cell 

Bravis lattices Examples 

Cubic α=β=γ=90° a=b=c Primitive (P) Sodium chloride 

(NaCl) 

Cesium chloride 

(CsCl) 

Face centered (F) 

Body centered (I) 

Tetragonal α=β=γ=90° a=b≠c Primitive (P) Nickel sulphate 

(NiSo4) Body centered (I) 
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Orthorhombic α=β=γ=90° a≠b≠c Primitive (P) Ammonium 

sulphate 

((NH4)2SO4) 

Iodine (I2) 

Face centered (F) 

Body centered (I) 

Base centered (C) 

Monoclinic α=γ=90°≠ β a≠b≠c Primitive (P) Potassium 

chlorate (KClO3) Base centered (C) 

Hexagonal α=β=90° 

γ=120° 

a=b≠c Primitive (P) Graphite (C) 

Rhombohedral α=β=γ≠90° a=b≠c Primitive (P) Sodium nitrate 

(NaNO3) 

Triclinic α≠β≠γ≠90° a≠b≠c Primitive (P) Copper sulphate 

(CuSO4) 

 

1.4 THEORY OF CRYSTAL GROWTH 

Matter in the universe is present in different states or phases in which it can attain 

maximum stability. A system always prefers most stable state through energy transfer 

with surroundings. Different phases in which a matter can exist at particular pressure 

and temperature can be explained by a phase diagram. Each phase has chemical 

potential (Δμ) or energy associated with it which is used as work done while phase 

transition. Chemical potential is defined as amount of work done in order to change 

number of particles in a phase by unity. Two phases are in equilibrium when their 

potentials coincide. Consider two phases of a matter as A and B, with potential energies 

𝛥𝜇𝐴 and 𝛥𝜇𝐵 respectively. These phases will be in equilibrium when 

𝛥𝜇𝐴 (𝑃, 𝑇) = 𝛥𝜇𝐵 (𝑃, 𝑇)       1.1 

 
If there arises difference in chemical potentials of these phases, phenomena of 

mass transport take place which continues until both phases acquire equilibrium again. 

This imbalance of chemical potentials works as the driving force for phase transition. 

𝛥𝜇 ∗ 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑑 = 𝑊𝑜𝑟𝑘 𝑑𝑜𝑛𝑒   1.2 

It is a known fact that all thermodynamic process strives to minimize the free energy. A 

system always prefers to be in most stable state by energy transfer with its surroundings. 

Different phases of matter exist at different temperature and pressure which can be represented 
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by a phase diagram Figure 1.1. During the process of crystal growth, phase transition occurs 

due to lowering of free energy of the system. In any system, the fraction of energy available to 

be converted into work is termed as Gibb’s free energy and the remaining energy is called 

bound energy. From thermodynamic point of view Gibbs free energy establishes relation 

between enthalpy (H) and entropy (S) of the system through temperature (T) as,  

G = H – TS         1.3 

It is the measure of stability of a phase. Lesser the free energy more stable would 

be the phase of the system. For a phase transition, change in free energy would be  

∆G = ∆H − T∆S        1.4 

Where, ∆𝐻 is change in enthalpy and ∆𝑆 is change in entropy. The free energy 

difference between the solid and supercooled liquid is the driving force for 

crystallization. Phase transition occurs such that there is decrease in free energy of the 

system [Rudolph 2003].  

 

Figure. 1.1. Phase diagram of a crystal. 

Along the line separating two phases, both phases are in equilibrium due to equality 

of their chemical potentials at corresponding values of pressure and temperature. This 
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balance can be disturbed through change in pressure or temperature in one of the phases 

which makes transition to other phase to attain stability. In crystal growth technique 

such a state is obtained through supersaturation or supercooling of the initial available 

phase often referred as metastable state or mother phase. Energy associated with 

metastable state is intermediate of stable and unstable states. Growth is a result of highly 

one directional flow of substituents from one phase to another which is obtained as 

transition from metastable to stable state. 

 

Figure. 1.2. Transition from metastable to stable state. 
 

In Figure 1.2, net growth from A to B is not obtained at equilibrium temperature 

as transition from A to B is equal to transition from B to A. But at lower temperature, 

if B has lower free energy than A, net growth from A to B is observed as transition from 

B to A puts higher energy barrier to overcome. 

1.5 GROWTH OF SINGLE CRYSTALS 

There are wide variety of methods ranging from simple inexpensive techniques to 

complex sophisticated techniques. The time taken for crystallization may range from 

few hours to few months. The main principle behind the crystal growth is the formation 

of nucleus which grows into single crystal by assembling ions or molecules with 

specific interactions and bonding. Crystal growth can be classified under following 

categories [Spring-Thorpe and Pamplin 1968] : 

1. Solid growth which involves solid to solid phase transition. 

2. Melt growth which involves liquid to solid phase transition. 

3. Vapour growth which involves vapour to solid phase transition. 

4. Liquid growth which involves liquid to solid phase transition. 
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A particular material may be grown by number of techniques. One method may 

yield high purity crystal while other may yield large single crystals. The choice of 

appropriate method depends not only on the characteristics of the material but also on 

the requirements for specific applications. 

1.5.1 SOLID GROWTH 

The conversion of a polycrystalline piece of material into single crystal by causing 

the grain boundaries to be swept through and pushed out of the crystal takes place in 

the solid growth of crystals. Solid state growth requires atomic diffusion in the given 

material. If a polycrystalline material is held at an elevated temperature, below the 

melting point for many hours, some grains grow at the expense of their neighbors.  

There are five principal methods of Solid- Solid growth, 

1. Recrystallization by annealing out strain 

2. Recrystallization by sintering 

3. Recrystallization by polymorphic transition 

4. Crystallization by devitrification 

5. Recrystallization by solid-solid precipitation 

The main advantages of solid- solid growth methods are the following: They permit 

growth at low temperatures without the presence of additional components, the shape 

of the grown crystal is fixed beforehand so that wires, foils etc., are easily grown. The 

main disadvantage of this technique is that as the growth process takes place in the 

solid, density of sites for nucleation is high and is difficult to control nucleation to 

produce large single crystals. 

1.5.2 Growth from melt 

Melt growth is the process of crystallization by fusion and resolidification of the 

pure material from a melt on cooling it below its freezing point. The materials which 

melt congruently, do not decompose before melting and do not undergo a phase 

transition between the melting point and room temperature can be grown into a single 

crystal from the melt. The rate of growth is much higher than any other methods of 

crystal growth. Hence this method is widely used method of crystal growth for 

commercial purposes. 

Melt growth involves following techniques: 
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a) Bridgeman technique 

b) Czochralski technique 

c) Flame fusion technique 

d) Zone melting method 

e) Float zone method 

1.5.2(a) Bridgeman method 

It is the simplest technique for growth of crystals from melt and it was developed 

by Bridgman in 1925. A large range of materials are grown by this technique. A boat 

containing molten material with seed crystal at one end is withdrawn through 

temperature gradient. The slow cooling from the end containing seed crystal results in 

the formation of single crystal along the length of the container. The process can be 

carried out in horizontal or vertical geometry. This technique is often used for the 

growth of metals, semiconductors, and alkali and alkaline earth metals. 

 

 

Figure 1.3. Schematic diagram of Bridgman crystal growth setup 

 

1.5.2 (b) Czochralski technique 

The technique is named after Jan Czochralski who accidently invented this method 

in 1915 when instead of dipping his pen into the ink, he did so in molten tin and obtained 

a tin filament which was later proved to be a single crystal. In this method, the molten 

charge is kept in crucible at temperature just above its melting point. The seed crystal 

which is mounted on a rod is suspended vertically downwards which is schematically 

indicated in Figure 1.4. Initially, the seed and charge are not in contact. The process of 

nucleation is initiated by dipping the rod into molten charge and it is then slowly pulled 

upwards to avoid re-melting. The seed crystal is simultaneously pulled and rotated to 

maintain homogeneity in the crystal grown. Cylindrical ingots are obtained as final 
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products. This method is mainly used in semiconductor industries to obtain single 

crystal silicon ingots. 

 

Figure. 1.4. Schematic representation of Czochralski growth setup. 

1.5.2 (c) Flame fusion technique 

Flame fusion technique also called as Verneuil process, was originally developed 

by a French chemist, August Verneuil in 1902. This technique is used for the growth of 

large number of materials with high melting point such as ZrO2, SrO, Y2O3 etc and was 

the first commercially successful method of manufacturing synthetic gemstones. The 

starting material for the production of crystals in this method is in the form of a fine 

grained powder. The powder is scatter by a tapping mechanism out of the supply 

container through a sieve into the oxy-hydrogen flame. There the powder is melted and 

a single crystal grows progressively around a seed crystal as the seed crystal is slowly 

lowered. 

1.5.2 (d) Zone melting method 

 

Figure. 1.5. Schematic representation of zone melting setup. 

Zone melting is probably thought of as a purification technique. However, it may 
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be used as a method for the growth of single crystals. In this method, a zone or part of 

the solid material is melted and this molten zone travels together with the heating 

elements. This is schematically shown in Figure 1.5. The advantage of zone technique 

is that multiple recrystallization is possible which permits chemical purification of the 

substance [Zhang et al. 2017]. 

1.5.2 (e) Float zone method 

Float zone technique was first described by Keck and Golay and its first application 

was in the purification of silicon. In this technique, surface tension holds a molten zone 

of liquid in a sample whose axis is vertical. Since this method needs no container, 

reactivity with the boat is no longer a problem. This technique is especially suitable for 

the preparation of high purity silicon and germanium. 

1.5.3 Vapour growth 

This technique is the most versatile among all the available crystal growth 

techniques and is often used to produce bulk crystals and to prepare thin layers on 

crystals with a high degree of purity. Growth from vapour phase may be broadly 

classified as: 

1. Physical Vapour Deposition (PVD) 

2. Chemical Vapour Deposition (CVD) 

3. Chemical Vapour Transport (CVT) 

1.5.3 (a) Physical Vapour Deposition 

 

Figure. 1.6. Schematic representation of PVD system. 

Deposition Coating 

Vaporizer 

Vapour 
Arc 
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In the Physical vapour deposition (PVD) process, the material to be evaporated is 

kept on an evaporation source (can be either a filament or boat or crucible) and a 

substrate is located at an appropriate distance facing the evaporation source as shown 

in Figure 1.6. The material used to fabricate the evaporation source should be having a 

higher melting temperature than the material to be evaporated. Generally, the 

evaporation sources are made up of tungsten or molybdenum. Both the source and the 

substrate are located inside a high vacuum chamber. The substrate can also be heated 

or electrically biased or rotated during deposition. The desired vapor pressure of source 

material can be generated by simply heating the source to elevated temperatures, and 

the concentration of the growth species in the gas phase can be easily controlled by 

varying the source temperature and the flux of the carrier gas.  

1.5.3 (b) Chemical Vapour Deposition (CVD) 

CVD is a chemical process of producing high quality solid materials. The precursor 

gases are delivered into the reaction chamber at approximately ambient temperature. 

As they come into contact with heated substrate, they react and decompose to form a 

solid phase. This method is advantageous because controlled doping of impurities is 

possible and deposition rates are generally higher. 

1.5.3 (c) Chemical Vapour Transport 

It is a process where a condensed phase, typically a solid, is volatilised in the 

presence of gaseous reactant (transport agent) and deposited elsewhere in the form of 

crystal. The solid phase reacts with transporting agents like iodine, bromine etc., at the 

source zone to form vapour phase products. Hence this technique mainly depends on 

the reaction between source material to be crystallised and a transporting agent. The 

reaction product which is volatile can be transported in the vapour phase [Feigelson 

2015]. Initially, a random deposition takes place forming seed crystals. Thus, initial 

seed crystals are not required prior to the process. 

1.5.4 Growth from solution 

Materials showing variation of solubility with temperature and higher solubility 

can be grown by this method. In this method, a saturated solution of the material in 

appropriate solvent is used from which crystallization takes place as the solution 

becomes critically supersaturated. The supersaturation can be achieved either by 

lowering the temperature or by slow evaporation. The advantage of this method is that 
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crystals can be prepared from a solution even at room temperature and therefore it turns 

out to be more applicable in many cases. 

Solution growth can be broadly classified into: 

a) High temperature solution growth  

b) Hydrothermal method 

c) Gel growth 

d) Low temperature solution growth 

1.5.4 (a) High temperature solution growth 

This method is mostly used for growth of oxide crystals. Flux method is the most 

widely used high temperature solution growth technique. In this method, the 

constituents of the material to be crystallized are dissolved in suitable solvent, the so 

called flux. Under controlled condition, crystallization occurs. In this process the 

temperature is maintained for several hours and then the temperature is lowered very 

slowly. 

1.5.4 (b) Hydrothermal methods 

Hydrothermal method is suited for the growth of certain class of materials which 

are practically insoluble in water. Hydrothermal growth implies conditions of high 

pressure and high temperature. Substances like calcite, quartz are insoluble in water but 

at high temperature and pressure they become soluble. Temperatures involved in this 

technique is in the range of 150º C to 600º C and the pressure involved ranges from few 

hundreds to thousands of atmospheres. Growth is usually carried out in steel autoclaves 

with gold or silver linings. The requirement of high pressures presents practical 

difficulties and there are only a few crystals of good quality and large dimensions which 

are grown by this technique. One major disadvantage of this technique is the frequent 

incorporation of OH- ions into the crystal which makes them unsuitable for many 

applications. 

1.5.4 (c) Gel growth 

All the methods mentioned above will fail in the case of growth of certain class of 

materials having poor solubility and unstable thermal behaviour. Such class of materials 

can be grown successfully by gel growth method. In this technique, growth occurs due 

to reaction between two suitable reactants in a gel medium or achieving supersaturation 

by diffusion in gel medium. Crystals of dimensions of several millimeter can be grown 
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in a period of 3 to 4 weeks.  

1.5.4 (d) Low temperature solution growth 

This is the most effective and easy way for growing crystals. A variety of crystals 

can be grown by this technique at room temperature. This technique is preferred when 

the starting materials are unstable at high temperatures and also undergo phase 

transformation. The growth of crystals by this method involves weeks, months or 

sometimes years.  In this method, a saturated solution of the material is prepared in a 

suitable solvent and crystallization is initiated by slow cooling of the solution or by 

slow evaporation of the solvent. Good quality crystals with low thermal stresses can be 

produced by this method. The materials which undergo decomposition or phase 

transition at high temperatures are suited for low temperatures solution growth. This 

method allows to grow variety of different morphologies and polymorphic forms of the 

same substance by variations of growth conditions or due to change of solvent. The 

main disadvantage of this method is slow growth rate and possibility of solvent 

inclusion into the growing crystal. The solvent inclusion can be minimized by 

controlling conditions of growth. The high quality of crystal obtained compensates the 

disadvantage of much longer growth periods. After many modifications and 

refinements, this method yields good variety of crystals for different applications. Since 

growth is carried out at room temperature, structural imperfections in the grown crystal 

is low. In this method, crystals can be grown from the solution if the solution is 

supersaturated, that is, solution should contain more solute than its equilibrium state. 

The principal methods used to produce the required supersaturated solution: 

1. Slow cooling of the solution 

2. Slow evaporation of the solvent 

3. The temperature gradient method 

1.5.4 (e) Slow cooling technique 

It is the best method to grow bulk single crystals from solution. This technique 

needs only a vessel for the solutions, in which the crystals grow. The temperature at 

which crystallization begins is in the range of 45º C to 75º C and the lower limit is the 

room temperature.  

“Mason-jar method” is the one of the simplest techniques of slow cooling. It is 
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easiest method of growing crystals and is cheap enough to permit many parallel 

attempts to be made. A saturated solution is heated slightly above its saturation 

temperature and poured into a screw-cap jar and a seed tied to a piece of thread is 

introduced as shown in Figure 1.7. Well-formed crystals are obtained provided the 

solubility is high enough and the cooling rate is slow enough. No stirring is possible in 

this technique. But the simplicity of this method essentially makes it attractive, 

particularly when modest size crystals essentially satisfies our purpose. 

 

Figure. 1.7. Schematic representation of mason-jar setup.  

1.5.4 (f) Slow solvent evaporation technique 

This method is similar to slow cooling technique as far as apparatus requirements 

are concerned. In this method, the saturated solution is kept at a particular temperature 

and provision is made for its evaporation. If the solvent is non-toxic like water, then 

evaporation into the atmosphere is allowed. The advantage of this technique is that 

crystals grow at fixed temperature and hence the problem of variation in the properties 

due to variation in temperature does not arise here. But evaporation of solvent from the 

surface of solution produces high local supersaturation resulting in the formation of 

unwanted nuclei.  Small crystals are formed on the walls of the vessel near the surface 

of the liquid and these crystals when fall into the solution can hinder the growth rate of 

the crystal. The major limitation is the control of rate of evaporation. Changing rate of 

evaporation may vary the quality of the crystal. Inspite of all these disadvantages, this 
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method still remains as simple and convenient method to grow large-sized single 

crystals. 

1.5.4 (g) The temperature gradient method 

This method involves transport of the materials from the hot region containing the 

source material to a cooler region where the solution is supersaturated and the crystal 

begins to grow. The main advantage of this method is that crystals grow at a fixed 

temperature and this method is insensitive to temperature changes provided both source 

and growing crystal are undergoing same change. Excellent quality crystals of 

ferroelectric and piezo-electric materials such as potassium dihydrogen phosphate 

(KDP) and triglycine sulphate (TGS) are commercially grown for use in devices by this 

method. 

1.6 Factors governing crystal growth 

The growth of crystals is governed by following factors: 

 1. Nucleation 

2. Supersaturation 

3. Habit modification 

1.6.1 Nucleation 

The physical and chemical processes involved in the formation of crystals occurs 

through nucleation. Nucleation is an important phenomenon in crystal growth and is 

the precursor of the overall crystallization process. It is the extremely localized budding 

of a distinct thermodynamic phase. It occurs when the solution is supersaturated. 

Nucleation is associated with aggregation of fragments in the supersaturated mother 

solution and it is also associated with the change in free energy of the system. It is the 

process in which ions, atoms, or molecules arrange themselves in a pattern 

characteristic of a crystalline solid, forming a site in which additional particles deposit 

as the crystal grows.   

When the size of the nucleus exceeds the size of critical nucleus, crystals are developed 

by the attachment of growth species (molecules or atoms or ions) at energetically 

favorable growth sites such as kinks in the edges of surface. Nucleation may be either 

of the following, 

  a) spontaneous / homogeneous nucleation: it occurs without intervention of particles.                    

  b) heterogeneous nucleation: It occurs due to the intervention of other factors (surface 
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wall of vessel or foreign particle or impurity component). 

1.6.2 Supersaturation 

A solution is said to be supersaturated if the concentration of solute in it exceeds 

that of the equilibrium condition at a given temperature. Such a solution is 

thermodynamically unstable. Supersaturation can be achieved by slow evaporation of 

solvent or by slow cooling of solution. More amount of solute is dissolved in a solvent 

than its actual equilibrium concentration. On slow cooling in the absence of agitations 

or fluctuations, nucleation occurs which is followed by the growth of crystal. 

Supersaturation can also be achieved by adding impurities. The presence of impurities 

reduces solubility of solute and the growth proceeds. 

1.6.3 Habit modification 

The growth rate of crystal plane depends on a set of parameters like temperature, 

degree of supersaturation of solution, pH of solution, concentration of impurities in the 

solution. This dependence can be represented by following relation 

R = F (t, s, pH, c)        1.5 

where, R expresses the growth rate of crystal plane, t is temperature, s is supersaturation 

of solution, c is concentration of impurities in the solution. Different crystal faces grow 

at different rates at different environment conditions.  

1.7 Optimising solution growth 

The optimized conditions for the growth of good quality single crystals may be 

achieved using following norms: 

1. Material purification 

2. Solvent selection 

3. Solubility 

4. Solution preparation 

5. Seed preparation 

6. Agitation 

1.7.1 Material purification 

The availability of highest purity material is an essential prerequisite for the growth 

of good quality crystals. The impurities may get incorporated into the crystal lattice 

resulting in the formation of flaws and defects in the crystal. The impurities may also 
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get adsorbed on the growing face of the crystal thereby changing the crystal habit. 

Hence solute and solvents of high purity are required. Standard purification methods 

involving recrystallization followed by filtration of the solution would increase the 

level of purity. 

1.7.2 Solvent selection 

A solution is a homogeneous mixture of a solute in a solvent. The component 

which is present is smaller quantity is called solute and the one in which it is dissolved 

is called solvent. For a given solute, different solvents can be chosen. The solvent 

chosen should have good solubility for the given solute, less viscosity, less volatility, 

less toxicity, chemically inert nature and should be cost effective. Water, ethanol, 

methanol, acetone, carbon tetrachloride, hexane and xylene are some of the commonly 

used solvents.  

1.7.3 Solubility 

The solubility of the material in a solvent determines the amount of material 

available for the growth and hence determines the size of the crystal. If the solubility is 

too high, it is difficult to grow bulk crystal and lower solubility imposes restriction on 

size and growth rate of the crystal. The solubility of solute in solvent is determined by 

chemical similarity between them. Experiments reveal that the solvent in which 

solubility of compound is in between 10 and 60% at a given temperature is 

economically suitable for crystal growth. Very low and very high solubility decreases 

growth rate due to low solute concentration and increased viscosity respectively. 

1.7.4 Solution preparation 

For solution preparation, it is necessary to have solubility data of the material at 

various temperatures. Sintered glass fibres of different pore size are used for solution 

filtration. The clear solution, saturated at the desired temperature is taken in a growth 

vessel. For growth by slow cooling, the vessel is sealed to prevent evaporation. Solvent 

evaporation at constant temperature is achieved by providing a controlled vapour leak. 

A small crystal is suspended in the solution is used to test the solution. By varying the 

temperature, a situation where neither the occurrence of growth nor dissolution is 

established. The test seed is then replaced with a good quality seed. All unwanted nuclei 

and the surface damage on the seed are removed by dissolving at a temperature above 

the saturation point. Growth is initiated after saturation.  
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1.7.5 Seed preparation 

Seed crystals are prepared by self-nucleation under slow evaporation from a 

saturated solution. Seeds of good visual quality, free from any inclusion and 

imperfections are chosen for growth.  

1.7.6 Agitation 

The level of supersaturation has to be maintained equally around the surface of the 

growing crystal so that regular and even growth occurs. An uneven growth leads to 

localized stresses at the surface generating imperfection in the bulk crystal.  The degree 

of formation of concentration gradients around the crystal depends on the efficiency of 

agitation of the solution. The saturated solution is agitated in either direction at an 

optimized speed using a stirrer motor.  

1.8 Literature Survey 

Bride et al. synthesized a new compound called Cadmium oxalate single crystals using 

gel growth method [Bridle and Lomer 1965]. The obtained crystals were thoroughly 

studied using single crystal XRD measurements. The crystal structure is solved and 

crystal informations such as lattice parameters, bonding informations were extracted 

for their possible applications.  

 

Erikson et al. synthesized single crystals of K2C2O4 ∙H2O and K2C2O4 ∙D2O at room 

temperature [Eriksson and Nielsen 1978]. The synthesized crystals were studied using 

Raman measurements. The change in the functional bonds of  K2C2O4 in the presence 

of deuteriated  water is studied and confirmed the presence of deuteriated water in 

K2C2O4 ∙D2O crystal system. 

 

Arora et al. grew Cadmium oxalate trihydrate single crystals using silica hydrogel at 

ambient temperatures by using different nucleation control methods [Arora and 

Abraham 1981]. From the obtained results it was observed that different parameters 

like gel aging, concentration programming, two-gel technique. Seeding, etc are 

inadequate in the controlled nucleation process of CdC2O4 crystals. The crystals of 

larger and perfect shape was achieved using impregnation of NH4Cl in the gel mixture. 

From the chemical etching method, the crystal is proved to be of higher perfection. The 

crystals were characterized using thermal and mechanical measurements. 
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Dharmaprakash et al. synthesized the crystals of barium oxalate single crystals using 

gel growth technique [Dharmaprakash and Rao 1985]. Effect of the pH and 

concentration on the growth of barium oxalate crystals were also investigated. pH 3.175 

to 3.3 gel mixture and 0.5 M supernatant feed (BaC12) solution gave the best results. 

The functional vibrations were studied by IR spectrometer. 

 

Varghese et al. synthesized rare earth element doped lanthanum copper oxalate La1-x 

Cux 3(C2O4) nH2O crystals using gel technique [Varghese et al. 1990]. The synthesized 

crystals were characterized using powder XRD, FTIR and magnetic studies. From the 

magnetic measurements the crystal nature is observed to be diamagnetic.   

 

Bangera et al. synthesized Barium copper oxalate single crystals using silica hydrogel 

at ambient temperature. The various parameters like gel density, gel aging, gel pH and 

concentrations of reactants were studied to analyze the growth of these crystals 

[Bangera and Rao 1992]. It is found that well-developed single crystals are obtained at 

0.5 M concentrations of feed solution in the pH range 2.9 to 3.1 of the gel. 

 

Jagannatha et al. studied metal atoms doped cadmium oxalate single crystals 

[Jagannatha and Rao 1993]. The metal atoms such as (Na, Li+, K+, NH4
+, Zn2+, Co2+, 

Ni2+, and Ca2+) cation impurities are studied. Single diffusion method is employed to 

synthesize these compounds. Effect of dopant molecules on the structural and 

morphological changes were studied. Results revealed that the impurity cations led to 

the change in colour of the crystal and such materials are useful in tuning the bandgap 

of the materials for optical filter applications. 

 

Raju et al. synthesized Neodymium copper oxalate (NCO) single crystals using gel 

method [Raju et al. 1994]. The synthesized crystal was investigated for the physical 

properties of the material. Interestingly, IR spectrum confirms the presence of water 

molecules in the crystal structure and from EDAX spectrum it was noticed that the Nd 

dominates over copper in the crystal. Further, the material is studied using XPS 

measurements and the results revealed that Nd and Cu in their oxide states (XPS) and 
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the elements linked to O- of oxalate groups. The dominance of Nd in the crystal was 

confirmed by the XPS and EDAX spectrum. 

 

Deepa et al. synthesized Calcium oxalate dihydrate single crystals using gel growth 

technique [Deepa et al. 1995]. The double diffusion technique is employed for the 

synthesis process. The crystal nucleation starts after 4 days interval. The optimized 

parameters are with 1.03 g/cc sodium metasilicate, 1 M calcium chloride, 3 M acetic 

acid, 1 M calcium chloride, 1 M magnesium acetate gave better quality crystals. The 

obtained crystal crystallizes in tetragonal structure. 

 

Isac et al. grew single crystals of Praseodymium barium molybdate (PBM) using gel 

method [Isac et al. 1996]. The synthesized crystals were studied for its various physical 

properties. From XRD measurements the crystal belongs to tetragonal system. The 

presence of (MoO4)
2− ions in PBM were confirmed using IR spectroscopy. The thermal 

stability of the crystal was studied using TGA analysis and loses molybdenum oxide 

component around 420°C. The presence of Ba, Pr and Mo in the sample was confirmed 

EDAX analysis. Presence of Ba, Pr and Mo in the sample was confirmed using EDAX 

analysis. The metal atoms are linked to the O- of oxalate groups and the elements Ba, 

Pr and Mo are in their oxide states which was confirmed by XPS analysis. 

 

John et al. grew Lanthanum samarium oxalate (LSO) single crystals using gel technique 

[John et al. 1997]. The synthesized crystals were characterized using powder XRD, 

FTIR, TGA-DSC, EDAX and XPS studies. From the results it was confirmed that La 

and Sm are present in oxide state and linked to O- of oxalate groups (XPS). 

 

Joseph et al. synthesized the mixed crystals of Neodymium praseodymium oxalate 

(NPO) using gel diffusion technique [Joseph et al. 1997]. NPO samples are well-

ordered crystalline materials and belonging to monoclinic crystal system. The presence 

of oxalate complex was confirmed using FTIR measurements. The thermal stabilities 

of the crystal was studied using TGA and DSC analysis and the crystal is stable till 420 

°C. The presence of Nd and Pr are confirmed using EDAX and XPS studies. From XPS 

it is noted that the elements are in its oxide form by linking to O- of oxalate groups. 
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Girija et al. synthesized Calcium oxalate monohydrate (CaC2O4 ∙H2O) single crystals 

using double diffusion technique [Girija et al. 1998]. The grown crystals were 

characterized using XRD, TGA-DTA, FTIR and microhardness studies. From the 

mechanical studies it was observed that the synthesized crystal could withstand up to 

200 g load and which is a higher value for the crystals.  

 

John et al. synthesized a new crystal named Cerium oxalate single crystals using gel 

method [John and Ittyachen 1998]. The synthesized crystals were characterized using 

powder XRD, FTIR and TGA-DTA analysis. From the results it was noticed that the 

crystal belongs to orthorhombic crystal system and the crystal is thermally stable upto 

180 °C. 

 

Dalal et al. grew Barium oxalate single crystals in agar gel medium at ambient 

temperature [Dalal and Saraf 2006]. The different parameters like gel setting time, gel 

concentration and reactant concentration on growth parameters of these crystals were 

investigated. The grown crystals were characterized using powder X-ray 

diffractometry, thermogravimetric, differential thermal analysis, infrared spectroscopy. 

The crystal growth parameters were optimized and concluded that single and double 

diffusion methods show differences in growth mechanisms. 

 

Krishnakumar et al. synthesized L-Alanine oxalate (C5H9NO6) single crystals for 

frequency conversion applications [Krishnakumar and Nagalakshmi 2006]. The 

crystals were grown using slow evaporation technique. The crystal was characterized 

using IR, Raman, UV-vis, fluorescence and NLO measurements. The essential 

vibrations were foreseen by using group theoretical analysis. The theoretically 

predicted modes were matching with the observed spectra and the spectral vibrations 

were assigned. The crystals show maximum absorption of Nd:YAG laser fundamental 

wavelength and the crystal emits green light (532 nm) confirming NLO activity. 

 

Korah et al. grew single crystals of Gadolinium Samarium Oxalate (GSO) using gel 

method [Korah et al. 2007]. The obtained crystals are pale yellowish in colour. 
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Morphology and size of the crystals depends on gel density, concentration of the 

reactants, pH of the medium and acidity of the feed solution. Powder XRD confirms 

the crystalline nature of the synthesized compound. The presence of oxalate and water 

molecules were confirmed using IR spectroscopy. The presence of Sm and Gd in the 

crystal was confirmed using EDAX analysis. Thermal studies are conducted to analyze 

thermal decomposition of the samples using TGA and DTA analysis. The stable 

residual of rare earth oxides are stable beyond 600 ºC confirms the GdSm in the system. 

 

Raj et al. synthesized Barium oxalate monohydrate (BaC2O4.H2O) single crystals using 

controlled diffusion of Ba2+ using gel technique at different temperature [Raj et al. 

2008]. The synthesis of BaC2O4.H2O single crystals are studied by varying the 

parameters such as pH, crystallization temperature and gel aging. It was noticed that 

the growth rate of the crystals were less initially, irrespective of all temperatures and 

once the supersaturation is achieved the growth rate increased drastically. The single 

crystals were grown on gel medium for higher pH values. 

 

Jananakumar et al. grew Potassium hydrogen oxalate (KHO) single crystal using 

solvent evaporation technique [Jananakumar and Mani 2014]. From single crystal X-

ray diffraction analysis the crystal structure is solved and the crystal belongs to 

monoclinic crystal system. The crystal possess bandgap of 5.62 eV and the crystal is 

thermally stable upto 211.4 °C. The KHO crystal showed SHG property and can be of 

use in NLO device applications. 

 

Manikandan et al. synthesized single crystals of glycinium oxalate (GOX) and Cu2+ 

doped GOX using solvent evaporation technique [Manikandan et al. 2019]. The 

bandgap of the crystal decreased after the doping 4.83 eV to 4.68 eV. Both the crystals 

possess NLO activity and the third order nonlinear susceptibility (χ(3)) was calculated 

to be 2.33×10−6 esu and 4.42×10−6 esu for GOX and Cu2+ doped GOX crystals. Further, 

laser damage threshold is measured and the obtained values are 46.87 MW/cm2 (pure 

GOX) and 49.32 MW/ cm2 for GOX and Cu2+ doped GOX crystals.  
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Punniyamoorthy et al. synthesized the new semiorganic Potassium sulphato oxalate 

(KSO) single crystals at room temperature using slow evaporation technique 

[Punniyamoorthy et al. 2019]. From single crystal X-ray diffraction, the crystal 

structure was solved and the crystal belongs to triclinic (P1) crystal system. The crystal 

optical band gap is measured to be 3.2 eV and the crystal emits in green region (576 

nm). The SHG stability is measured to be 1.16 times higher than that of KDP crystal. 

Further, the laser damage threshold studies show KSO crystal possess higher laser 

damage threshold stability (6.135 GW cm–2) which is greater than KDP crystal.  

 

Elangovan et al. grew single crystals of 2-Methylimidazolium hydrogen oxalate 

dihydrate (2MIO) by slow evaporation method [Elangovan et al. 2019]. 2MIO 

crystallizes in monoclinic space group P21/n. The crystal bandgap is obtained to be 

3.94 eV and fro mechanical studies the crystal classified as a soft material (n = 2.7). 

The crystal shows NLO activity and the third order NLO susceptibility χ(3) is observed 

to be 8.86×10−8 esu. 

 

Dardar et al. synthesized a new layered Gallium phosphonate-oxalate single crystals 

using mild hydrothermal conditions (150 °C) in the presence of ethylenediammonium 

ion (H2en)2+ as structure-directing agent [Dardar et al. 2019]. The compound 

crystallizes in Monoclinic P21/n crystal system with cell values a = 8.7530(5) Å; 

b = 16.3427(8) Å; c = 14.7522(8) Å; β = 93.284(1) °, V = 2106.8(2) Å3 and Z = 4. The 

synthesized compound provides the opportunity to prepare new types of layered 

material, which may find widespread application in intercalation reactions and 

catalysis. 

 

1.9 Scope and objectives 

Semiorganic or metal-organic hybrids have attracted many researchers to synthesize 

materials in the field of crystal engineering due to their vast applications in high ionic 

or mixed conductors, solid-state batteries, sensors, capacitors, photovoltaic cells, 

electroluminescent diodes, electrochemical transistors and so on [Zhang et al. 2002 

Sanchez et al. 2005 Matulková et al. 2012 Chouaib et al. 2016].  

Oxalic acid is an interesting organic matrix modifier and forms complexes with 
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inorganic salts. Oxalic acid exists in anhydrous and dehydrated forms. Oxalic acid links 

to the metal atoms and forms stable metal oxalates. Many oxalate related complexes 

are synthesized and studied due to their vast applications in optoelectronic industries. 

This inspired us to synthesize the titled compound (potassium hydrogen oxalate oxalic 

acid dihydrate). Synthesized compound is studied for their structural, optical, thermal, 

electrical and mechanical properties. 

Apart from studying pure material, incorporation of foreign particles (dye molecules 

and nanoparticles) and defect induced studies were also performed. This is because 

doping or defect induced studies changes their properties like optical absorption, energy 

band gap, thermal properties etc. which may be either due to the difference in the crystal 

structure or bonding between the atoms in the crystal.  

Objectives   

 To synthesize oxalate based complexes with inorganic salts. 

 To determine the molecular structure using single crystal XRD method.

 To determine the elemental compositions by EDAX analysis.

 To perform the structural characterizations using powder XRD and FTIR.

 To study optical properties using UV-vis Spectroscopy.

 To study the dielectric properties of the grown crystals for practical applications.

1.10 Organization of Thesis 

Chapter 1 and its sub-sections provide the background and motivation for the present 

work. This chapter includes a brief introduction to crystals and the crystal growth 

techniques.  It also provides a summary of the literature review on oxalate based crystals 

and its properties. The scope and objectives of the present work is given at the end of 

the chapter. 

Chapter 2 provides the details of experimental procedure used to synthesize KHOOD 

single crystals and also, presents the synthesis of doped KHOOD single crystals. This 

is followed by a brief description of different characterization techniques, their 

theoretical description and formulae used for calculations. 

Chapter 3 presents the investigation of structure determination of the crystal followed 

by results and discussions on optical, structural, thermal, mechanical and electrical 

properties.  
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Chapter 4 presents effect of Co(OH)2 nanoparticles on the properties of the KHOOD 

single crystals. The nanoparticle doped crystals are compared with those of undoped 

crystals for their optical, structural, thermal and electrical properties. 

Chapter 5 presents effect of Amaranth dye doping on the crystal properties of 

KHOOD. The synthesized doped crystals are studied for their optical, structural, 

electrical and thermal properties. 

Chapter 6 presents effect of Gamma irradiation on the properties of the KHOOD single 

crystals. Radiation dosage effect on structural, optical, electrical properties of the 

crystals were discussed in detail. 

Chapter 7 presents the comparison between Oxalic acid dihydrate, potassium 

hydrogen oxalate, potassium hydrogen oxalate oxalic acid dihydrate single crystals via 

structural, optical, thermal and mechanical properties. 

Chapter 8 summarizes the conclusions drawn from the present work. Further, the scope 

for further work in this field is indicated. An appendix is followed by list of references 

and a brief profile with publications in international journals and conferences presented 

at the end of the thesis. 
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Chapter 2 

EXPERIMENTAL TECHNIQUES  

Overview 

This chapter gives detailed description on the preparation of KHOOD single crystals. 

This chapter also contains the details regarding experimental setup used for the synthesis 

and characterization of KHOOD single crystals. 

2.1 Synthesis of KHOOD single crystal 

The potassium oxalate oxalic acid dihydrate (KHOOD) single crystals were grown from 

an aqueous solution by dissolving the raw materials of analytical grade, namely oxalic 

acid dihydrate and potassium dihydrogen phosphate, in equimolar ratio in deionized 

water. The solution was stirred well using magnetic stirrer for 5 hours to ensure that the 

material is dissolved in the solution. The solution was then filtered to remove the 

suspended particles using Whatman filter paper of pore size around 10 μm. The 

prepared saturated solution was transferred to a Petri dish and kept in vibration free 

environment to obtain the seeds of KHOOD single crystals. The crystals were formed 

in a time duration of 20 days and the grown crystals were characterized. 

 

Figure. 2.1. Synthesis of KHOOD single crystal. 
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2.1.1 Synthesis of Co(OH)2 nanoparticles 

In a typical process, a pink colored solution was formed by adding 0.582 g of Cobalt 

nitrate hexahydrate (Co(NO3)2 .6H2O) in 40 ml of DI water at room temperature. Next, 

3 ml of triethylamine (C6H15N) was added dropwise to the pink solution which resulted 

in an immediate color change to dark blue. The solution was made to reach a total 

volume of 80 ml by adding 37 ml of excess DI water and allowed to stir for 10 min. the 

final solution was then transferred into a 120 ml Teflon-lined stainless-steel autoclave, 

sealed and hydrothermal process was carried out a temperature of 180 ºC for 24 h.  After 

the autoclaves cooled down naturally, the black colored precipitates were collected by 

washing with excess DI water and ethanol under centrifugation, after which they were 

dried overnight at 60 ºC. 

2.1.2 Synthesis of nanoparticle doped KHOOD single crystal 

For the synthesis of Co(OH)2 nanoparticles doped KHOOD single crystals, three 

beakers containing the equimolar ratios of potassium dihydrogen phosphate and oxalic 

acid were taken, followed by magnetic stirring and filtration as explained in the 

previous step. Next, different volumes of Co(OH)2 nanoparticle solutions (20 µl, 40 µl, 

and 60 µl) were added to the filtered solutions and ultrasonicated for 40 min to ensure 

the complete dispersion of nanoparticles in the solution. The solution was subjected to 

slow evaporation and pure quality of Co(OH)2 nanoparticles doped single crystals were 

obtained over a period of 40 to 45 days. 

2.1.3 Synthesis of Amaranth doped KHOOD crystal 

Equmimolar quantities of potassium dihydrogen phosphate and oxalic acid dihydrate 

salts are used to obtain single crystals of KHOOD. Two beakers containing equimolar 

concentrations of KHOOD materials were taken and for one beaker containing 

KHOOD solution, 0.1 mM concentration amaranth dye was added and stirred for 2 hr. 

After the solute was dissolved the solutions were kept for evaporation. After a week the 

crystals started to form in that solution and the crystals were removed once they attain 

the reasonable size. 

2.2 Characterization techniques 

The synthesized single crystals of KHOOD is characterized using different techniques. 

The crystal structure was determined using single crystal X-ray diffraction (SCXRD) 

technique and the molecular structure was solved. The crystals were studied using 
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powder X-ray diffraction (PXRD), Fourier transform infrared spectroscopy (FTIR), 

Raman Spectroscopy, scanning electron microscopy (SEM), energy dispersive x-ray 

analysis (EDAX) and other techniques. The optical properties were investigated using 

UV-visible spectroscopy and Photoluminescence spectroscopy (PL). The thermal 

properties were studied using Thermal Gravimetric Analysis (TGA), Differential 

Thermal Analysis (DTA), Differential Thermal Calorimetry (DSC). Mechanical 

properties were investigated using Vickers microhardness Tester. The electrical 

properties were explored using light dependent I-V measurements and dielectric 

measurements. The crystal was also exposed to gamma irradiation and studied. 

2.2.1 Single crystal X-ray diffraction (SC-XRD) 

Single crystal X-ray diffraction data for the crystal were collected on a Bruker Apex II 

duo diffractometer with CCD detector. Monochromatic Molybdenum (Mo) Kα 

radiation (λ=0.7107 Å) was used as a source of radiation. Data collection was done at 

ambient conditions (296 K). All the structures were solved by the direct method using 

SHELXL-2007/2014 software and refinement was carried out by full-matrix least 

squares technique. Anisotropic displacement parameters were calculated for all non-

hydrogen atoms except for disordered atoms. H atoms attached to the O/N atoms were 

located in a difference Fourier density map and refined anisotropically. In some cases, 

hydrogen atoms were fixed geometrically. All the diagrams were prepared using 

mercury 3.5.1/3.8 software. 

 

Figure. 2.2. Image of the SCXRD instrument. 
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2.2.2 X-ray Diffraction (XRD) 

Diffraction is a scattering phenomenon where the atoms scatter incident X-rays in all 

directions. In some directions, the scattered beams will be in phase and hence they 

reinforce giving rise to diffraction. The technique began when von Laue, in 1912, 

discovered that crystals diffract X-rays. Since then it has been applied to chemical 

analysis, stress and strain measurement, measurement of particle size as well as crystal 

structure [Whittaker 1981]. X-rays have wavelength comparable with interatomic 

spacing hence results in the interference of deflected rays. The diffraction of X-rays by 

crystal is defined by Bragg’s law given as 

  𝑛𝜆 = 2𝑑 sin 𝜃                                                                                            2.1 

where, d is the distance between two planes,  is the X-ray wavelength, 𝜃 is the angle 

which incident photon makes with the incident plane. Different ‘d’ spacing of the 

crystal satisfies Bragg’s condition at different angles giving rise to XRD spectrum 

which is the fingerprint of the sample. Each crystal has many planes and alignment of 

these planes determines the crystal structure. These relationships are used in X-ray 

diffraction to determine specific properties about the specimen. 

 
Figure. 2.3. Schematic representation of deflection of X-rays from atomic planes. 

2.2.2 (a) Powder X-ray diffractometer 

Powder X-ray diffraction (XRD) uses X-rays to investigate and quantify the crystalline 

nature of materials by measuring the diffraction of X-rays from the planes of atoms 

within the material. It is sensitive to both the type of atoms and relative position of 

θ θ 
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atoms in the material as well as the length scale over which the crystalline order persists. 

It can, therefore, be used to measure the crystalline content of materials, identify the 

crystalline phases and determine spacing between lattice planes and length scales over 

which they persist. The schematic diagram of powder X-ray diffractometer is shown in 

Figure. 2.4. The sample for analysis is taken in the form of finely divided powder. The 

materials can be of a vast array of types, including inorganic, organic, polymers, metals 

or composites and the potential applications cover almost all research fields. In this 

work, the X-ray diffraction study of pure and doped crystals was carried out using 

Rigaku 600 Powder X-ray diffractometer using CuKα radiation (λ = 1.5405 Å). The 

diffractometer is shown in Figure. 2.5. The X-ray is generated by a cathode ray tube, 

filtered to produce monochromatic radiation, collimated to concentrate and then 

directed towards the sample. The interaction of the incident rays with the sample 

produces constructive interference when Bragg’s law is satisfied. These diffracted X-

rays are then detected, processed and counted. By scanning the sample through a range 

of 2θ angles, all possible diffraction directions of the lattice should be attained due to 

random orientation of the powdered material. Conversion of diffraction peaks to d-

spacings helps in the identification of the material because every material has a unique 

set of d-spacings. Typically this is achieved by comparison of d-spacing with standard 

reference patterns i.e. JCPDF files.  

 
Figure. 2.4. Schematic representation of powder X-ray diffractometer. 
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Figure. 2.5. Powder X-ray diffractometer (Rigaku MiniFlex600). 

 
2.2.3 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a powerful and frequently used instrument 

in both academia and industry to study the surface topography, composition, 

crystallography and properties on a local scale. SEM has better spatial resolution than 

the ordinary optical microscopes. Due to its extremely large depth of focus, it is well 

suited for topographic imaging. By using focused beam of electrons, SEM reveals 

levels of details and complexity inaccessible by light microscopy. SEM can magnify an 

object from about 10 times to about 3,00,000 times. 

SEM uses electrons emitted from tungsten or Lanthanum hexaboride thermionic 

emitters. The filament is heated resistively by a current to achieve a temperature 

between 2000-2700 K. This results in the emission of thermionic electrons from the tip. 

These electrons are accelerated to an energy in the range of 0.1-30 keV towards the 

sample. A series of electromagnetic lenses focus the electron beam on to the sample 

where the interaction takes place. The electrons in the beam interact with the sample, 

producing various signals that can be used to obtain information regarding topography 

and composition. The electron beam is scanned in a raster scan pattern, and the beam’s 

signal is combined with the detected signal to produce an image. The most common 

SEM mode is detection of secondary electrons emitted by atoms excited by the electron 

beam. The number of secondary electrons emitted depends on specimen topography. 

By scanning the sample and collecting the secondary electrons that are emitted using a 

detector, an image displaying the topography of the surface is created. 
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The highest resolution obtainable is limited by factors like diameter of the electron 

beam, scattering within the specimen, signal-to-noise ratio, external disturbances like 

electric or magnetic fields and mechanical vibrations. In the SEM, the specimen resides 

in a high vacuum chamber to prevent scattering of the electron beam and to avoid 

damage to the microscope. However, operating in a high vacuum poses some 

limitations on the types of specimens that could be observed with the SEM. Specimens 

should be electrically conductive, otherwise the electron beam may build up a static 

charge in the material due to the inability to dissipate the charge. Furthermore, the 

specimen must not contain water or other volatile components as that may destroy the 

vacuum in the sample chamber and potentially damage the microscope. Specimens that 

do not meet these requirements may still be observed after suitable sample preparation 

like metal coating with a conductive layer to avoid charging or drying to remove water. 

External morphology of crystals on nanometer or micrometer scale can be observed 

and characterized using SEM, obtaining a three dimensional images of the crystal 

surface. The schematic representation of SEM and typical SEM instrument are shown 

in Figure. 2.6 and Figure. 2.7 respectively. 

  

Figure. 2.6. Schematic of Scanning Electron Microscopy. 
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Figure. 2.7. Field Emission Scanning Electron Microscopy (FESEM) (Carl Zeiss). 

 

2.2.4 Energy Dispersive X-ray Analysis (EDAX) 

EDAX is a technique used to analyze elemental composition of the material. It is based 

on the investigation of a sample by means of interactions between electromagnetic 

radiation and matter. The X-rays emitted by the matter in response to being hit by 

electromagnetic radiation are analyzed. The fact that each element has a unique atomic 

structure allows emitted X-rays that are characteristic of an element’s atomic structure 

to be identified uniquely from each other. 

To stimulate the emission of characteristic X-rays from a specimen, a high energy beam 

of charged particles such as electrons or a beam of X-rays, is focused with the sample 

being studied. At rest, an atom within sample contains ground state electrons in discrete 

energy levels or electron shells bound to the nucleus. The incident beam may excite an 

electron from an inner shell, ejecting it from the shell and creates a vacancy. This 

positive vacancy is eventually occupied by a higher energy electron from an outer shell 

and the difference in energy between the higher energy shell and lower energy shell 

may be released in the form of an X-ray as shown in Figure. 2.8. The amount of energy 

released by transferring electron depends on which shell it is transferring from and 

which shell it transferring to. The energy of the X-rays emitted from a specimen can be 
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measured by an energy dispersive spectrometer. Since, the emitted X-ray is 

characteristic of the difference in energy between the two shells and of the atomic 

structure of the element form which they are emitted, this allows the elemental 

composition of the specimen to be measured. The position of the peak gives information 

about the qualitative composition of the sample.  

EDAX systems are attachments to Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM) or Field Emission Scanning Electron 

Microscopy (FESEM) instruments where the imaging capability of the instrument 

identifies the specimen of interest. The data generated by EDAX analysis consists of 

spectra showing peaks corresponding to the elements making up the true composition 

of the sample being analyzed. Elemental mapping of the sample and image analysis are 

also possible. 

 

Figure. 2.8. Principle of EDAX. 

 
2.2.5 UV-Visible studies 

Ultra-Violet and visible (UV-Vis) absorption spectroscopy is the measurement of the 

attenuation of a beam of light when it passes through a sample or after reflection from 

a sample surface. When light passes through a sample, some amount of light will be 

transmitted and some amount will be absorbed. The amount of light absorbed can be 

calculated by finding out difference between intensities of incident and transmitted 

light. The values of absorption intensities can be plotted against the wavelength of the 

light to obtain the absorption spectra of the desired sample.  
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The instrument used in UV-Visible studies is called UV-Vis Spectrophotometer which 

is schematically represented in Figure. 2.9. In the present work, UV-Visible studies 

were carried out using Ocean Optics USB 4000 over a spectral range of 200 to 800 nm.  

The instrument operates by passing a beam of light through a sample and measuring 

wavelength of light reaching a detector. Light is quantized in tiny packets called as 

photons, the energy of which can be transferred to an electron upon collision. However, 

transfer occurs only when the energy level of photon equals the energy required for the 

electron to get promoted to the next energy state, for example from ground state to first 

excited state. This process forms the basis for absorption spectroscopy.  Generally, light 

of a certain wavelength and energy is illuminated on the sample, which absorbs a certain 

amount of energy from the incident light. The energy of the light transmitted from the 

sample is measured using a photodetector, which registers the absorbance of the 

sample. A UV-Vis spectrophotometer measures absorbance or transmittance from the 

UV range to visible wavelength range. Further, from this data, optical constants like 

absorption coefficient, extinction coefficient, reflectance and band gap can be 

calculated. 

UV-visible spectrophotometer consists of a number of fundamental components: Light 

Sources (UV and Visble), monochromator (wavelength selector), sample holder, a 

detector, signal processor and read out. The radiation source used is usually a tungsten 

filament, a deuterium arc lamp which is continuous over the ultraviolet region and more 

recently light emitting diodes (LED) and xenon arc lamps for the visible wavelengths. 

The detector use is typically a photodiode or charge coupling device (CCD). 

Optical characterization is one of the methods to determine different electronic and 

optical transitions in the material and its band gap under the illumination of light. The 

incident light may get reflect, some part of the incident light may get absorb and some 

part may get transmitted through the sample. The amount of reflection, absorption, and 

transmission depend on the band structure and energy of the incident light. The 

transmittance and absorption measurements reveal valuable information about the 

energy band gap (Ea.) and band structure of the semiconductor material. The result of 

band to band transition is fundamental absorption, remaining mechanisms are important 

if the energy of the incident light is less than the energy band gap of semiconductor 

material. 
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The energy dependence of optical absorption coefficient (α) is as per Tauc’s relation 

given in Equation 2.2. 

 (𝛼ℎ𝜈)𝑚 = 𝐴(ℎ𝜈 −  𝐸𝑔)        2.2   

where 𝐸𝑔 is optical band gap, A is a constant, m is a constant that can take value 2 or 

1

2
 corresponding to direct or indirect transition respectively [Karthigha and 

Krishnamoorthi 2018]. Direct transition is chosen and the plot of (αh𝜈)2 versus hυ and 

extrapolating the linear portion of the graph, optical band gap 𝐸𝑔 is calculated.  

Optical absorption coefficient (α) is a measure of decrease in the energy of incident 

radiation per unit distance as the electromagnetic wave propagates through the crystal. 

It is calculated from the absorption spectrum using the Eqn. 2.3.  

𝛼 =
2.303 𝐴

𝑡
         2.3 

where A is absorbance and t is thickness of the crystal [Ma et al. 2018].  

Extinction coefficient (K) can be derived from the absorption coefficient using the 

relation given in Equation 2.4. 

𝐾 =  
𝜆𝛼

4𝜋
         2.4 

        

where λ is the wavelength [Bincy and Gopalakrishnan 2014b].  

Reflectance (R) is defined as the ration of the reflected intensity to the incident intensity 

and is the measure of ability of sample to reflect light from its surface [Kittel 2012]. 

Reflectance in terms of absorption coefficient is calculated from the Equation 2.5. 

𝑅 =  
1±√1−exp(−𝛼𝑡)+exp (𝛼𝑡)

1+exp (−𝛼𝑡)
       2.5 

where t is thickness of sample and α is absorption coefficient [Girisun and Dhanuskodi 

2009].  

Refractive index (n) of a material determines how the light propagates through it. It is 

calculated from the relation given in Equation 2.6 

𝑛 =
−(𝑇−2)±√−3𝑅2+10𝑅−3

2 (𝑅−1)
       2.6  

Electric susceptibility (χc) indicates the degree of polarization of the material in 

response to applied field of electromagnetic wave. It is given by Equation 2.7. 

𝜒𝑐 =  
𝑛2− 𝐾2−𝜖0

4𝜋
        2.7 
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where is the electric permittivity of free space [Rathika et al. 2016]. 

Optical conductivity of a crystal is a powerful tool to determine its optical response. 

Shankar Joseph equation for optical conductivity [Subramani et al. 2013] is given as 

shown in Equation 2.8. 

𝜎𝑜𝑝 =
𝐾𝑛𝑐

𝜆
          2.8 

where K is optical extinction coefficient, n is refractive index, c is the velocity of light 

and λ is the wavelength of light.  

The real dielectric constant (εr) and imaginary dielectric constant (εi) are related to 

refractive index and extinction coefficient by the Equation 2.9 and 2.10 [Bincy and 

Gopalakrishnan 2014b]. 

휀𝑟 =  𝑛2 − 𝐾2         2.9  

휀𝑖 =  2𝑛𝐾         2.10 

 

Figure. 2.9. Schematic diagram of UV-Vis spectrophotometer. 
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Figure. 2.10. The schematic of UV-Visible spectrophotometer. 

 
2.2.6 Photoluminescence studies 

Photoluminescence (PL) spectroscopy is contactless, versatile, nondestructive, 

powerful optical method of probing the electronic structure of materials. Light is 

directed onto a sample, where it is absorbed and imparts excess energy into the material 

in a process called photo-excitation. One way this excess energy can be dissipated by 

the sample through the emission of light or luminescence. In the case of photo-

excitation, this luminescence is called photoluminescence. Thus, photoluminescence is 

the spontaneous emission of light from a material under optical excitation [Aoki 2002]. 

This light can be collected and analyzed spectrally. The intensity and spectral content 

of this photoluminescence is a direct measure of various important material properties. 

Photo-excitation causes electrons within a material to move into permissible energy 

levels. These electrons when return to ground states, the excess energy is released and 

may or may not involve emission of light. The energy of the emitted light relates to the 

difference in energy between two electron states involved in the transition. The 

principle of photoluminescence is shown in Figure. 2.11. The quantity of emitted light 

is related to the relative contribution of the radiative process. The spectral dependence 

of intensity gives information about properties of the material. The time dependence of 

emission provides information about energy levels in the material. Since PL emission 

involves defect level transitions, the presence of defects in the material can also be 

estimated. Hence the quality of material can be studied. 
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The photoluminescence spectra of pure and doped crystals in the present work were 

recorded using Horiba scientific Fluromax-4-spectrophotometer shown in Figure 2.12. 

 

Figure. 2.11. Principle of Photoluminescence spectroscopy. 

 
Figure. 2.12. Horiba scientific Fluromax-4-spectrophotometer instrument used for the 

PL studies. 
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2.2.7 Fourier Transform Infrared Spectroscopy (FTIR) 

A molecule is a collection of atoms. These atoms have different types of vibrational 

motion. The energy corresponding to most of these vibrations is quantized and lies in 

infrared region of the electromagnetic spectrum. When infrared radiation is allowed to 

fall on the molecule, the system absorbs energy causing excitation of the molecule to 

higher vibrational levels. This gives rise to band characteristic of the molecule. Each 

functional group has characteristic vibrational frequency. This fact helps us to identify 

various functional groups. This has been achieved using infrared spectra which has been 

one of the most reliable methods for understanding the structure of molecules. 

Infrared spectroscopy has been a technique for material analysis for over seventy years. 

An infrared spectrum represents a fingerprint of a sample with absorption peaks 

corresponding to frequencies of vibration of bonds between the atoms. Since each 

material is a different combination of atoms, no two compound produces same infrared 

spectrum. Hence infrared spectroscopy plays an important role in identification of the 

material. In addition, the size of the peaks is a direct indication of the amount of material 

present. Thus infrared spectroscopy is an excellent tool for both qualitative and 

quantitative analysis. 

The original infrared instruments were of dispersive type where the individual 

frequencies of the infrared source was separated and the amount of energy at each 

frequency after passing through the sample was measured by the detector. Fourier 

Transform Infrared (FTIR) spectroscopy was developed in order to overcome the 

limitations of older infrared spectroscopic method. It consists of an interferometer that 

produces a unique type of signal which has all the infrared frequencies encoded into it. 

The signal can be measured very quickly thereby overcoming the drawback of slow 

scanning of the older technique. Most interferometers use a beam splitter which divides 

the incoming infrared beam into two optical beams. One reflects off from a mirror that 

is fixed and the other reflects off from a mirror which can be moved over a very short 

distance. The signal that exits the interferometer is the result of two reflected beams 

interfering with each other. The resulting signal is called interferogram which has the 

unique property that every data point that makes up the signal has information about 

every infrared frequency that comes from the source. As the interferogram is measured, 

all the frequencies are measured simultaneously resulting in extremely fast 
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measurements. The measured interferogram cannot be interpreted directly. A method 

of decoding the individual frequencies is required which is accomplished by a well-

known mathematical technique called as Fourier transformation which is performed by 

the computer giving the desired spectral information for analysis. The schematic 

diagram for FTIR is shown in Figure. 2.13. 

Figure. 2.13. Schematic representation of FTIR Spectrometer. 

 

Figure. 2.14. FTIR instrument. 
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2.2.8 Thermo Gravimetric and Differential Thermal Analysis (TG-DTA) 

 Thermal analysis is a branch of materials science where the properties of 

materials are studied as a function of temperature. The techniques used in the present 

study are thermogravimetric analysis (TGA) and differential thermal analysis (DTA). 

TGA is a technique in which the mass of a substance is monitored as a function of 

temperature under controlled atmosphere. A simple TGA concept is TGA measures a 

sample’s weight as it is heated or cooled in a furnace. It consists of a sample pan that is 

supported by a precision balance. That pan resides in a furnace and is heated or cooled 

during the experiment. The mass of the sample is monitored during the experiment. A 

sample purge gas controls the sample environment. This gas may be inert or a reactive 

gas that flows over the sample and exits through an exhaust. The schematic diagram for 

TGA technique is shown in Figure. 2.15. These instruments can quantify loss of water, 

loss of solvent, loss of plasticizer, decarboxylation, pyrolysis, oxidation and 

decomposition. 

 

Figure. 2.15. Schematic diagram for TGA technique. 

 DTA consists of heating the sample and reference material at the same rate and 

monitoring the temperature difference between the sample and reference. In this 

method, the sample is heated along with the reference standard under identical thermal 

conditions in the same oven. The temperature difference between the sample and 

reference substance is monitored during the period of heating. As the sample undergoes 

any change in state, the latent heat of transition will be evolved or absorbed and the 
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temperature of the sample will differ from that of the reference material. This difference 

in temperature is recorded. Hence, any change in state can be detected along with the 

temperature at which it occurs. The schematic diagram for DTA technique is shown in 

Figure. 2.16. The measured weight loss curve gives information on changes in sample 

composition and thermal stability. The derivative weight loss curve can be used to tell 

the point at which the weight loss is most apparent. 

 

Figure. 2.16. Schematic diagram for DTA technique. 

 
2.2.9 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

 The thermal studies presented in this thesis have been performed using a 

differential scanning calorimeter (DSC). DSC is a thermal analysis technique that 

measures the heat flow into or out of a sample as a function of temperature and is used 

to detect thermodynamic transitions such as glass transition, crystallization or melting. 

A DSC measures the temperature difference between the sample under study (S) and 

an inert reference (R). Thus, DSC is a calorimetric method in which differences in 

energy are measured. Generally, the temperature program for a DSC analysis is 

designed such that the sample holder temperature increases linearly as a function of 

time. The reference sample should have a well-defined heat capacity over the range of 

temperatures to be scanned. The DSC operates under the simple assumption that the 

heat flow rate between two points is proportional to the temperature difference between 
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those two points. The Figure 2.17 shows the schematics of a DSC and the image of the 

instrument used in the present work (Figure 2.18). The calorimeter consists of a sample 

holder and a reference holder (beneath their respective pans) as shown in Figure 2.17. 

Both are constructed of platinum to allow high temperature operation. 

 

Figure. 2.17 Schematics of a Differential Scanning Calorimeter.  

 

 

Figure. 2.18. Image of the Perkin Elmer DSC 8000 used for thermal studies. 
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 Under each holder is a resistance heater and a temperature sensor. Currents are 

applied to the two heaters to increase the temperature at a selected rate. The difference 

in the power to the two holders is necessary to maintain the holders at the same 

temperature. A flow of nitrogen gas is maintained over the samples to create a 

reproducible and dry atmosphere. The nitrogen atmosphere also eliminates air 

oxidation of the samples at high temperatures. The sample is sealed into a small 

aluminum pan. The reference is an inert material such as alumina or just an empty 

aluminum pan. The pans hold up to about 10 mg of material. Since the DSC is at 

constant pressure, heat flow is equivalent to enthalpy changes:   

(
𝑑𝑞

𝑑𝑡
)

𝑝
=

𝑑𝐻

𝑑𝑡
                                                                      2.11 

 Here 𝑑𝐻 𝑑𝑡⁄  is the heat flow measured in mcal sec-1. The heat flow difference 

between the sample and the reference is:  

∆𝑑𝐻

𝑑𝑡
 = (

𝑑𝐻

𝑑𝑡
)

𝑠𝑎𝑚𝑝𝑙𝑒
− (

𝑑𝐻

𝑑𝑡
)

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
                                                    2.12 

and can be either positive or negative. In endothermic processes such as most phase 

transitions, heat is absorbed and therefore, heat flow to the sample is higher than that to 

the reference. Hence, ∆dH/dt is positive. For example, as a solid sample melts into a 

liquid, it requires more heat flowing to the sample to increase its temperature at the 

same rate as the reference. This is due to the absorption of heat by the sample as it 

undergoes the endothermic phase transition from solid to liquid. In an exothermic 

process such as crystallization, some cross-linking processes, oxidation reactions, and 

some decomposition reactions, the opposite is true and ∆dH/dt is negative. When the 

sample undergoes exothermic processes, less heat is required to raise the sample 

temperature. By observing the difference in heat flow between the sample and the 

reference, differential scanning calorimeters are able to measure the amount of heat 

absorbed or released during such transitions. 

2.2.10 Hardness Measurements 

 Vickers hardness number (VHN) is given by the relation [Gao et al. 2003 Tyagi 

et al. 2015] 

Hv = 108544 
P

d2                                                                                   2.13 

 

http://en.wikipedia.org/wiki/Melting
http://en.wikipedia.org/wiki/Phase_transition
http://en.wikipedia.org/wiki/Calorimeter
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 Where, P is the applied test load in kg and d is the mean diagonal length of 

indentation impression in mm. In an ideal crystal, the hardness does not vary with the 

applied load whereas in a real crystal this variation is observed. The diamond indenter 

is as shown in the Figure 2.19. 

C11 = 𝐻𝑣
7

4⁄         2.14 

 

 
Figure. 2.19. Schematic representation of Vicker’s pyramidal indenter. 
 

The size of the indentation and the load applied can be related using Meyer’s 

law [Sangwal 2000] as shown in Equation 2.15.  

P = Kdn 
       2.15 

Where n is Mayer’s index and K is the material constant. The n value can be 

calculated by taking the slope from log P versus log d graph.  

The yield strength values are computed using the relation 2.16 [Suresh et al. 2018] 

σy = 
𝐻𝑣

3
         2.16 

The Fracture toughness of the crystals are calculated using the relation.  
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Kc = β0 𝐶
3

2⁄
        2.17 

Where C is crack length and β0 is taken as 7 for Vickers indenter [Vizhi and 

Vijayalakshmi 2016]. 

The relative measure of the material brittleness is obtained by the crack 

produced on the indented surface and calculated using the Equation 2.18. 

Bi = 
𝐻𝑣

𝐾𝑐
         2.18 

Where, Hv is the Vicker’s hardness number and Kc is Fracture toughness of the crystal. 

2.2.11 I-V studies 

2.2.11(a) Preparing samples  

 The synthesized crystals with parallel surface were chosen and polished on both 

sides using two different grade polishing papers of 1200 grade paper for removing the 

rougher surfaces and 3000 grade paper to polish the samples to get smoother surfaces. 

The thickness of the crystals were measured using Digital Vernier callipers having a 

least count of 0.01 mm. For I-V characterization experiments, smooth surfaces on the 

both the sides of the crystals are required to obtain the better I-V results without any 

current loss due to the contacts on both the surface. The electrical response of the crystal 

depends on the electrode in contact with the crystal.  

The same I-V measurements were carried out in dark as well as illuminated conditions 

in order to measure the photo response of the material. A white light source of 50W 

capacity is used to illuminate the crystal and the I-V response is studied.  

2.2.11(b) I-V ANALYZER 

The current-voltage characteristic of a solid can be studied either by scanning 

along the voltage axis with variable voltage source and measuring the current induced 

in the sample, or by scanning the current axis with the variable current source and 

measuring the voltage developed across the sample. The selection of the source depends 

on the characteristics to be measured. In the case of ohmic samples, either of these 

methods produces the same result.  

A customized setup is used to study the Photo response of the material. The 

setup consists of a closed wooden box with provision to insert sample holder to study 

the response of the crystal. A white light source of 50W is fitted in the one top end of 

the wooden board and the light is aligned in such a way that the illuminated light 
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directly falls on the sample holder (where the sample is studied).  

The crystals were studied by sourcing voltage and measuring the current 

developed across the sample. The photo response of the crystal was studied by exposing 

the crystal to the illuminated source for 2 min and sourcing the voltage and measuring 

the current. Schematic diagram of the PC based I-V analyzer system used to study the 

electrical I-V and Photo response of the crystals is shown in the Figure. 2.20. It consists 

of two main parts: 

(i) Source meter :- A Keithley Source - Meter (Model 2410) controlled through IV Lab 

Tracer 2.0 is used as an excitation source to study the I-V characteristics. It can deliver 

a maximum current of 20mA at a compliance voltage of 1100V. The current source 

mode of this instrument is employed for the switching analyses as it is possible to obtain 

the complete I-V curve in this mode.  

 

Figure. 2.20. Schematic of PC controlled set-up used for I-V characteristics of the 

crystals. 

(ii) Sample holder :- The sample whose I-V characteristic is to be studied is placed in 

a sample holder cell. Basically, the design comprises of an inter changeable two probe 

holder assembly comprising of a four hole high purity Alumina Sheathing with overall 
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diameter not exceeding 8 mm. This is integrated with alumina plates of diameter not 

exceeding 20mm at the bottom with suitable holding assembly on which the specimen 

to be tested is placed. The brass electrodes are inserted through the holes of the alumina 

sheathing for making contact with that of the sample. The design is such that the 

measuring probes will run through the individual holes of the Alumina sheathing duly 

fitted with a spring loading system provided at the top. By just applying adequate hand 

pressure on the spring loading system, the contacts between the probes and the 

specimen are developed. To study the I-V characteristics, flat contacts are taken from 

the two electrodes as shown in Figure. 2.21. 

 

Figure. 2.21. Image of the experimental setup used for electrical conductivity studies. 

 

(iii) Photoconductivity setup 

 Sample was polished in both the ends and placed between a two-probe sample 

holder. Customized set up has been used in order to characterize the sample in both 

dark and illuminated condition. We have used a Halogen dichroic lamp of 50 W 

capacity which is a white light source for the present study.  An input voltage has been 

applied to the sample and the resultant current has been measured. The wavelength 

dependent I-V studies of the crystal was carried out by illuminating the crystal with 

different frequencies of visible light radiation using suitable filters. The time dependent 

I-V studies were performed by setting the bias voltage at +3 V and measuring the 

current with respect to time.  

The resistivity of the crystal is calculated using the Equation 2.19 
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𝜌𝑑𝑐  = 
𝑅𝐴

𝑑
        2.19 

where, ρ is the resistivity, A is the area of contact and d is the thickness of crystal.  

 

 

Figure. 2.22. Schematic of PC controlled set-up used for Photoconductivity studies of 

the crystals. 

2.2.12 Dielectric Studies 

 
The electrical properties and dynamics of semiorganic crystals at the metal-crystal 

interface or in their bulk form can be easily investigated using a relatively new and 

powerful electrical characterization method called Impedance Spectroscopy (IS). This 

is a purely electrical and non-destructive technique which does not require expensive 

experimental setup. The general approach in Impedance Spectroscopy of single crystals 

is to apply an external stimulus (ac voltage or current) to the electrodes and observe the 

response. The nature of the external stimulus can be varied and the standard approach 

is to apply a single-frequency voltage or current to the interface and measure the phase 

shift and amplitude, or real and imaginary parts of the resulting current at that 

frequency, using either analog circuit or fast Fourier transform (FFT) analysis of the 

response [Macdonald and Johnson 2005] 

In Impedance spectroscopy measurements, a small sinusoidal voltage v(t) = 
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Vmsin(ωt) of amplitude Vm and frequency ω = 2πf is applied to the sample along with a 

constant bias voltage V. The response of the sample is given by the resulting measured 

current i(t) = Imsin(ωt+ϕ) with a phase shift ϕ and amplitude Im. The small sinusoidal 

voltage is in the order of millivolts so that the current response is almost linear and does 

not perturb the sample very much. For purely resistive behavior, ϕ = 0. When the system 

involves capacitive and inductive elements, the relation between the properties of the 

system and its response to the external stimuli becomes very complex in time domain. 

The frequency dependent complex impedance Z(ω) is defined according to Ohm’s law 

as the ratio of the complex voltage V(ω) to complex current I(ω) and is given by the 

following expression 

Z(ω) = 
𝑉(ω)

𝐼(ω)
  = Re[Z(ω)] + iIm[Z(ω)]      2.20 

where Re[Z(ω)] is the real part and Im[Z(ω)] is the imaginary part of the complex 

impedance. The plot of –Im[Z(ω)] versus Re[Z(ω)] is called as the Cole – Cole plot and 

is shown in Figure 2.23. 

 

Figure. 2.23. Cole-cole Plot. 

The modulus |Z(ω)| is given by the expression 

|Z(ω)| = √{(Re[Z(ω)])2 + (Im[Z(ω)])2 }                                        2.21 

And the phase angle is given by the following expression 
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 ϕ = tan-1[
Im[Z(ω)] 

Re[Z(ω)]
]                                                                               2.22 

The IS data is represented and modeled using different equivalent circuits 

consisting of resistors and capacitors, depending on the structure and type of devices 

studied. 

The RC circuit as shown in Figure 2.24 consisting of a resistor RS in series with a 

parallel resistor RP and parallel capacitor CP is used to represent a single semicircle of 

radius RP/2 and height τ = 1/RPCP in the Cole - Cole plot. The negligible value of series 

resistor RS can be obtained from the distance between the origin and ω = ∞ on the x-

axis of the Cole – Cole plot. 

 

Figure. 2.24. Equivalent circuit model. 

The values of RP and CP are given by the following equations 

Rp = (Re[Z(ω)]-Rs) + 
(Im[Z(ω)])2

(Re[Z(ω)])−𝑅𝑠
                                                     2.23 

 

Cp = - [
1

𝜔𝑅𝑝
] + 

((Im[Z(ω)])

(Re[Z(ω)]−𝑅𝑠
                                           2.24 

 

 

2.2.12(a) Dielectric calculations 

The complex dielectric constant of a system subjected to an oscillating electric 

field is given by 

ε∗ = ε′ + ε′′         2.25 

where, ε′ and ε′′ are real and imaginary parts of dielectric constants [Elwej and Hlel 

2016].  

ε′ is calculated from the parallel capacitance value (Cp) as shown in Equation 2.26. 
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ε′ =
Cpd

ε0A
                                             2.26 

where 휀0is permittivity of free space, A is area of cross-section of the sample and d is 

the thickness of the sample [Shoba and Kaleemulla 2017]. 

ε′′ is calculated using the relation shown in Equation 2.27 

ε′′ =
ε′

2πfCpRp
        2.27 

where Rp is parallel resistance and f is frequency of applied electric field.  

The dielectric loss tangent (tan 𝛿) which represents dielectric loss of the 

material is calculated using the relation 2.28 [Bindu et al. 2018a], 

tan 𝛿 =
ε′′

ε′
        2.28 

The ac conductivity of pure and doped crystals was calculated using the formula 

given in Equation 2.29. 

𝜎𝑎𝑐 = ωε0휀′ tan 𝛿       2.29 

where ω = 2πf is the angular frequency of the applied field and ε0 is permittivity of free 

space [Sagadevan 2016a].  

The frequency dependence impedance consisting of the real (Z') and imaginary 

(Z') parts are calculated using the relation 2.30 and 2.31, respectively.  

Z´ = Z × Sin (Phase)       2.30 

Z´´ = Z × Cos (Phase)       2.31 
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CHAPTER 3  

SYNTHESIS AND CHARACTERIZATION OF ORGANOMETALLIC 

POTASSIUM HYDROGEN OXALATE OXALIC ACID DIHYDRATE SINGLE 

CRYSTAL 

Overview  

In this chapter, the description of the preparation of potassium oxalate oxalic acid 

dihydrate (KH3(C2O4)2.2H2O) single crystals using the slow solvent evaporation 

technique at room temperature was given in sufficient detail. The structural, optical, 

thermal, mechanical and electrical properties of the crystal were discussed. 

3.1 Introduction 

Great efforts have been made in the area of research and design of highly 

efficient materials for various applications such as high speed information processing, 

optical communication, optical data storage, etc. [Shahil Kirupavathy et al. 2008 Saritha 

2013 Santhi and Alagar 2016]. Many research works were carried to overcome the 

drawbacks of the existing host materials by combining them with the other materials. 

The organic materials are having excellent optical properties, but they are brittle in 

nature [Rajasekaran et al. 2001 Senthil Pandian and Ramasamy 2010 Thaila and 

Kumararaman 2012]. Polishing those materials to the potential need is difficult because 

they are soft in nature which is due to the weak hydrogen bonds [Ramajothi and 

Dhanuskodi 2007]. The organic materials, due to their low thermal stabilities, poses 

difficulty during device fabrications. On the other hand, inorganic materials possess 

higher mechanical and thermal stabilities but moderate optical properties. An alternate 

class of materials have been developed to overcome the drawbacks of organic and 

inorganic materials by combining both the materials, giving rise to semiorganic 

materials which possess higher optical properties of organic materials and mechanical 

and thermal stabilities of the inorganic materials. The titled compound was first 

synthesized using potassium hydrogen oxalate K(HC204) and aluminium hydroxide 

Al(OH)3 and the obtained compound was KH3(C4O8).2H2O [Haas 1964]. The 

KH3(C4O8).2H2O single crystal was refined to R factor of 0.05. The crystal structure 

was further solved to the R value of 0.03 and the synthesis method was not described 

in the paper [Gilmore and Speakman 1982]. In the present work, the potassium 
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hydrogen oxalate oxalic acid dihydrate KH3(C4O8).2H2O single crystals were 

synthesized using oxalic acid and potassium dihydrogen phosphate and structure was 

solved which is in close agreement with the reported values [Haas 1964 Gilmore and 

Speakman 1982]. The method employed to synthesize the titled compound is 

completely different and the structure is solved to the R value of 0.024. The synthesized 

crystal was further characterized structurally, optically, thermally and electrically using 

powder XRD, UV-vis analysis, FTIR analysis, photoluminescence, Vickers hardness, 

TGA-DTA, I-V and dielectric analysis. 

3.2 Results and Discussions 

3.2.1 Solubility, density and growth rate studies  

The solubility studies of KHOOD crystal was determined at 6 different 

temperatures starting from room temperature (27 °C) to 50 °C. A Constant volume of 

double distilled water was used for the experiment (10 ml). The measurement was 

performed by dissolving a known quantity of KHOOD crystal in double distilled water 

taken in an air tight container kept at a constant temperature with continuous stirring. 

The solution was stirred for 2 hrs with magnetic stirrer for homogenization. The 

obtained solid samples are weighed to obtain the solubility of the material. The 

solubility as a function of temperature is given in Fig. 3.1. 

 

 

Figure. 3.1. Solubility Curve of KH3(C4O8).2H2O single crystal. 
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The density measurements are carried for the KHOOD crystal using Contech 

Density measurement unit and the obtained density value is 1.83 g/cm3. The crystal 

growth rate was also measured at room temperature and the growth rate is observed to 

be 0.09232 g/day.   

3.2.2 Single Crystal X-ray diffraction (SCXRD) analysis 

The crystal was subjected to SCXRD analysis and the structure of the molecule 

is solved using direct method which is shown in Fig. 3.1. The crystal belongs to triclinic 

crystal system with P-1 space group (Table 1). Unit cell parameters are a = 6.3632(5) 

Å, b = 7.0291(5) Å, c = 10.5984(7) Å, α = 93.835(3)°, β = 101.358(3)°, γ = 100.174(3)° 

and V = 454.90(6) Å3. Asymmetric unit of the titled compound consists of one molecule 

of potassium oxalate, 2 hemi oxalic acid molecule and 2 molecules of water. Potassium 

in the crystalline materials form bond with carbonyl group of oxalic acid and H2O 

molecule. Oxalic acid in the crystal bonds with water molecule and carboxylate group 

of potassium oxalate with O—H⋯O bond distance 2.484 Å and 2.503 Å respectively. 

Bond lengths between K+, oxalic acid and water molecules. The molecule expands in 3D 

manner by utilizing interactions associated with oxalic acid, oxalate and water molecule. Oxalic 

acid acts as a bridge between the packing units via –C=O⋯K+ and O—H⋯O interactions 

leading to a 3D structure of KH3(C4O8).2H2O. The packing view of KH3(C4O8).2H2O single 

crystal was shown in Fig. 3.2 

Table. 3.1. Crystal information, data collection and refinement details.   

Crystal structure 

details 

KHOOD 

CCDC number 1547829 

Molecular Formula C4H7KO10 

Molecular weight 254.20 

crystal system triclinic 

Space group P1̅ 

a /Å 6.3632(5) 

b /Å 7.0291(5) 

c  /Å 10.5984(7) 

α / ° 93.835(3) 
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β / ° 101.358(3) 

γ / ° 100.174(3) 

Volume/ Å 3 454.90(6) 

Z 2 

Density [g/cm3] 1.856 

µ (MoKα) [mm-1] 0.627 

T/K 296 (2) 

Reflns collected 2270 

Unique rflns 1953 

Parameter refined 165 

R1(I > 2σ) 0.0240 

wR 2 (I>2σ) 0.0645 

GOF 1.007 

 

Figure. 3.2. Asymmetric unit of KH3(C4O8).2H2O single crystal. 

Table. 3.2. Bond lengths. 

 Number Atom1 Atom2 Length 

1 K1 O10 2.9127(9) 

2 K1 O8 2.8778(9) 

3 K1 O7 2.896(1) 
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4 K1 O4 3.042(1) 

5 K1 O6 2.922(1) 

6 O10 C4 1.208(1) 

7 O5 C4 1.296(2) 

8 O5 H5 0.89(3) 

9 O9 C3 1.285(1) 

10 O9 H6 0.97(2) 

11 C2 O1 1.300(1) 

12 C2 C1 1.553(2) 

13 C2 O2 1.210(1) 

14 O8 C3 1.215(1) 

15 O1 H7 0.90(2) 

16 O7 H1 0.82(2) 

17 O7 H2 0.81(2) 

18 O3 C1 1.232(1) 

19 O4 C1 1.256(1) 

20 O6 H4 0.86(2) 

21 O6 H3 0.81(2) 

 

Table. 3.3. Hydrogen bonds in the KH3(C4O8).2H2O single crystal. 

D—H···A D—H H···A D···A D—H···A 

O1—H7···O6 0.90(2) 1.63(2) 2.5272(12) 175(2) 

O9—H6···O4 0.97(3) 1.53(3) 2.5032(11) 175(2) 
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O5—H5···O7 0.89(3) 1.59(3) 2.4839(13) 175(2) 

O6—H3···O5 0.81(2) 2.42(2) 2.8415(13) 113.4(19) 

O6—H3···O10 0.81(2) 2.01(2) 2.7917(12) 163(2) 

O6—H4···O8 0.87(2) 2.03(2) 2.8402(13) 154(2) 

O6—H4···O9 0.87(2) 2.27(2) 2.8933(13) 129.0(19) 

O7—H2···O2 0.81(2) 1.94(2) 2.7403(13) 169.2(18) 

O7—H2···O4 0.81(2) 2.626(19) 3.0799(13) 116.9(15) 

O7—H1···O3 0.82(2) 1.91(2) 2.7106(12) 166.4(19) 

Symmetry codes: (i) −x+1, −y, −z+1; (ii) x+1, y, z; (iii) −x, −y, −z; (iv) x−1, y−1, z; (v) 

x−1, y, z. 

3.2.3 Powder XRD analysis 

 

Figure. 3.3. Powder XRD pattern of KHOOD single crystal. 

The synthesized single crystals were crushed using motor and pestle to obtain 

fine powder. The obtained powder was subjected to powder XRD analysis and the plot 

is as shown in Fig. 3.3. The presence of crystalline peaks indicates the crystalline nature 

of the synthesized material. The crystals were indexed using the miller indices obtained 

from the SXRD which was extracted using the mercury software. The powder XRD 
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data was further analyzed using X-pert highschore software and the crystal obtained 

belongs to triclinic crystal system which is in good agreement with the single crystal 

XRD data (Table 3.4). 

Table 3.4. Structural details of KH3(C2O4)2.2H2O crystal. 

Cell parameters SXRD PXRD 

a (Å) 7.029(5) 7.031(3) 

b (Å) 10.598(5) 10.611(5) 

c (Å) 6.363(7) 6.367(3) 

Alpha (°) 101.358(3) 101.360(3) 

Beta (°) 100.174(3) 100.180(5) 

Gamma (°) 93.835(3) 93.820(5) 

Volume of cell (Å3) 454.90(3) 455.84(7) 

 

3.2.4 SEM and Energy Dispersive X-ray (EDAX) analysis 

 

Figure. 3.4. EDAX spectrum of KH3(C2O4)2.2H2O single crystal. 

From the SEM micrograph of KH3(C2O4)2.2H2O single crystal, it was observed 

that the crystal surface consists of pits and microcrystals. The elemental composition 

of the synthesized crystal can be determined using a micro analytical technique known 

as EDAX analysis. In the present work, elemental analysis of KH3(C2O4)2.2H2O 
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crystals was carried out. Fig. 3.4 shows the recorded EDAX spectrum which confirms 

the presence of potassium, carbon and oxygen in the synthesized crystal. The mapping 

spectra shown in Fig. 3.5 further depicts the distribution of these elements in the crystal. 

 

Figure. 3.5. FESEM and elemental mapping of KH3(C2O4)2.2H2O single crystal. 

 

3.2.5 UV-visible studies 

The crystals were characterized using UV-vis spectrometer and the absorption 

spectrum was recorded in the spectral range of 200-900 nm. As obtained crystals were 

polished on both the sides to obtain smooth surface to measure UV-vis measurements. 

The crystal shows strong absorbance in the UV region and transmits in the visible 

region, which is shown in the Fig. 3.6. The crystal absorption peak was observed at 

around 280 nm which corresponds to the UV region of the electromagnetic spectrum. 

The crystal exhibits excellent transmittance in the visible region. 

The interaction between the electromagnetic radiation and the material decides 

the optical property of the material [Job et al. 2016a]. The UV-visible transmittance 

spectrum of the synthesized crystal is recorded and is shown in Fig. 3.7. The crystal 
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exhibits excellent transmittance in entire visible region and near IR region with lower 

cut-off wavelength lying in UV region at 333 nm. The wide optical window suggests 

its application in optoelectronic industries.  

 

Figure. 3.6. UV-vis absorption spectrum. 

 

Figure. 3.7. UV-vis transmittance spectrum. 

Optical absorption coefficient (α) can be calculated from the UV-transmittance spectra 

using Equation 2.4. 

Being a direct band gap material, the absorption coefficient is related to photon energy 
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(hν) by the relation given in Equation 2.2. 

 

Figure. 3.8. Tauc’s plot. 

The variation of (αhν)2 versus photon energy (hν) is shown in Tauc’s plot 

presented in Fig. 3.8. The intercept of linear portion of the graph on the x-axis gives the 

value of optical band gap which is found to be 4.07 eV. As a consequence of the wide 

band gap, the synthesized crystal has high transmittance in visible region. 

 

3.2.6 FTIR analysis 

The IR absorption of the KH3(C4O8).2H2O single crystal was studied using 

FTIR analysis using ATR method, which is shown in Fig. 3.9. The peaks corresponding 

to  3663 cm-1 and 3350 cm-1 can be attributed to the O-H stretching and bending 

vibrations [Ezhil Raj et al. 2008 Mahalakshmi et al. 2012 Vimal et al. 2014]. The 

vibrational frequency corresponding to the 1760 cm-1 is due to the C=O stretching mode 

[Sagadevan 2016a Ramki and Ezhil Vizhi 2017]. The asymmetric stretching vibrations 

of  C=O was present at 1286 cm-1 [Ezhil Raj et al. 2008 Mary C et al. 2016]. The 

presence of K-O stretching vibration was witnessed at around 887 cm-1  [Sagadevan 

2016a]. The C-O-H bending mode was observed at 1495 cm-1 [Sagadevan 2016a]. 
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Figure. 3.9. FTIR spectrum of KH3(C4O8).2H2O single crystal. 

 

3.2.7 Photoluminescence studies 

When the crystal is exposed to light of particular energy, electronic states are 

excited and the energy of excitation is emitted as light of different wavelength. This 

process is termed as photoluminescence. The photoluminescence (PL) spectrum of 

KH3(C2O4)2.2H2O single crystal is shown in Fig. 3.10. The recorded emission spectrum 

when analyzed gives information regarding intrinsic impurities, electronic transition 

states, defect states and roughness of the material [Anis et al. 2016 Sasi et al. 2016]. In 

present study, the KH3(C2O4)2.2H2O single crystal is photo-excited at a wavelength of 

280 nm and the emission spectrum is recorded in the range of 300-500 nm. Three 

distinct emission peaks are observed at 324 nm, 366 nm and 426 nm. The sharp peak at 

426 nm points out that the synthesized crystal has fluorescence emission in the violet 

region of visible spectrum which may be due to the processes like charge transfer and 

electron trapping. The other peaks present in the emission spectra may be attributed to 

the existence of various energy levels between ground and excited states due to the 

delocalization of the O-C=O bond of oxalic acid [Dalal and Kumar 2016]. The distinct 

nature of PL peaks clearly indicates that the synthesized crystal has good optical quality 

which is of great importance in optoelectronic applications. 
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Figure. 3.10. Photoluminescence spectrum. 

3.2.8 Differential Scanning Calorimetry 

 

Figure. 3.11. DSC plot of KH3(C2O4)2.2H2O. 

The thermal stability of the crystal was studied using DSC analysis by taking 2 

g of the crystal in the nitrogen atmosphere. The crystal was studied thermally in the 

temperature range of 32 ºC to 400 ºC in heating rate of 10º/minute shown in Fig. 3.11. 

The endothermic peaks are observed and the peak at 104 ºC corresponds to the loss of 
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water molecules. Further, sharp peak at 187 ºC and 204 ºC is attributed to the release 

of water molecules which are entrapped inside the crystal lattice. In addition to these, 

peak at the 265 ºC can be attributed to the release of CO2 and H2 gas molecules. The 

endothermic peak from the DTA at 265 ºC can be attributed to the melting point of the 

sample. 

3.2.9 TGA-DTA analysis 

The melting point, decomposition temperature, purity and crystalline nature of 

the materials were studied using the TGA and DTA analysis. The crystal of 2 mg was 

taken for the thermal analysis of KH3(C4O8).2H2O single crystal in the nitrogen 

atmosphere. The TGA and DTA curves of the synthesized crystals were shown in the 

Fig. 3.12. The crystal is observed to be stable till 80º C and the temperature is increased 

till 116 ºC mass loss is observed and these mass losses can be due to the liberation of 

H2O adsorbed [Vimal et al. 2014 Chandran et al. 2017]. The second mass loss is 

observed at around 165 ºC to 220 ºC can be attributed to the dehydration of water 

molecule from the crystal [Vimal et al. 2014]. Phase transformation happens in the 

region where the water molecules from the crystal is dehydrated completely 

[Mahalakshmi et al. 2012]. The mass loss at 240 ºC to 275 ºC can be attributed to the 

liberation of CO2 and HCOOH gas molecules and the product remaining is K2C2O4. The 

endothermic peak from the DTA at 266.5 ºC can be attributed to the melting point of 

the sample. The presence of endothermic peak at 394.4 ºC suggests that the crystal 

undergoes physical transformation and no mass loss is observed in this region 

[Higashiyama and Hasegawa 1971a Dinnebier et al. 2005]. The mass loss observed 

after 530 ºC and the mass loss in the range 530 ºC to 600 ºC is attributed to the liberation 

of CO gas and formation of K2CO3 [Mahalakshmi et al. 2012].  

2(KH3C4O8 ∙ 2H2O)          2KH3C4O8 + 4H2O↑   (3.1) 

2KH3 (C2O4)2        2KHC2O4+2CO2↑+2HCOOH  (3.2) 

2KHC2O4                                         K2C2O4+CO2↑+HCOOH  (3.3) 

K2C2O4                                   K2CO3+CO↑    (3.4) 
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Figure. 3.12. TGA-DTA plots of KH3(C4O8).2H2O single crystal. 

3.2.10 Hardness studies 

 

Figure. 3.13. The variation of (a) applied load (P) Vs Hardenss number (Hv) (b) Log d 

Vs Log P (c) Stiffness constant (C11) and Yield strencgth Vs Hv (d) Load P Vs d2. 
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The mechanical hardness of a crystal is related to the structure and composition 

of the crystalline materials. Vickers microhardness measurement technique is employed 

to characterize the hardness of the KHOOD single crystal. Hardness measurements 

were carried out on well-polished (0 0 1) plane of KHOOD single crystals, which is 

free from any visible inclusions or cracks. 

However, it was interesting to note that the hardness value (Hv) decreased as the 

applied load increased (ISE) [Goel et al. 2013]. Similar results showing deterioration 

in hardness number as a result of applied load is reported elsewhere [Cyrac Peter et al. 

2010 Sujatha et al. 2010 Adhikari and Kar 2013 Baskaran et al. 2017 Ramki and Ezhil 

Vizhi 2018]. 

The Vickers 𝐻𝜈 microhardness value is computed using the Equation 2.13 [Gao 

et al. 2003 Tyagi et al. 2015] 

The estimated values of Vickers microhardness numbers for the KHOOD single crystal 

is plotted and shown in Fig. 3.13(a). The indentation was made on the top surface of 

the KHOOD crystal by applying 10, 25, 50 and 100 g loads respectively with a 15 sec 

indentation time.  

In KHOOD single crystal, it was noted that the microhardness number decreased as the 

applied load increased (10-100 g).  

The elastic stiffness (C11) of the material gives information about the molecular 

bond strength in crystals. The C11 can be calculated using the Wooster’s relation 

(Equation. 2.14) [Ray et al. 2017b] and C11 with respect to hardness number is plotted 

and shown in Fig. 3.13(c). The C11 values are tabulated in Table 3.5. 

The indentation size and the applied loads are related, which is given by 

Meyer’s law [Sangwal 2000]  

The n value can be calculated by taking the slope from log P versus log d graph. 

The obtained n value is 1.47 and the crystal belongs to hard material category. 

The material with n < 2, it exhibits a normal indentation size effect (ISE) behaviour and 

for n > 2 the material behaves   reverse indentation size effect (RISE) [Sangwal 2000 

Hanumantharao et al. 2013]. The obtained n value is less than 2 thus, KHOOD crystal 

belongs to hard material category which is experimentally confirmed.   

Yield strength (σy) of the crystal is explored using the Eqn. 2.16. The hardness 

of the material mainly depends on chemical bonding between the molecules which is 
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responsible for its distinct hardness. From the result, we concluded that the hardness of 

the material got increased as the strength of the chemical bonding consequently 

increased. 

Table. 3.5. Hardness number, Elastic stiffness (C11) and yield strength for different 

applied loads for KHOOD single crystal. 

Load (P) (g) Hardness (Hv) C11 (Pa) Yield Strength 

(Kg/mm2) 

10 253.7 16127.27 84.57 

25 174.34 8364.59 58.11 

50 139.02 5628.40 46.34 

100 112.82 3905.49 37.61 

  

3.2.11 I-V studies 

Fig. 3.14. shows I-V plots of KH3(C2O4)2.2H2O single crystal in the illuminated 

and in the dark condition. A linear increment of dark current as well as photocurrent as 

a function of applied field was observed in the experiments. Dark current was observed 

to be greater than the photocurrent at each applied field. This phenomenon is known as 

negative photoconductivity which may be due to the fall in the number of charge 

carriers or decrease in their lifetime on illumination [Ashraf et al. 2004a]. When light 

is illuminated on the sample, recombination of electrons and holes takes place, reducing 

the number of mobile charge carriers leading to negative photoconductivity. This leads 

to the decrease in lifetime of the charge carriers. According to the Stockmann model, 

two energy levels are present in the forbidden gap of the material, one of these levels is 

positioned between the conduction band and the Fermi level, whereas the other level is 

present near to the valence band. The capture cross-sections for electrons and holes in 

the second level is high. The capturing of electrons and holes from the conduction and 

the valence band respectively reduces the number of charge carriers in the conduction 

band consequently decreasing the current in the presence of illumination. Thus, the 

crystal is said to exhibit a negative photo-conducting effect. Calculated resistivity 

values herein, 1.78×104 (Ω∙m) in the dark and 4.27×104 (Ω∙m) when illuminated with 

light serves as an additional experimental evidence. Aforementioned observation may 

lead us to use this material for photo-resistive applications. 
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Figure. 3.14. Photoconductivity measurement. 

 

Figure. 3.15. Time dependent photocurrent response of KH3(C2O4)2.2H2O single 

crystal. 

The crystal was subjected to time dependent photo response with the light 

source switched on for 1 min duration and then switched off for a time interval of 4 

minutes alternately. The crystal shows negative photoconductivity and increased 

resistivity with the light source switched on and the resistivity decreases in the absence 

of illumination. 
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3.2.12 Electrical resistivity studies 

I-V studies were carried out to explore the electrical conductivity and resistivity 

of the KHOOD single crystal. The synthesized crystals were polished using Emery 

Polishing paper III Grade 3/0 to ensure flat surface on both the sides to get uniform 

thickness. The crystals were characterized by varying the voltage and measuring current 

using 2 probe method. The current is measured in the range of -3 V to +3 V and the 

resistance is calculated by inversing slope of the curve. The IV curve of the crystals for 

different temperatures are shown in the Fig. 3.18. The following studies are repeated 

for different temperatures till 85 ºC. The resistivity of the KHOOD crystals for different 

temperatures was calculated using the relation given in Equation. 2.19. and the 

conductivity was calculated by inversing the resistivity. 

 

Figure. 3.16. The I-V plot of KHOOD single crystal for different temperatures. 

The crystal resistivity is found to be in the range of 104Ωm whereas the 

conductivity is in the range of S/m. The resistivity and conductivity values for the 

KHOOD crystal with respect to different temperatures are tabulated and shown in Table 

3.6. The resistivity value increases as a function of temperature. Conductivity follows 

the decreasing trend as the temperature increased. 
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Figure. 3.17. Activation energy of the KHOOD single crystal. 

Table. 3.6. Resistivity and conductivity of the KHOOD crystals for different 

temperatures. 

Temperature 

(ºC) 

Resistivity (×104 Ωm) Conductivity (S/m) 

27 

30 

35 

40 

45 

50 

55 

60 

65 

70 

1.82 

2.024 

2.6 

6.151 

13.35 

13.64 

14.82 

17.09 

19.33 

21.28 

5.49×10-5 

4.94×10-5 

3.84×10-5 

1.62×10-5 

7.48×10-6 

7.33×10-6 

6.74×10-6 

5.84×10-6 

5.17×10-6 

4.69×10-6 
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75 

80 

85 

27.66 

28.74 

39.65 

3.61×10-6 

3.47×10-6 

2.52×10-6 

 

The activation energy plots show two linear regions with increase in resistance with 

increase in temperature. Activation energy (Ea) was calculated from the slope of linear 

parts of the plots. It is noticed that activation energy increases from 0.476 eV and 0.290 

eV. 

3.2.13 Dielectric studies 

Dielectric properties of a material reveal significant information regarding the 

storage and dissipation of electric and magnetic fields in the material and also provides 

insight into feasibility of implementing the material in potential applications. Dielectric 

studies of the synthesized crystals were carried out at frequency range of 4 Hz to 1 MHz 

at room temperature. The variation of dielectric constant of KH3(C4O8).2H2O single 

crystal with respect to log frequency is plotted and shown in the Fig. 3.20. The dielectric 

constant of a material is a complex quantity in which, the real part represents the 

polarization energy stored in the material. The εr magnitude mainly depends on charge 

displacement due to the degree of polarization in the crystals. The material experiences 

dielectric constant due to the contribution of space charge, orientational, electronic and 

ionic polarizations which depends on the applied frequency [De and Rao 1988].  

The real part of dielectric constant (ε′) is a measure of amount of energy from external 

field stored in the material and ε′ is calculated from the parallel capacitance value (Cp) 

as (Equation 2.26) 

From the Fig. 3.20. it can be observed that real part of dielectric constant has 

high dielectric values at low frequencies and it decreases as the frequency increases. 

This characteristic behavior of dielectric constant can be attributed to the dielectric 

relaxation [Anand et al. 2017 Chand et al. 2017a]. The lower dielectric constant at 

higher frequencies is due to low polarization activity in the higher frequency region 

[Devmunde et al. 2016 Lahlali et al. 2017]. An applied electric field at low frequencies 

influences the buildup of localized charge leading to accumulation of the space charge 

polarization which causes high dielectric constant. As the applied frequency increases, 
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charge accumulation at the grain boundary reduces, which reduces the polarization, 

resulting in the reduction of dielectric constant. The lower dielectric constant is a 

vibrant parameter for designing electro-optic modulators, microelectronics, terahertz 

wave generators, field detectors, and photonic devices [Ma et al. 2018]. The relatively 

lower dielectric loss confirms the presence of a minimum defect density and the 

enhanced optical quality of the KH3(C4O8).2H2O single crystal [Ma et al. 2018]. 

 

Figure. 3.18. Real part of dielectric constant versus log frequency. 

 

Figure. 3.19. Loss factor versus log frequency. 
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The dielectric loss factor or loss tangent (tan 𝛿) of the synthesized KH3(C4O8).2H2O 

single crystal was calculated using the Equation. 2.28. 

The variation of loss factor with respect to applied frequencies is shown in Fig. 

3.21. It was noticed that the loss factor decreases rapidly and becomes almost constant 

at higher frequencies because the polarized material cannot keep up for higher 

frequencies. The dielectric loss tangent arises when the polarization lags behind the 

applied altering field and is a result of the presence of structural inhomogeneities and 

impurities and crystal lattice imperfections [Singh et al. 2014]. The low value of loss 

tangent at high frequencies suggest the suitability of KH3(C4O8).2H2O single crystal in 

high frequency device applications [Aravind et al. 2015]. 

The electrical conduction at alternating frequencies was primarily a defect-

controlled process at room temperature region. From Fig. 3.22, it was noted that the 

electrical conductivity of KH3(C4O8).2H2O single crystal is minimum at lower 

frequency regions. The lower conductivity in the lower applied frequency region is due 

to the trapping mechanism. As the frequency increased, the space charge mechanism 

reduces which leads to the decrease in the trapping of electrons leading to increase in 

conductivity at higher frequency regions. 

It is observed that the electrical conductivity of KH3(C4O8).2H2O single crystal 

is low at lower frequencies due to trapping of some carriers at defect sites. The increase 

in conductivity at higher frequencies can be attributed to the reduction mechanism in 

the space charge polarization.  

The ac conductivity of KH3(C4O8).2H2O single crystal was calculated using the 

Equation 2.29.  

The ac conductivity with respect to the applied frequencies are shown in Fig. 

3.22. The ac conduction of the material reveals information regarding the nature of 

conduction mechanism and the type of polarons accountable for the conduction process 

[Hamdi et al. 2018]. The increase in ac conductivity values with increase in applied 

frequencies may be due to the pumping force of the applied field. The ac field helps to 

increase the movements of charge carriers from the various trapping centers. For higher 

frequencies the electron hopping improves between charge carriers which leads to 

increased conductivity of the crystal. 
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Figure. 3.20. Ac conductivity versus log frequency. 

The higher frequencies the ac conductivity increases linearly suggesting that the 

conduction takes place by hopping of charge carriers in between the localized states 

which confirms the small polaron type of conduction mechanism in  KH3(C4O8).2H2O 

single crystal [Singh et al. 2014]. The small decrease in conductivity value for lower 

frequency region suggests the conduction mechanism by mixed (small and large) 

polarons [Devan et al. 2006 Khader et al. 2015]. 

Complex impedance spectra of polycrystalline solids can be interpreted using 

the equivalent circuit model (resistance and capacitance). In general, when represented 

in the diagram of the negative of the imaginary part (Z'') versus the real part (Z'), the 

impedance data of materials depends on the resistive and capacitive components 

leading to a succession of semicircles [Macdonald 1992]. As observed in Fig. 3.23, 

where the spectra represent typical semicircles, whose center lies below the abscise axe 

by an angle (πα)/2, suggesting the departure from ideal Debye behavior [Chouaib et al. 

2015, 2016 Helen and Kanchana 2015].  
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Figure. 3.21. Cole-cole plot of the synthesized KH3(C4O8).2H2O single crystal. 

 

Figure. 3.22. (a) Variation of Z’ and (b) Z’’ with respect to log frequency. 

The frequency dependence impedance consisting of the real (Z') and imaginary (Z') 

parts as shown in Fig. 3.24(a) and Fig. 3.24(b), respectively.  

It is noticed that the extent of decrease in values of Z' with respect to applied 

frequency, indicating a decrease in the resistivity of the material. However, a maxima 

is obtained in the imaginary part of the impedance and the presence of such peak 

(maxima) is due to the dielectric relaxation process [Haque et al. 2017 Bindu et al. 

2018b].  

3.3 Conclusions 

Hybrid class metal organic KH3(C4O8).2H2O single crystals were synthesized 

successfully via solvent evaporation technique. The solved crystal structure belongs to 
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centrocymmetric triclinic crystal system with P-1 space group. The unit cell parameters 

were determined using powder XRD technique which shows good agreement with data 

obtained from single crystal XRD. EDAX analysis confirmed the presence of 

potassium, carbon and oxygen in the synthesized crystal. The optical absorption and 

emission properties were investigated and results presented that the crystal absorbs in 

the UV region (280 nm) and emits in blue region (427 nm). The functional vibrations 

were also studied using FTIR analysis and the vibrational modes present in the crystal 

were identified. It is worth noting that the crystal sustains till 266 ºC and for the farther 

temperatures it decomposes. The Vickers microhardness study reveals that the hardness 

number decreases as the applied load increases which explains the indentation side 

effect (ISE) behaviour of the crystal. From Meyer’s law the value of ‘n’ is evaluated to 

be 1.47 and it belongs to hard material category. The elastic stiffness of the crystal was 

studied using Wooster’s relation which gives information about the bonding and 

tightness of the neighbouring ions. The electrical resistivity measurements show 

increasing trend as the temperature increased. The activation energy of the crystal is 

also estimated and the crystal shows activation energy of 0.476 eV and 0.290 eV. I-V 

studies have shown the increase in the resistivity of the crystal on illumination 

suggesting their use as photoresistors. Time dependent I-V studies have shown negative 

photoconductivity of the crystal with the resistance being increased on illumination and 

decreasing under dark condition. Frequency dependent dielectric studies suggested the 

decrease in dielectric constant with respect to frequency. In addition, the low values of 

dielectric parameter and dielectric loss suggest its potential application in 

optoelectronic device fabrications. From the dielectric measurements it is noticed that 

space charge phenomenon acts on the crystal as the frequency is varied. Single 

semicircle from the cole-cole plot justifies the dielectric behavior obtained due to grain 

boundaries. 
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CHAPTER 4 

Effect of Co(OH)2 nanoparticle on the semiorganic potassium hydrogen oxalate 

oxalic acid dihydrate single crystal 

Overview 

In this chapter, the effect of Co(OH)2 nanoparticles on the structural, optical and 

electrical properties of the KHOOD single crystals is discussed. 

4.1 Introduction 

The development of novel materials of technicalogical importance has been the 

topic of considerable interest in the field of materials sciences. The advance research in 

the field of crystallography has modernized the optoelectronic industries. Crystal 

growth and analysis of novel materials have been strongly encouraged due to their 

possible use in the field of optical communication and laser technology [Prabukanthan 

et al. 2018]. Development of optoelectronic devices at low costs that are more efficient 

than the existing ones has been one of the important goals in the field of photonics 

[Mangaiyarkarasi et al. 2018]. The researchers from all over the world have shown 

interest to develop materials which have a wide range of applications in lasers, light 

emitting diodes and in the field of telecommunication, optical signal processing and 

optical modulation [Shahil Kirupavathy et al. 2008 Saritha 2013 Santhi and Alagar 

2016].  Materials with low absorption coefficient, good optical quality, high laser 

damage threshold, high thermal stability and ability to take high polish are of great 

interest due to their immense applications in day-to-day technological requirements 

[Ramajothi and Dhanuskodi 2007 Mahendra et al. 2019]. Designing devices that use 

photons instead of electrons in acquiring, storing, processing and transmitting data has 

become an active field of research these days [Martin Britto Dhas et al. 2008]. 

Organic and inorganic materials have been developed and extensively studied either 

from the research point of view or for the purpose of industrial growth. The choice of 

the material depends on technological applications. Organic materials due to their high 

electro-optic coefficients and greater ease of synthesis were investigated for their use 

in technology [Panchapakesan et al. 2018]. However, most of the organic materials 

have poor thermal and mechanical stabilities and are easily prone to damage during 

device fabrication. The weak van der Waal’s bonding in organic compounds creates 

difficulty in growing large sized organic crystals [Rajasekaran et al. 2001 Senthil 
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Pandian and Ramasamy 2010 Thaila and Kumararaman 2012]. Furthermore, cutting 

and polishing of these materials is difficult which hampers their use in practical device 

applications [Sankar et al. 2007]. In contrast to organic materials, inorganic materials 

possess better thermal properties and higher mechanical stability [Albert Irudayaraj et 

al. 2014].  An effort of combining advantages of both organic and inorganic materials 

have led to the development of a new class of organic-inorganic hybrid compounds 

termed as metalorganics which have revolutionized optoelectronic industries 

[Anbuselvi et al. 2014]. These materials with higher optical transparency and greater 

thermal and mechanical stabilities have been studied extensively and topics of research 

interest these days [Krishnakumar et al. 2010]. Thus, an alternate approach to overcome 

inherent limitations of both organic as well as inorganic materials has been successful 

and is gaining more importance due to their attractive properties that have allowed their 

innovative industrial application [Karuppasamy et al. 2018]. One of such hybrid 

materials is potassium hydrogen oxalate oxalic acid dihydrate whose excellent 

transmittance in the visible region and the optical and electrical properties suggest its 

candidature in optoelectronic applications. Electrical studies of this material has 

revealed its photo-resistive behavior and its candidature in technological applications 

[Mahendra et al. 2018]. Very few reports are available in the literature on KHOOD 

materials and thus leaving great scope to investigate their properties by addition of 

dopants.  

Impurities generally get incorporated into crystallization processes. These impurities 

may be either undesirable when present unintentionally or may be purposefully added 

to investigate their effect on host crystal lattice [Hottenhuis and Lucasius 1988 

Kuznetsov et al. 1998].  In recent years, the crystals with additives have been studied 

extensively owing to their modified functional properties in comparison with pure 

crystals. Growth of crystals in the presence of impurities in the form of dopants or 

additives has been ever more interesting on account of the fact that the addition of 

impurities affects both habit modification and crystal properties [Hottenhuis and 

Lucasius 1986, 1989 Hottenhuis and Oudenampsen 1988 S. and E.k. 2018 Mahendra 

et al. 2019]. Dye doping in some of the crystals has been found to vary their optical, 

thermal, electrical and mechanical properties [Enculescu 2010 Kushwaha et al. 2010 

Sinha et al. 2012, 2015 Raja et al. 2014 Bamini et al. 2015 Nandhakumar and 
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Radhakrishnan 2016 Raguram et al. 2016 Rao et al. 2017 Ray et al. 2017]. The inclusion 

of nanoparticles have also reported to alter the properties of the host crystal 

[Balasubramanian et al. 2008 Grachev et al. 2012 V Mary Sheeja 2013 Kosinova et al. 

2014]. The doped crystals with better optical transmittance, electrical properties, higher 

thermal and mechanical stabilities are promising candidates for optoelectronic 

applications. 

Recently, doping single crystals with metallic nanoparticles have gained attention to 

tune their various physical, optical and electrical properties. However, successful 

doping and doping control is difficult due to the various complications associated with 

metallic nanoparticles such as agglomeration, charge centers etc. In this case, the 

synthesized Co(OH)2 nanoparticles are free from agglomeration, which comfort the 

pathway for doping. In addition, the sparingly solubility of Co(OH)2 is one more 

advantage, which ease the compound formation while doping [Vidotti et al. 2006 Wu 

et al. 2018].  

So far very less work has been reported on nanoparticle doping on Potassium hydrogen 

oxalate oxalic acid dihydrate (KHOOD) single crystals. In the present work, the 

synthesis of potassium hydrogen oxalate oxalic acid dihydrate single crystals doped 

with cobalt hydroxide (Co(OH)2) nanoparticles of size 15 nm is given. The details of 

characterization of these crystals using powder XRD analysis, UV-visible 

spectroscopy, photoluminescence studies, EDAX mapping, FTIR analysis, thermo 

gravimetric analysis, I-V and dielectric studies are also presented. The studies carried 

out on pure and doped crystals were intended to determine the influence of nanoparticle 

doping on the properties of pure KHOOD crystal. 

4.2 Results and discussions  

4.2.1 Powder XRD analysis 

The synthesized crystals were fine powdered and studied using X-ray 

diffraction technique. The indexed XRD patterns for pure and Co(OH)2 doped crystals 

are shown in Figure. 4.1. The sharp peaks in the diffraction pattern confirms the 

crystalline nature of the synthesized materials. The unchanged peak positions suggest 

that the crystal system is unaffected by doping. The slight variation in intensity and 

shift in the XRD pattern indicates the incorporation of nanoparticles into the host lattice. 

In the system of KHOOD the ionic radius of K+ is 1.38 Å and Co2+ is 0.70 Å since the 
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possibility of replacing the K+ is higher. The K+ is replaced by the Co2+ could be the 

reason behind the peak shift obtained.  

 

Figure. 4.1. Powder XRD pattern of the pure and Co(OH)2 doped KHOOD single 

crystals. 

4.2.2 EDAX mapping 

The elemental distribution in the crystals are analyzed by EDAX mapping and 

the mapping spectrum is shown in the Figure. 4.2. The presence of individual elements 

were mapped and the elemental distributions were observed confirming all the elements 

of the KHOOD crystal. In addition, nanoparticle incorporation in the KHOOD crystal 

after doping was confirmed by the presence of Co particles in the crystal. The Co(OH)2 

nanoparticles are distributed randomly in the crystal leading to the change in properties 

of the crystal by inducing stress due to interstitial substitutions. The elemental 

composition of the pure and Co(OH)2 doped crystals are provided as Table. 4.1.   
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Figure. 4.2. Mapping of elements in the and Co(OH)2 doped KHOOD single crystals. 

 

Table. 4.1. Elemental compositional of pure and Co(OH)2 doped KHOOD single 

crystals. 

 

Element 

Atomic % 

KHOOD 20 µl Co(OH)2 

doped 

KHOOD 

40 µl Co(OH)2 

doped 

KHOOD 

60 µl Co(OH)2 

doped 

KHOOD 

O 60.56 60.64 60.71 61.09 

K 9.17 9.03 9.02 8.36 

C 30.27 30.16 29.98 30.17 

Co -- 0.17 0.29 0.38 

 

4.2.3 Optical studies 

Electromagnetic radiation affects all the particles making up the crystal – the 

lattice atoms, the electrons and holes in the valence and conduction bands, and the 

impurity atoms. The optical properties of any crystal is governed by the interaction of 

electric and magnetic field of the electromagnetic radiation with the crystal [Perkowitz 

1993]. Absorbance and transmittance data, optical constants like absorption coefficient, 

extinction coefficient, reflectance, refractive index, band gap and optical conductivity 
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are necessary factors those decide the suitability of the crystal in optoelectronic 

applications.  

When a crystal is exposed to electromagnetic radiation, a part of light is absorbed, a 

part is transmitted and the rest is reflected at the surface of the crystal [Job et al. 2016]. 

UV-visible spectrum of pure and doped crystals gives absorbance and transmittance 

data. The optical absorption and transmittance spectra of pure and doped crystals were 

recorded in the wavelength range of 200 nm to 800 nm as shown in Figure. 4.3(a) and 

3 (b). The pure crystals have UV cut-off wavelength of 300 nm, while a shift is observed 

towards higher wavelengths for Co(OH)2 NPs doped crystals. Few works have been 

reported which show the shift in absorption peak on doping [Hasmuddin et al. 2014 

Rajyalakshmi et al. 2016]. The shift in absorption peaks implies that the electronic 

structure of the material has been modified by the nanoparticle dopant. Both pure as 

well as Co(OH)2 doped crystals show excellent transmittance in the entire visible region 

of electromagnetic spectrum which is an essential criteria for any material to be used in 

optoelectronic industries [Uma and Rajendran 2016]. 

 

Figure. 4.3. (a) Absorbance (b) Transmittance spectrum of pure and Co(OH)2 doped 

KHOOD single crystal. 

4.2.3 (a) Determination of optical constants 

Optical absorption coefficient (α) is a measure of decrease in the energy of 

incident radiation per unit distance as the electromagnetic wave propagates through the 

crystal [Mahendra et al. 2017]. It is calculated from the absorption spectrum using the 

Eqn. 1.  

The variation of optical absorption coefficient with the incident wavelength for pure 
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and doped crystals is shown in Figure. 4.5(a). A steep rise appearing in UV region is a 

consequence of absorption of radiation by the molecules over a range of wavelengths 

[Jerusha et al. 2016].  

Extinction coefficient (K) can be derived from the absorption coefficient using the 

relation given in Equation. 2.4. 

It indicates the loss of electromagnetic radiation by means of absorption and scattering 

during its propagation through the crystal [Bincy and Gopalakrishnan 2014]. Figure. 

4.5(c) (Supplementary content) shows the variation of extinction coefficient with 

wavelength. 

Reflectance (R) is defined as the ratio of the reflected intensity to the incident intensity 

and is the measure of ability of sample to reflect light from its surface [Kittel 2012]. 

Reflectance in terms of absorption coefficient is calculated from the Equation. 2.5. 

Reflectance spectrum for pure and doped crystals is as shown in Figure. 4.5(b). Both 

pure and doped crystals show very low reflectance in visible region signifying their use 

in antireflection coatings [Shaikh et al. 2013]. 

Refractive index (n) of a material determines how the light propagates through it. It is 

calculated from the relation given in Eqnuation. 2.6. The profile of variation of 

refractive index with wavelength is depicted in Figure. 4.5(d). 

The energy dependence of optical absorption coefficient (α) is as per Tauc’s relation 

given in Equation. 2.3. 

Band gap of doped crystals shows decreasing trend with increase in dopant 

concentration. Pure crystal has a band gap value of 4.39 eV which further decreases to 

4.33 eV, 4.24 eV and 4.16 eV for 20 μl, 40 μl and 60 μl nanoparticle doped crystals. 

The decrease in bandgap or red shift of absorption peak obtained as the increase in 

dopant concentration is due to the formation of donor levels caused by doped impurities 

in the crystal [Chen et al. 2012 Shenoy et al. 2018]. The wide band gap of the crystals 

is an evidence for their transmittance nature in visible region. This is because only 

photons having energy greater than band gap energy will be absorbed by the crystal 

[Dhanjayan et al. 2017]. By tailoring absorption coefficient and by tuning band gap, the 

material can be made to meet suitable requirements for its use in fabrication of 

optoelectronic devices. 
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Figure. 4.4. (a) Tauc’s plot of pure and Co(OH)2 doped KHOOD single crystals (b) I-

V curves of pure and Co(OH)2 doped KHOOD single crystals. 

 

Figure. 4.5. (a) Absorption coefficient (b) Reflectance (c) Extinction coefficient (d) 

Refractive index of pure and Co(OH)2 doped KHOOD single crystals as a function of 

wavelength. 
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Figure. 4.6. (a) Electric susceptibility (b) Optical conductivity (c) Real dielectric 

constant (d) Imaginary dielectric constant of pure and Co(OH)2 doped KHOOD single 

crystals with respect to wavelength. 

 

Electric susceptibility (χc) indicates the degree of polarization of the material in 

response to applied field of electromagnetic wave.  

The variation of electric susceptibility with wavelength is shown in Figure. 4.6(a). 

Optical conductivity of a crystal is a powerful tool to determine its optical response. 

Shankar Joseph equation for optical conductivity [Subramani et al. 2013] is given as 

shown in Eqn. 7 which is shown in Figure. 4.6(b). 

Optical conductivity is in the order of 109 s-1 and remains almost constant in visible 

region. The higher value of optical conductivity is an indicative of the application of 

crystals in signal processing and computing [Anis et al. 2016]. 

The real dielectric constant (εr) and imaginary dielectric constant (εi) are related to 

refractive index and extinction coefficient by the Equation. 8 and 9 [Bincy and 
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Gopalakrishnan 2014]. The variation of εr and εi with wavelength are shown in Figure. 

4.6(c) and (d). 

4.2.4 I-V studies 

The as synthesized crystals were polished to obtain uniform surfaces on the both sides 

of the crystals and the thickness of 1.25 mm was maintained for all crystals to perform 

I-V measurements. I-V measurements were performed in the voltage range from -3 V 

to +3 V, and the current generated are measured using Keithley 2410-c 1100V source 

measuring unit. The crystals were swept in the voltage range from -3 V to +3 V and the 

current is measured which is shown in Figure. 4.4(b). The dc resistivity (ρdc) of pure 

and Co(OH)2 nanoparticles doped KHOOD single crystals are obtained by the relation, 

ρdc = RA/d [Freeda and Mahadevan 2000]. Wherein, R is the measured resistance, d is 

the thickness of the sample and A is the area of contact. The conductivity of the crystal 

was calculated by the inverse of calculated resistivity.  

On Co(OH)2 nanoparticles doping by small amount (20 μl), the conductivity of the 

crystals are increased by the order of 0.8×10-5 (Ω.m)-1 . Further increase in the doping 

amount, enhanced the conductivity to almost twice in comparison to the conductivity 

of pure KHOOD single crystals. The enhancement in the conductivity maybe due to the 

incorporation of metallic sites through doping. The I-V studies are also supported by 

bandgap analysis as discussed and plotted in Figure. 4.4(a), in which the declination in 

the bandgap as the function of dopant concentration were observed. The calculated 

values of resistivity and electrical conductivities are tabulated in Table. 4.2.   

Table. 4.2. The resistivity and conductivity values of pure and Co(OH)2 doped KHOOD 

single crystals. 

 

 

Name Resistivity (Ω.m) Conductivity (Ω.m)-1 

KHOOD 2.021×104 4.947×10-5 

20 μl Co(OH)2 doped KHOOD 1.712×104 5.841×10-5 

40 μl Co(OH)2 doped KHOOD 1.509×104 6.626×10-5 

60 μl Co(OH)2 doped KHOOD 1.074×104 9.310×10-5 



Chapter 4 

 

91 

 

4.2.5 FTIR spectral analysis 

The FTIR spectral studies is a widely used scientific technique to effectively 

identify the functional groups and to determine the structure of synthesized compound. 

FTIR spectra reveals details regarding bond type and bond strength in the material. The 

FTIR spectra of pure and doped crystals were recorded over a mid-infrared range of 

500 cm-1 to 4000 cm-1 which are shown in Figure. 4.7(b). The absorption peak observed 

at 3438 cm-1 is attributed to OH stretching of oxalic acid molecule which is shifted to 

3438 cm-1, 3436 cm-1 and 3438 cm-1 for 20 μl, 40 μl and 60 μl Co(OH)2 nanoparticle 

doped KHOOD crystals [Jananakumar and Mani 2014]. The symmetric and 

asymmetric stretching vibrations of O-H bonds of water molecule are observed at 3015 

cm-1. The peaks at 2525 cm-1 and 1701 cm-1 indicates C=O stretching vibrations. The 

absorption peak at 1633 cm-1 is attributed to COO- asymmetric stretching. The peak at 

1403 cm-1 is assigned to K-O symmetric stretching. The peak at 1231 cm-1 corresponds 

to C-O-H bending vibrations. The C-C stretching vibrations were identified at 1109 and 

909 cm-1. The peak at 803 cm-1 and 720 cm-1 shows the presence of K-O stretching 

vibrations and O-C=O deformation.  As such, there are no noticeable differences in the 

FTIR spectra of pure and doped KHOOD samples which supports the fact that addition 

of small amount of nanoparticle dopant in the host lattice does not affect the functional 

groups of KHOOD crystal [Chandran et al. 2015]. The amount of Co(OH)2 

nanoparticles added in the KHOOD crystal are very less (ranging from 20µL to 60 µL) 

and the peaks corresponding to Co(OH)2 nanoparticles are not observed in the FT-IR 

spectrum. However, interestingly we observed a ‘red shift’ in the wavenumber, 

corresponding to O-H stretching in the FT-IR spectrums of Co(OH)2 doped KHOOD 

single crystals, confirming the successful doping of Co(OH)2 in the KHOOD system. 

Minor changes observed in the peak positions of FTIR spectra of doped samples suggest 

the incorporation of dopants into the KHOOD lattice [Goel et al. 2017]. The assigned 

vibrational frequencies are listed in Table. 4.3, which confirm the presence of different 

functional groups in the synthesized pure and Co(OH)2 doped single crystals.  

 

 

 



Chapter 4 

 

92 

 

Table. 4.3. FTIR spectral assignments for pure and Co(OH)2 nanoparticle doped 

KHOOD single crystals. 

 

4.2.6 Photoluminescence studies (PL) 

Photoluminescence (PL) is an optical phenomenon where the electronic states 

present in a material are excited by the absorption of light of particular energy and then 

Pure KHOOD 

Wavenumber 

(cm-1) 

KHOOD 

20 µl Co 

Wavenum

ber (cm-1) 

KHOOD 

40  µl Co 

Wavenum

ber (cm-1) 

KHOOD 

60  µl Co 

Wavenum

ber (cm-1) 

 

Assignment 

 

3438.32 3436.92 3432.20 3430.80 OH stretching 

[of oxalic acid]  

3015.31 3015.31 3016.45 3016.72 H2O symmetric and 

asymmetric stretching  

2525.18 2525.53 2525.44 2525.96 C=O stretching 

vibrations  

1701.03 1702.43 1701.25  C=O stretching 

vibrations  

1633.63 1639.77 1636.94 1640.28 Presence of H20 

molecule / C=O 

absorption band / COO- 

symmetric stretching [of 

hydrogen oxalate]  

1403.60 1404.21 1403.61 1404.67 K-O asymmetric 

stretching  

1231.33 1232.26 1232.12 1231.89 C-O-H bending in plane 

[of hydrogen oxalate]  

1109.61 1113.6 1115.7 1111.7 C-C stretching  

909 907 905 903 C-C stretching  

803.65 801.61 799.57 797.53 K-O stretching  

720.02 722.06 724.10 726.14 O-C=O deformation  
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undergo radiative relaxation [Rajesh et al. 2014 Shanthi et al. 2016 Shkir et al. 2017b]. 

The PL emission is sensitive to change in local atomic configuration and defect states 

in a crystal structure. It depends on the perfection of the crystal [Goel et al. 2017]. The 

pure and doped samples were excited at a wavelength of 280 nm and PL emission 

spectrum was recorded in the range 360 nm to 550 nm as shown in Figure. 4.7(a). The 

pure crystal showed a broad peak whereas the peak width decreased with increase in 

dopant concentration. These doped impurities create defect levels which act as energy 

traps causing a rise in the emission intensity [Yadav et al. 2015 Shkir et al. 2017a]. It 

is worth noting that, the peak intensity increased with the doping level, indicates the 

successful doping of Co(OH)2 nanoparticles in the interstitial positions of the host 

KHOOD lattice. The blue emission of the pristine and doped crystals can be of 

importance in fabrication of blue LEDs [Patil et al. 2017]. 

 

Figure. 4.7. (a) PL spectrum of pure and Co(OH)2 doped single crystals. (b) FTIR 

spectrum of pure and Co(OH)2 doped KHOOD single crystals. 

 

4.2.7 Thermal analysis 

In the present investigation, Thermogravimetry (TG) and Differential Thermal 

Analysis (DTA) of synthesized crystals have been carried out in inert atmosphere from 

room temperature to 800º C with a heating rate of 10 ºC per minute. TG-DTA curves 

of pure and doped samples are shown in Figure. 4.8.  These curves are analyzed to get 

information regarding the effect of nanoparticles on the thermal stability and 

dissociation of the samples. The crystal weighing nearly 2 mg was taken for the TGA-
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DTA measurements under nitrogen inert atmosphere. The initial mass loss in the pure 

and doped crystals occurs nearly around 80 ºC and the mass loss is observed till 117 

ºC. The observed mass loss can be accredited to the liberation of H2O adsorbed [Vimal 

et al. 2014 Chandran et al. 2017]. The second mass loss is observed at around 167 ºC 

to 224 ºC, which can be attributed to the liberation of lattice H2O molecules [Vimal et 

al. 2014]. The crystal further undergoes mass loss from 239 ºC to 273 ºC, which is due 

to the liberation of HCOOH and CO2 gas. The crystal melting point is observed to be at 

263.4 ºC and it was observed to be enhanced for increased dopant concentration. The 

melting point for the doped crystals are 266.2 ºC, 267.9 ºC and 270.7 ºC for 20, 40, 60 

μl Co(OH)2 doped KHOOD single crystals. The DTA peak observed at 396.1 ºC for 

Pure KHOOD single crystal suggests the phase transformation at this temperature since 

TGA curve shows no mass loss in that range [Higashiyama and Hasegawa 1971 

Dinnebier et al. 2005]. The mass loss after 534ºC to 600 ºC is assigned to the liberation 

of CO from the crystal at that temperature, [Mahalakshmi et al. 2012] which is true for 

all the doped crystals. 

 

Figure. 4.8. TGA-DTA curves of pure and Co(OH)2 doped KHOOD single crystals. 
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The chemical reaction followed in the higher temperatures are shown below 

2(KH3C4O8 ∙ 2H2O)         2KH3C4O8 + 4H2O↑     (1) 

2KH3 (C2O4)2       2KHC2O4 + 2CO2↑ + 2HCOOH   (2) 

2KHC2O4                                      K2C2O4 + CO2↑ + HCOOH    (3) 

K2C2O4                                  K2CO3 + CO↑      (4) 

4.2.8 Impedance spectroscopy 

The impedance study of the synthesized crystals was carried out by applying an 

ac field in the frequency range of 10 Hz to 1 MHz at room temperature. The study of 

frequency-dependent impedance spectroscopy helps in determining the contribution of 

grain boundaries on the electrical properties of the synthesized material [Chand et al. 

2017a]. The variation of real part and imaginary part of the complex impedance with 

frequency for different doping concentration is shown in Figure. 4.9(a) and Figure. 

4.9(b). Z′, the resistive part of impedance, is found to decrease with increase in 

frequency and also with increase in nanoparticle dopant concentration. The decrease in 

Z′ is an indicative of increase in ac conductivity which is clearly depicted by ac 

conductivity studies [Bindu et al. 2018a]. Z′′ shows a maxima and starts to decrease 

after that and the maxima can be explained due to the dielectric relaxation process in 

the material [Tsay et al. 2016a]. It was noticed that the height of the Z′′ value decreased 

as the dopant concentration increased and also shift in the peak position to higher 

frequencies indicating the decrease in relaxation time [Rahman and Hossain 2014 Tsay 

et al. 2016a].  

The Nyquist plot (Z′ versus Z′′) gives only one semicircle in the low frequency region 

as shown in Figure. 4.9(c). This suggests that the grain boundaries predominantly 

contribute to the conductivity in the samples [Tsay et al. 2016b]. The diameter of 

semicircle gives the measure of resistance of grain boundaries while the frequency of 

semicircle maximum helps in determining grain capacitance [Tsay et al. 2016b]. The 

diameter of semicircle decreased with increase in nanoparticle dopant concentration 

signifying the drop in grain interior resistance with increase in doping concentration 

[Kambale et al. 2009]. 

4.2.8 (a) Dielectric studies 

Dielectric measurement is a vital tool to understand material behavior especially 

at high frequencies.  Dielectric properties of a material reveal significant information 
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regarding the storage and dissipation of electric and magnetic fields in the material and 

also provides insight into feasibility of implementing the material in potential 

applications [Kanchana et al. 2013]. Dielectric studies of the synthesized crystals were 

carried out at frequency range of 10 Hz to 1 MHz at room temperature.  

The real part of dielectric constant is a measure of amount of energy from external field 

stored in the material while the imaginary part of dielectric constant quantifies the 

amount of energy loss from the material.  

The variation of loss tangent with frequency and dopant concentration is shown in 

Figure 4.9(d). The variation in dielectric constant in the synthesized KHOOD crystal 

can be explained on the basis of space charge polarization phenomenon [Ray et al. 

2017]. A dielectric material is composed of well conducting grains with highly resistive 

grain boundaries between them. At lower frequencies, the mobile charge carriers 

accumulate at the grain boundaries giving rise to high value of dielectric constant 

[Anand et al. 2017 Chand et al. 2017b]. The space charge carriers require a finite time 

to line up along the direction of the applied field. 

As the frequency of the applied field increases, the charge carriers cannot rotate rapidly 

and their oscillations deviate from that of the applied field. With a continuous increase 

in frequency, more number of charge carriers will not be capable to keep up the pace 

with the oscillations of the applied field. As a result, they do not add to polarization. 

Thus ε′ decreases with increasing frequency and becomes constant at higher 

frequencies [Lahlali et al. 2017]. The low value of dielectric constant at higher 

frequencies is a suitable factor for the application of the crystals in electro-optic devices 

[Ma et al. 2018]. Further, ε′ increases with increase in dopant concentration. This may 

be attributed to the fact that the presence of Co2+ ions may increase the number of grain 

boundaries where the electrons pile up resulting in polarization [Fadhil et al. 2017]. 

ε′′ and  tan 𝛿 also show a decreasing trend with increase in applied frequency and 

remain constant at higher frequencies similar to ε′. Also, the values of ε′′and tan 𝛿 have 

found to increase with increase in nanoparticle dopant concentration. The dielectric loss 

tangent arises when the polarization lags behind the applied altering field and is a result 

of the presence of structural inhomogeneities, impurities and crystal lattice 

imperfections [Singh et al. 2014]. The low value of loss tangent at high frequencies 

suggest their suitability in high frequency device applications [Aravind et al. 2015]. 
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Figure. 4.9(e) shows the variation of ac conductivity with applied frequency and 

nanoparticle dopant concentration at room temperature. The calculation of ac 

conductivity helps in determining the nature of conduction mechanism and the type of 

polarons responsible for conduction [Hamdi et al. 2018]. The ac conductivity is found 

to increase with increase in frequency of applied field at higher frequencies. This may 

be due to the pumping force of the applied ac field which helps in the transfer of charge 

carriers between different localized states and also facilitates the liberation of trapped 

charge carriers from various trapping centers. An increase in frequency would improve 

the electron hopping frequency between the charge carriers which would in turn 

increase the conductivity [Singh et al. 2014]. 

 

Figure. 4.9. (a) Z′ and (b) -Z′′ variation with respect to log frequency (c) Nyquist plots 

(d) loss factor (tanδ) versus log frequency (e) σac versus log frequency (f) log σac versus 

log ω2 (g) Real part (dielectric) versus log frequency (h) Imaginary part (dielectric) 
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versus log frequency. 

The linear variation of 𝜎𝑎𝑐 at higher frequencies suggests that the conduction 

occurs by hopping of charge carriers between the localized states thereby confirming 

small polaron type of conduction. The decrease in 𝜎𝑎𝑐 at lower frequencies implies the 

conduction by mixed (small and large) polarons [Devan et al. 2006 Khader et al. 2015]. 

Also, from Figure. 4.9(f). it was noticed that the plot of log (σac) vs log(ω2) shows a 

linear behaviour for all the synthesized crystals confirming that small polarons are 

responsible for the conduction mechanism in frequency dependent ac conductivity 

[Rosso et al. 2003 Kadam et al. 2004 Ashwini et al. 2017 Bindu et al. 2018b]. The 

enhanced properties of doped crystals can be of use in optoelectronic device 

fabrications. 

4.3 Conclusions 

The single crystals of potassium oxalate oxalic acid dihydrate (KHOOD) and Co(OH)2 

doped KHOOD crystals were synthesized using slow evaporation technique. The shift 

in the XRD peaks and the variation of overall peak intensities through doping confirms 

the nanoparticle incorporation in the host lattice. The declination in optical bandgap 

and enhancement of electrical conductivities were observed as the function of Co(OH)2 

doping in the KHOOD system. In addition, PL measurements displayed enhanced 

emission peaks and the FTIR spectra portrayed the redshift in the O-H stretching, once 

again confirming the successful doping of Co(OH)2 in the KHOOD system. From the 

nyquist plot the radius of the semicircle decreased as the dopant concentration increased 

showing observable decrease in the resistivity of the material. From ac conductivity 

studies it was observed that the hopping mechanism is the reason behind the 

conductivity process. The conductivity mechanism was attributed to small polaron 

hopping mechanism. 
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CHAPTER 5 

A STUDY ON STRUCTURAL, OPTICAL, THERMAL AND ELECTRICAL 

PROPERTIES OF THE DYE DOPED KHO SINGLE CRYSTAL 

Overview 

In this chapter the effect of Amaranth dye on the structural, optical, and electrical 

properties of the KHOOD single crystals is discussed. 

5.1 Introduction 

The advancement in the optoelectronic industries have promoted many 

researchers in exploring material properties and their suitability for device fabrications. 

In this regard, it is well known that  organic materials possess excellent optical 

properties but lack thermal and mechanical stabilities[Rajasekaran et al. 2001 V. 

Kannan 2004 Ruby Nirmala and Thomas Joseph Prakash 2013]. Organic crystal growth 

is a challenging task and it is very difficult to grow those crystals into bigger sizes. On 

the other hand inorganic materials can be grown easily to bigger sizes and also they 

possess higher melting point and higher hardness values when compared with those of 

organic crystals [Shakila and Kalainathan 2015 Mahendra et al. 2018]. In order to 

overcome drawbacks of organic and inorganic materials, a new class of materials was 

developed by combining organic molecules with inorganic salts to attain semiorganic 

or organometallic complexes [Ahlam et al. 2012 Shkir et al. 2015 Ramki and Ezhil 

Vizhi 2017 Mahendra et al. 2019b, 2019a]. Oxalic acid is an organic compound having 

a large dipole moment and has an affinity to bind with several metal atoms to form 

complexes. Oxalic acid combined with metal atom forms a complex and it is  found to 

possesses better properties when compared with the base material [Bridle and Lomer 

1965 Hodgson and Ibers 1969 Pedersen 1972 Nancollas and Gardner 1974 Eriksson 

and Nielsen 1978 Bangera and Rao 1992 Raju et al. 1994 Joseph et al. 1997 Dalal and 

Saraf 2006 Ramki and Ezhil Vizhi 2017]. 

A dye is basically an organic aromatic chemical assembly which is water soluble and it 

strongly absorbs or emits light in visible region, Thus affecting the optical, mechanical, 

electrical and thermal properties of the material into which it is incorporated and 

therefore suitable for device fabrication [Weber and Eagen 1979 Murakoshi et al. 1995 

Eggeling et al. 1998 L. Parker et al. 2012]. However, various dyes are classified 

according to their chemical composition and chromophore group. Furthermore, the 
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dyes of aryl and azo groups were extensively used for industrial applications.  

The study on host material  and dye interaction is a current trend in research since it 

influences the materials in optoelectronic devices [Sinha et al. 2015 Kahr and 

G. Shtukenberg 2016]. Small quantity of dye molecules can influence the properties of 

the host drastically [Muenster et al. 1997]. However, there is little work reported on the 

dye incorporated KHOOD single crystals. KHOOD single crystal is doped with water 

soluble azo dye (Amaranth) and properties of the material after dye incorporation was 

explored. The dye doped crystal was subjected to several other characterizations to 

study the variation of physical properties due to the dye incorporation into the host 

crystal. 

5.2 Results and discussions 

 

Figure. 5.1.  Images of KHOOD and 0.1 mM Amaranth dye doped KHOOD crystal. 

Crystal morphology and size changes drastically with addition of dye molecule onto 

the KHOOD crystal. A characteristic coloring pattern observed for 0.1 mM Amaranth 

doped KHOOD crystal provided an evidence of dye incorporation in to KHOOD 

matrix. The morphological changes in the crystal was due to the adsorption of dye 

molecules into the KHOOD crystal lattice affecting the interfacial surface tension and 

anisotropic growth rate during crystal formation [Sinha et al. 2012a Bhandari et al. 

2014]. For higher concentrations of the amaranth dye molecule, the KHOOD crystal 

morphology changed and irregular shaped clusters were formed. 

5.2.1 Powder XRD 

Synthesized KHOOD and amaranth dye doped KHOOD crystals were 

investigated structurally using powder X-Ray diffraction (PXRD) analysis to study the 
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crystalline nature of the samples. The fine powders of the samples were studied over 

10º - 70º with the scanning speed of 2º per minute (Rigaku 600 miniflex). The PXRD 

patterns of KHOOD and dye doped KHOOD crystals were shown in Figure. 5.2. Small 

variations in the XRD peaks were seen but all the peaks of KHOOD crystal was also 

present in amaranth doped KHOOD crystal signifying the fact that the crystal structure 

was not altered, though the dye molecule incorporation was assisted with the lattice 

strain in the crystal structure of KHOOD [Sinha et al. 2012b]. 

 

Figure. 5.2.  PXRD pattern of KHOOD and 0.1 mM Amaranth dye doped KHOOD 

crystal. 

5.2.2 Optical Studies 

Absorption is an important parameter, which decides the suitability of the 

crystal for desired applications [Thaila and Kumararaman 2012]. The absorption 

spectrum of crystals were analyzed using ocean optic USB 4000 spectrometer in 

spectral range of 180 - 900 nm. The pure KHOOD crystal shows absorption peak at 278 

nm whereas, amaranth dye doped KHOOD crystal shows absorption at 291 nm. The 

amaranth dye molecule was also studied for its optical absorption and it was seen that 

the amaranth absorption is present at 280 nm (major) 330 nm (minor) in UV region. 
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Further, it is interesting to note that, amaranth doped KHOOD crystal shows one more 

absorption peak at 532 nm, which was not present in undoped KHOOD crystal. The 

presence of 532 nm absorption is also observed in amaranth dye, confirming the 

presence of the dye molecule in the crystal. The absorption spectrum of amaranth dye, 

KHOOD and amaranth doped KHOOD crystals are shown in Figure. 5.3. 

 

Figure. 5.3. Absorption spectrum of Amaranth dye, KHOOD and 0.1 mM Amaranth 

dye doped KHOOD crystal. 
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Figure. 5.4. Tauc’s plot of (a) KHOOD and Amaranth dye doped crystal at higher 

energy values (b) KHOOD and Amaranth dye doped crystal lower energy values (c) 

Amaranth dye (d) Amaranth dye at lower energy values.  

The crystal absorption is also used to calculate optical bandgaps of the crystals. 

The optical bandgap of the crystals are also compared with the bandgap obtained for 

the amaranth dye doped KHOOD crystal. 

The absorption coefficient (α) is determined by the help of optical absorption of the 

crystal as shown in Equation. 2.3. 

where A is a constant and Eg is optical band gap. The tauc’s plot of dye molecule, 

KHOOD and dye doped KHOOD are presented in Figure. 5.4. It was noticed that 

KHOOD crystal possess a bandgap of 4.08 eV and the dye doped KHOOD crystal 

shows 4.04 eV. The decrease in bandgap after doping may be due to the formation of 

donor levels caused by doped impurities in the crystal [Chen et al. 2012 Shenoy et al. 

2018]  It is inferred that the amaranth dye incorporation decreases the bandgap of 

KHOOD crystal. Further, there is another linear portion was observed corresponding to 

the dye doped KHOOD crystal, which was not observed for KHOOD crystal. The linear 

portion in tauc’s plot was due to the absorption of dye molecule in the crystal, also 

present in the amaranth dye molecule. The presence of another linear portion in the dye 

doped KHOOD crystal is a clear indication that the dye molecule is incorporated into 

the crystal lattice of KHOOD. 

5.2.3 SEM and EDAX analysis 

 

Figure. 5.5. SEM micrographs of (a) KHOOD (b) 0.1 mM Amaranth dye doped 

KHOOD crystal. 
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The surface studies are carried out using scanning electron microscope (SEM) 

(JOEL-JSM-6380LA) and the EDX studies were performed to confirm the elements 

present in the crystal after the doping and distribution of each elements in the crystal 

(Mapping). The recorded SEM micrographs of KHOOD and dye doped KHOOD 

crystals were shown in Figure. 5.5. Interestingly, a smooth surface is witnessed in the 

case of KHOOD single crystal and as the dye incorporation the crystal surface is altered 

and a rough surface was obtained. The elements of dye molecule in the crystal was 

confirmed using EDAX analysis (Figure. 6) and the elemental distribution in the crystal 

is shown in the Figure. 5.5. 

 

Figure. 5.6. EDX spectrum of 0.1 mM Amaranth dye doped KHOOD crystal. 

 

Figure. 5.7. EDX Mapping of 0.1 mM Amaranth dye doped KHOOD crystal. 
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5.2.4. Thermal analysis 

 

Figure. 5.8. TGA-DTA curves of KHOOD and 0.1 mM Amaranth dye doped KHOOD 

crystal. 

Thermal degradation mechanism of KHOOD and dye doped KHOOD crystals 

were studied using TGA-DTA analysis. 8 mg samples of KHOOD were used for 

thermal analysis in the presence of nitrogen atmosphere. The TGA-DTA curves were 

plotted and shown in Figure. 5.8. The initial mass loss was higher for dye doped 

KHOOD crystal compared with that of KHOOD crystal. Initial mass loss begins at 89 

ºC and the mass loss was observed till 154 ºC and 144 ºC for dye doped KHOOD and 

pure KHOOD crystal respectively. The endothermic peak corresponding to150 ºC and 

141 ºC in DTA curves of dye doped KHOOD and pure KHOOD crystals are due to the 

liberation of water molecules [Vimal et al. 2014 Chandran et al. 2017]. The second 

mass loss observed can be attributed to the liberation of water molecules and also 

liberation of CO2 gas from the crystal corresponding to endothermic peak observed at 

194 ºC and 191 ºC in DTA curve. Till this temperature the decomposition rate for dye 

doped KHOOD crystal is less. Furthermore, the temperature is increased to 283 ºC and 

256 ºC in DTA corresponding to the pure KHOOD and dye doped KHOOD are due to 

the liberation of CO2 and H2 gases respectively. Further increase in the temperature 

leads to exothermic peaks at 390 ºC and 392 ºC for pure and dye doped KHOOD 

crystals but no weight loss was observed in TGA curve suggesting the phase 

transformation of the material [Higashiyama and Hasegawa 1971 Dinnebier et al. 

2005]. Further, the increase in temperature at 588 ºC and 571 ºC for KHOOD and dye 
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doped KHOOD crystals show an exothermic peak due to liberation of CO gas from the 

crystals and the mass loss obtained for dye doped KHOOD crystal is comparatively 

more than the pure crystal. The decreased mass loss of the pure crystal may be due to 

the formation of Na2CO3, which is having higher melting point (>800 ºC). Hence 

carbonates of the salts are left behind in that temperatures [Mahalakshmi et al. 2012].  

5.2.5 Photoluminescence Studies 

 

Figure. 5.9. Emission spectra of Amaranth dye, KHOOD and 0.1 mM Amaranth dye 

doped KHOOD crystal. 

The emission properties of Amaranth dye, KHOOD and Amaranth dye doped crystal is 

studied using Horiba Scientific-Fluoromax-4 spectrophotometer TCSPC. All the 

samples are excited by 320 nm wavelength and the emission is measured in between 

350 – 550 nm. It was observed that the amaranth dye doped KHOOD crystal shows 

enhanced emission when compared with the KHOOD crystal. In order to understand 

this behavior, we have also recorded the emission spectrum of Amaranth dye molecule. 

It was observed that the emission intensity of dye molecule is higher than that of 

KHOOD crystal leading to the enhancement in the emission of Amaranth dye doped 

KHOOD crystal. The enhancement in the emission of the crystal is achieved using 

doping and such an increase in the emission are desirable for optoelectronic 

applications. 

5.2.6. Field dependent current versus voltage characteristics 

Well-polished samples are used to study the current versus voltage response of 

the material. Custom-made 2 probe setup is used to produce contact from the sample 

surface. The current versus voltage characteristics are measured in the field range of 0 



Chapter 5 

 

107 

 

– 100 V/cm and plotted in Figure. 10. From the Figure. 5.10 it was understood that the 

crystal shows a linear variation as the applied field is varied and also it is worth noting 

that the current value is more in the case of dye doped KHOOD crystal as compared to 

pure KHOOD crystal indicating dye incorporation increased the conductivity of the 

crystal by effectively occupying the defect sites. The field dependent current 

characteristics also corroborate with the bandgap of the crystal. The bandgap of dye 

doped crystal is lesser than the pure KHOOD crystal and which reflected in the IV 

measurements, where conductivity increased for dye doped KHOOD crystal. The 

enhanced conductivity for the doped crystals are the necessary criteria for using these 

materials for industrial applications. 

 
Figure. 5.10. Field dependent current characteristics of KHOOD and 0.1 mM 

Amaranth dye doped KHOOD crystal.   

5.3 Conclusions 

KHOOD single crystals were successfully doped with amaranth dye molecules and the 

results are presented systematically. It was observed that the dye incorporation in 

KHOOD matrix retained the KHOOD crystal structure. The extra absorption peak 

observed for the doped crystal was also present in the absorption spectrum of amaranth 
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dye indicating incorporation of dye molecules in KHOOD lattice. The optical bandgap 

of KHOOD crystal was observed to be 4.08 eV and that of dye doped crystal was 4.04 

eV. Increased surface roughness was obtained for the dye doped crystals implying the 

presence of larger molecules of dye molecule in the crystal is the reason behind the 

roughness obtained. From the thermal studies, the melting point of the crystal shifted 

slightly and the pure crystal is stable at higher temperatures. Enhanced and broader 

emission was noticed for dye doped KHOOD crystal with emission peak of 426 nm and 

430 nm for pure and amaranth dye doped KHOOD crystal, respectively. The dye 

incorporation resulted in subsequent increase in the conductivity of the crystal for the 

applied fields and supported the bandgap calculations. Hence, reasonable enhancement 

is observed when the crystal is doped with dye molecule that promises usefulness of 

these crystals for optoelectronic applications. 
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CHAPTER 6 

Gamma irradiation effect on structural, optical and electrical properties of 

organometallic potassium oxalate oxalic acid dihydrate single crystal 

Overview  

In this chapter, gamma irradiated effect on the optical, structural and electrical properties 

of potassium hydrogen oxalate oxalic acid dihydrate (KH3(C2O4)2.2H2O) single crystals 

is discussed. 

6.1 Introduction 

Metalorganic single crystals are gaining importance because of the applications 

in the field of optoelectronic industries [Ramki and Ezhil Vizhi 2017b]. Organic 

materials possess good optical properties but its mechanical and thermal stabilities are 

very less [Rajasekaran et al. 2001b V. Kannan 2004 Ruby Nirmala and Thomas Joseph 

Prakash 2013b]. Inorganic materials possess higher mechanical strength and can sustain 

more heat [Shakila and Kalainathan 2015]. Growing organic crystals into bigger size is 

difficult but inorganic materials can be grown into bigger sizes. The merits and demerits 

from the organic and inorganic materials have led to the development of a class of 

material where a metal atom is combined with organic molecules to overcome the 

drawbacks of each. The optoelectronic materials need to work in the strong external 

fields of ionizing radiations. In the space, these materials need to work in the presence 

of high-energy photons (> 30 MeV) (space radiations). The high energy radiations in 

space can damage the material by ionizing the atoms and changing the structural 

properties of the materials [Raju et al. 2016]. Understanding the effects of high energy 

radiations are of importance to study the usage of materials in space, to sustain these 

high energy radiations and to avoid the changes in the properties in a radiation rich 

environment. The heavy ions and gamma irradiation on crystalline materials changes 

the physical, optical, electrical properties of the materials [Kanagasekaran et al. 2008, 

2010 Ahlam et al. 2012a]. The degradation mechanism, the resistance towards the high 

energy radiations and the lifetime of the material in the presence of radiation 

environments were studied using irradiating the samples with high energy radiations, 

at present gamma irradiated crystals were investigated. In recent years the 

optoelectronic materials are gaining importance because of its potential application in 



Chapter 6 

 

110 
 

the space fields such as space based light detecting systems, orbital space missions and 

space based ranging systems [Dong et al. 2007 Ahlam et al. 2012b].  

In the present work, single crystals of triclinic organometalic KHOOD were grown 

using slow evaporation technique at room temperature. The grown crystals were 

irradiated using Co-60 gamma radiation in the total doses ranging from 5 kGy to 20 

kGy. For the first time, we report the effect of gamma irradiation on the optical, 

structural and electrical properties of the grown KHOOD single crystals. 

6.2 Results and discussions 

6.2.1 Powder XRD 

 
Figure. 6.1. Powder XRD pattern of pure and Gamma irradiated KHOOD single 

crystals. 

Pure and Gamma irradiated crystals were characterized using powder X-Ray 

diffraction analysis to study the impact of irradiation on the structural properties of the 

crystals with the increased irradiation dosage. The diffraction pattern obtained are 

shown in Figure. 6.1. The peaks corresponding to the particular Braggs angles of (0 2 

1), (1 -2 -2) and (1 0 3) have evoked out as the prominent one in the pure KHOOD 

crystal. However, the observed XRD peak intensities of the irradiated crystals with 
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respect to the unirradiated crystal there is a change in intensity and the intensity was 

increased as the irradiation dosage increased. From the intensities of the peaks obtained 

from the powder XRD peaks it is evident that the crystallinity of the materials was 

increased after the irradiation and maximum crystallinity was observed for the 20 kGy 

irradiated KHOOD single crystals. It was also noted that the peak intensities were 

shifted slightly when compared with the pure crystal inferring the possibility of the 

crystal strain inside the lattice due to the defects created and there is no phase change 

is observed after irradiation [Virk et al. 2001 Ahlam et al. 2012b Raju et al. 2016] 

6.2.2 Scanning electron microscopy (SEM) analysis. 

 

Figure. 6.2. SEM images of pure and irradiated KHOOD single crystals. 

The synthesized crystals were crushed and the powders were studied 

structurally using SEM analysis which is shown in Figure. 6.2. The darker and brighter 

areas observed in the SEM images are attributed to solvent inclusions, which can be 

observed commonly in crystals grown from solvent evaporation techniques [Sorescu et 

al. 1995 Ahlam et al. 2012a]. There is a gradual increase in the crystallinity of the 

samples as the radiation dosage is increased from 5 kGy to 20 kGy as confirmed from 
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powder XRD and SEM analysis. Further, the increase in crystallinity has also affected 

the optical and electrical parameters as described below. 

6.2.3 Optical Studies 

 

Figure. 6.3. (a) UV-vis absorption (b) Enlarged image of UV-vis absorption of pure 

and Gamma irradiated KHOOD single crystals. 

 

Figure. 6.4. (a) UV-vis transmittance (b) Enlarged image of UV-vis transmittance 

spectra of pure and Gamma irradiated KHOOD single crystals. 

The absorbance and transmittance spectrum were recorded for pure and gamma 

irradiated crystals. Figure. 6.3 gives the absorption spectrum of pure and gamma 

irradiated KHOOD crystals. It was noticed that the absorption peak is slightly shifted 

towards the lower wavelength region as the dosage of gamma irradiation increased.  

For pure KHOOD crystal there is an absorption peak at around 279 nm and the 

irradiated crystals show absorption peaks at around 255 nm, 257 nm and 249 nm for 5, 

10, 20 kGy gamma irradiated crystals respectively. Figure. 6.4 shows the transmittance 
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spectrum for pure and gamma irradiated KHOOD crystals. Pure as well as irradiated 

KHOOD exhibit a good transmittance in the visible region. In the transmission 

spectrum, the cutoff wavelength decreases slightly to lower wavelength region 

indicating the increment in the transmission in the visible region which is the necessary 

condition for the application of the crystals in the optoelectronic industries. 

6.2.4 Optical Constants Determination  

Absorption coefficient is defined as the reduction in the intensity of incident 

light per unit distance in the absorption medium [Bincy and Gopalakrishnan 2014a].  

 

Figure. 6.5. A plot of (αhν)2 versus hν. 

From the Tauc’s relation (Equation 2.2) the optical bandgap can be determined 

by extrapolating the linear portion of Tauc’s plot, a graph of (αhν)2 versus photon 

energy (hν). The bandgap of pure KHOOD crystal is found to be 4.13 eV as shown in 

Figure. 6.5 and it increased for the irradiated crystals as 4.26 eV, 4.48 eV and 4.62 eV 

for the 5, 10, 20 kGy gamma irradiated crystals.  

Extinction coefficient of the crystal is also calculated using the Equation 2.4. And it is 

the amount of intensity decreased as the electromagnetic radiation travels through the 

material. It is directly related to the absorption coefficient as [Job et al. 2016b Shanthi 
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et al. 2016b],  

The Extinction coefficient is plotted with respect to the wavelength and given 

in Figure. 6.6.  It was noted that the light loss is more in the UV region and less in the 

visible region. The light loss is in the order of 10-6 indicating the light loss is negligible 

[Theras et al. 2016]. 

 

Figure. 6.6. Extinction coefficient versus wavelength. 

6.2.5 FTIR analysis 

The effect of gamma irradiation on the fundamental molecular vibrations of 

KHOOD single crystals were studied using FTIR spectroscopy, which is sown in 

Figure. 6.7. The stretching frequency of 3432 cm-1 can be attributed to the O-H 

stretching frequencies and conformation of water in the structure of KHOOD by the 

peaks of 3012 cm-1 and 1627 cm-1 peaks present because of stretching and bending 

vibrations [Mahalakshmi et al. 2012 Vimal et al. 2014]. Symmetric and asymmetric 

stretching of C=O was confirmed by the peak is present at 1705 cm-1 and 1627 cm-1 

[Pasupathi et al. 2014]. The presence of metal oxygen bond was observed at the peaks 

obtained at 1401 cm-1, 1219 cm-1 and 795 cm-1 [Ezhil Raj et al. 2008 Pasupathi et al. 

2014 Chandran et al. 2017]. The presence of C-C stretching vibrations were attributed 
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to the peaks present at 1114 cm-1 and 913 cm-1 [Mahalakshmi et al. 2012]. Compared 

to the pure KHOOD crystals the irradiated crystals show small variations in the peak 

positions indicating that the crystal structure is not altered rather strain induced in the 

crystal lattice after irradiation [Raju et al. 2016]. The assignment of the peaks compared 

with the irradiated crystals are tabulated in the Table. 6.1.  

 

Figure. 6.7. FTIR spectrum of the pure and irradiated KHOOD single crystals. 

Table. 6.1. FTIR vibrational assignments of pure and irradiated KHOOD single 

crystals. 

KHOOD 5 kGy 10 kGy 20 

kGy 

Assignments 

3432 3424 3441 3432 OH stretching 

3012 3018 3025 3016 H2O symmetric and asymmetric 

stretching 

1705 1695 1705 1703 C=O stretching 

1627 1644 1625 1628 C=O asymmetric stretching and H2O 
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bending 

1401 1403 1397 1401 K-O asymmetric stretching 

1219 1250 1285 1250 C-O stretch or K-O asymmetric 

stretching 

1114 1128 1121 1115 C-C stretching 

913 909 881 887 C-C stretching 

795 795 191 795 K-O ring stretching 

705 701 706 703 O-C=O deformation 

 

6.2.6 Photoluminescence 

 

Figure. 6.8. Photoluminescence spectra of pure and irradiated KHOOD single crystals. 

The photoluminescence spectra of pure and irradiated KHOOD crystals were 

shown in Figure. 6.8. All samples were excited at 280 nm and the emission spectrum 

was recorded in the region of 340 nm to 550 nm. PL spectrum reveals the enhancement 

in the intensity of peaks as the gamma irradiation dosage increased. The crystal also 

shows shift in the peak position and the peaks were observed at 390 nm, 401 nm, 403 

nm and 404 nm for pure, 5, 10 and 20 kGy gamma irradiated crystals. All the crystals 



Chapter 6 

 

117 
 

emit in the UV and blue region of the electromagnetic spectrum and the emission peaks 

were attributed to the delocalization of the O-C=O bond of oxalic acid [Dalal and 

Kumar 2016]. 

6.2.7 IV studies (Photo conductivity) 

The synthesized crystal was polished on both sides to maintain the uniform 

thickness throughout the sample to study the conductivity and resistivity of the crystal 

using I–V characteristic curve. The I–V characteristics of the crystal was studied in the 

dark and the presence of light which is shown in the Figure. 6.9 and Figure. 6.10. Thus 

I–V curves are plotted using the measured current and the applied field. From the I–V 

curve electrical resistance of the crystal was calculated. The dc electrical resistivity (ρdc) 

of pure and irradiated crystals are obtained by the relation, ρdc = RA/d [Freeda and 

Mahadevan 2000], where, R is the measured resistance, d is the thickness of the sample 

and A is the area of contact. Using the resistivity relation, the conductivity of the crystal 

was calculated and tabulated in Table 6.2 and 6.3. The resistivity of the pure and 

irradiated KHOOD crystal was observed to be in the order of 104 Ω.m and the 

conductivity of the crystal was found to be in the order of 10-5 Ω-1m−1. As the irradiation 

dosage increased the crystal conductivity decreases which in turn lead to increase in its 

resistivity which is also true in case of light irradiated crystals. Interestingly, for 20 kGy 

irradiated crystals, the field dependent dark and photo current values were almost 

identical. Which may be due to the drastic increment in the crystallinity of the KHOOD 

crystal for 20 kGy gamma irradiation. The improved crystallinity reduces the phonon 

loss in the material and lead to the decrement in the photoresistivity value. 

It was observed that photocurrent is less than the dark current for both pure and 

irradiated crystals at every applied electric field. Generally, the photo resistive behavior 

is being attributed to the loss of water molecules when irradiated with intense light. The 

photo resistive behavior may also be due to the decrease in charge carriers in the 

conduction band when irradiated with light and also due to the decrease in lifetime of 

the material [Ashraf et al. 2004b]. 

The reduction in lifetime of the crystals is the presence of radiation can be attributed to 

the trapping and the increase in the carrier velocity, which can be explained using the 

Equation 6.1. 

τ = (vsN)−1        6.1 
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where, s is the capture cross-section of the recombination centers, v is the thermal 

velocity of the carriers and N is the carrier concentration.  

When the external photon with sufficient energy and intensity hits the material, 

their lifetime decreases. The generated electron hole pair in the materials will 

recombine these itself in the presence of intense light. Due to the recombination process 

the charge carriers decreased leading to less conductivity in the presence of radiation. 

Figure. 6.11. shows the field dependent I-V curves for dark and illuminated conditions. 

At room temperature, the current increases linearly for every applied field for the 

crystals in dark and illuminated condition. The field dependent I-V curves for all the 

irradiated crystals show negative conductivity under illuminated condition. The 

trapping of electrons inside the crystals are due to the defect states created inside the 

crystals owing to the gamma irradiation. The negative photo conductivity is also 

explained according to the Stockmann model which states that the forbidden gap in the 

materials will hold two energy levels. One is situated in between the conduction band 

and the fermi level and the other band is located near to the valance band. The band 

located near valence band contains high capture cross section for holes and electrons. 

The electrons from the conduction band and the holes from the valence band are 

captured in this state and the number of charge carriers gets reduced in conduction band 

which led to the decrease in conductivity in the presence of intense radiation.  

 

Figure. 6.9. Photoconductivity graph of pure and 5 kGy irradiated KHOOD single 

crystal. 
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Figure. 6.10. Photoconductivity graph of 10 kGy and 20 kGy irradiated KHOOD single 

crystal. 

 

Figure. 6.11. I-V curve of crystals in dark and photo current of pure and irradiated 

KHOOD single crystals. 

Table 6.2. Resistivity and conductivity of the pure and irradiated KHOOD single 

crystals in dark condition.  

 

Name Resistance (Ω) Resistivity (Ω.m) Conductivity (Ω.m)-1 

KHOOD 6.30×106 1.78×104 5.61×10-5 

5 kGy 7.20×106 2.03×104 4.90×10-5 

10 kGy 8.76×106 2.47×104 4.03×10-5 

20 kGy 2.36×107 6.67×104 1.49×10-5 
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Table 6.3. Resistivity and conductivity of the pure and irradiated KHOOD single 

crystals in the presence of light. 

 

6.3 Conclusions 

Grown KHOOD single crystals were irradiated with gamma radiation in the dosage of 

5, 10, 20 kGy. The powder XRD studies of the single crystal confirm the crystalline 

nature of the sample. Small shift in the position of peaks is due to the creation of defect 

states, inducing stress in the crystal lattice. However, the small shift observed in the 

peak positions of XRD and FTIR spectra signifies that the crystal structure remains 

unaltered even after the irradiation process. Furthermore, in the transmission and 

absorption spectra, we have observed a peak shift towards lower wavelength region, 

indicating the widening of the transmission window with the irradiation process. Light 

induced I-V studies on pure and irradiated KHOOD crystals exhibit negative 

photoconductivity phenomenon. The resistivity of the pure and irradiated KHOOD 

crystal is observed to be in the range of 104 Ω.m. It is also observed that resistivity of 

the crystal increases for both gamma and light irradiation process. On fine-tuning the 

material properties of the studied crystals, we can use them for light dependent resistor 

(LDR) and space applications. 

 

Name Resistance (Ω) Resistivity (Ω.m) Conductivity (Ω.m)-1 

KHOOD 8.37×106 2.36×104 4.22×10-5 

5 1.87×107 5.29×104 1.88×10-5 

10 1.97×107 5.56×104 1.79×10-5 

20 2.52×107 7.12×104 1.40×10-5 
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CHAPTER 7 

Growth and comparative studies on Oxalic acid dihydrate, Potassium oxalate 

hydrate and Potassium hydrogen oxalate oxalic acid dihydrate single crystals 

Overview  

In this chapter, the single crystals of potassium oxalate oxalic acid dihydrate 

(KH3(C2O4)2. 2H2O) is compared with oxalic acid dihydrate ((C2O4)2 
.2H2O) and 

potassium oxalate hydrate (K2(C2O4)2  
.H2O) single crystals. Structural, optical, thermal 

and electrical properties of the crystals are compared and discussed in detail. 

7.1 Introduction 

Organic optoelectronics is evolving rapidly due to certain unique properties of 

associated devices such as light weight, good performance, low cost and process 

abilities [Tao et al. 1992 Pan et al. 1996 Usharani et al. 2016]. Organic single crystals 

have extremely good crystallinity, unprecedented structural order and very low 

impurity content. Organic optical materials show superior properties when compared 

with the inorganic materials in terms of their high nonlinearity, speed response and non-

hygroscopic nature [Arivanandhan et al. 2005]. Further, Organic crystals are potential 

candidates for the device fabrications of organic field effect transistors, sensors, smart 

tags, frequency converters and light emitting diodes [Usharani et al. 2016].  Even 

though organic materials possess excellent optoelectronic properties, because of their 

poor thermal stability, inability to grow into large sizes, poor chemical and mechanical 

stability, device fabrications for industrial applications are still limited [Long 1995 

Krishnan et al. 2008]. Whereas, inorganic materials possess better thermal stability and 

higher mechanical performance [Albert Irudayaraj et al. 2014]. The drawbacks of 

organic and inorganic materials have led to development of a new class of hybrid 

materials which consists of organic-inorganic hybrid compounds labelled as 

metalorganics or semiorganics, which revolutionized optoelectronic industries 

[Anbuselvi et al. 2014 Mahendra et al. 2019]. 

Hence, attempts have been focused in the direction of synthesizing a hybrid class of 

organic-inorganic combined materials, because of their interesting properties and 

widespread applications [Batten and Robson 1998 Yaghi et al. 1998]. In this regard, 

numerous attempts were carried to synthesize the hybrid materials using different 
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chemical synthesis methods such as hydrothermal treatment and ion exchange reactions 

[Pinnavaia 1983]. The ion exchange reaction is an extensively used technique to 

synthesize these materials where, the starting material A–B possess covalent 

framework, in which A is weakly bonded with the ion B, such materials can be easily 

exchanged via a solid-liquid reaction via organic ion. The exchange reaction leads to 

the formation of hybrid materials with the inorganic–organic combined complexes, 

which consists of parent molecule bonded with the combined molecules [Rebbah et al. 

1980 Clearfield 1982]. In the hydrothermal synthesis the materials are placed inside the 

Teflon jar and high pressure is created by means of applying temperature and kept for 

couple of hours to form organic-inorganic hybrids. Organic materials play a major role 

in formation of hybrid compounds [DeBord et al. 1996 Serpaggi and Férey 1998]. 

Metal-organic hybrids have attracted many researchers to develop materials in field of 

crystal engineering due to their vast applications such as in high ionic or mixed 

conductors, solid-state batteries, sensors, capacitors, photovoltaic cells, 

electroluminescent diodes, electrochemical transistors and so on [Zhang et al. 2002 

Sanchez et al. 2005 Matulková et al. 2012 Chouaib et al. 2016]. In view of this, 

significant interest in the synthesis of metal-organic materials due to their increased 

thermal stability, higher mechanical stability, high resistance to laser-induced damage 

and good optical properties [Zhang et al. 2008 Bright and Freeda 2010 Anis et al. 2014 

Rajagopalan and Krishnamoorthy 2017]. In this system, metal-organic  hybrid 

compounds were repeatedly studied by their explicit chemical physical properties, like 

ferroelectric transitions or magnetic, electrical properties, conductivity, electro- 

luminescence  and photoluminescence [Bator et al. 2001 Wojtaś et al. 2004] 

Oxalic acid is an interesting organic matrix modifier and its salts are of significant 

importance due to its interaction on human body, plants, animals and micro-organisms. 

Oxalic acid is a compound produced naturally inside living body when glycine and 

ascorbic acid metabolized. The metabolism of oxalic acid in man [Takasaki and Naito 

1968 Stewart 2011] and accumulation of oxalate in plants [Yang and Loewus 1975] 

have been explained. Oxalic acid exists in anhydrous and dehydrated forms. Oxalic acid 

links to the metal atoms and forms stable metal oxalates. Crystals of oxalic acid and 

metal oxalates can be obtained in the crystal form with the known structure. Oxalic acid 
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finds applications in biological, geological and industrial applications. Metal oxalates 

are of interest due to its stable complex formations with the metal ions. Oxalates find 

applications in technical and medical fields such as stain removal in photography, 

coatings of metals for stainless steel, chromium, titanium, nickel and their alloys, 

process in bleaching and cleaning of natural fibers, dying in textile dyeing industies, 

anticoagulants in medical tests, and dental seals [Lalia-Kantouri and Manoussakis 1984 

Cammi et al. 2003 Goforth et al. 2004 Balazs et al. 2006]. The sodium and potassium 

salts of oxalic acid are found in many plants (clover, sorrel, salicornia, spinach, rhubarb, 

bamboo shoots, cacao, roots, and tree barks). Furthermore, salts of complexes 

(potassium and sodium) are capable to pass the gastric mucous membrane, and 

consequently the foremost components of kidney stones. However, the long-lasting 

efforts are made to understand the characteristic physical features of the oxalate anion 

by means of conventional methods of chemical bonding still continues without closure. 

Alkali oxalates are of importance in nature and chemistry because of their interesting 

physical properties, medical and material functions [Lalia-Kantouri and Manoussakis 

1984 Cammi et al. 2003 Goforth et al. 2004 Balazs et al. 2006].  

In the present study compounds of oxalic acid dihydrate, potassium oxalate hydrate and 

potassium hydrogen oxalate oxalic acid dihydrate single crystals were grown using 

solvent evaporation technique. The grown crystals were characterized and compared to 

estimate physio chemical changes in its optical, structural, mechanical and electrical 

properties of the crystal. 

7.2 Results and discussions  

 

Figure. 7.1. As grown crystals of OAD, KOH and KHOOD crystals. 
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7.2.1 Single crystal XRD (SCXRD) and Powder XRD (PXRD) measurements 

Unit cell parameters of the obtained crystals were studied using SCXRD 

measurements. The unit cell parameters were explored and tabulated in Table. 7.1.  The 

obtained crystals of OAD, KOH and KHOOD single crystals are observed to be 

monoclinic (P21/a), monoclinic (A2/a) and triclinic (P1̅) crystal system. The crystal 

orientation space group and lattice parameters were significantly altered by metal atom 

complexion with the OAD molecule. 

Table. 7.1. The unit cell parameters of the OAD, KOH and KHOOD single crystals. 

Crystal 

structure 

details 

OAD KOH KHOOD 

Compound Oxalic acid Potassium oxalate hydrate Potassium 

hydrogen 

oxalate 

oxalic acid 

dihydrate 

Formula (COOH)2 ∙2H2O  K2C2O4 ∙H2O KH3(C2O4)2 

∙2H2O 

 Experimental Reported 

[Iwasaki 

and Saito 

1967] 

Experimental Reported 

[Hodgson 

and Ibers 

1969] 

Experimenta

l 

Space 

group 

P21/a P21/a  C2/c C2/c P1̅ 

Density 1.63 gm/cc 1.65 gm/cc 2.127 gm/cc 2.14 gm/cc 1.856 gm/cc 

a (Å) 11.9000 11.88 10.6840 10.690 6.3632 

b (Å) 3.6040  3.60 6.1820 6.197 7.0291 

c (Å) 6.1240  6.12 9.226  9.222 10.5984 

α  90 º 90 º 90 º 90 º 93.835 º 

β 103.3 º 103.5 º 110.77 º  110.70 º 101.358 º 

γ 90 º 90 º 90 º 90 º 100.174 º 

Volume 255.60 254 569.76 571.5 454.90 

Crystal 

system 

Monoclinic Monoclinic Monoclinic Monoclinic Triclinic 
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The synthesized crystals were crushed in to fine powders using motor and pestle 

to study its structural properties using powder X-ray diffraction technique. The indexed 

XRD patterns for OAD, KOH and KHOOD crystals are shown in Figure. 7.2. The 

obtained sharp peaks in the diffraction pattern confirms the crystalline nature of the 

synthesized materials. The XRD peaks obtained for the OAD and KOH crystals are 

well matching with standard JCPDS patterns. The OAD crystal is matching with the 

standard JCPDS file number 00-030-0624 and KOH matches with 00-022-1232. It was 

noticed that the OAD and KOH crystallizes in monoclinic crystal system with P21/a 

and A2/a space group. Whereas, KHOOD crystallizes in triclinic crystals system of P1̅ 

space group.  

 

Figure. 7.2. Powder XRD pattern of the OAD, KOH and KHOOD single crystals. 

7.2.2 Optical studies 

The optical absorption of the OAD, KOH and KHOOD single crystals were 

studied in the optical range of 200 nm to 900 nm as shown in Figure. 7.3. When a crystal 
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is exposed to electromagnetic radiation, crystal can absorb a portion of light, can 

transmit some portion of light and rest is reflected from the surface of the crystal [Job 

et al. 2016a]. The absorption peaks for the OAD, KOH and KHOOD crystals were 

measured to be 286 nm, 269 nm and 280 nm. There is only one absorption peak for the 

crystal in the UV region, which is due to n → π* electron transfer [Bhuvaneswari et al. 

2019].  The crystal does not absorb in the visible region, necessary criteria for a material 

to be applied in optoelectronic industries [Uma and Rajendran 2016]. 

 

Figure. 7.3. Absorbance spectrum of OAD, KOH and KHOOD single crystals. 

7.2.3 Determination of optical constants 

Optical study gives information associated with the electronic band structures 

and compositional nature of the material [Anis et al. 2018b, 2018e, 2018a]. Optical 

absorption coefficient (α) is a portion of reduction in the energy of incident radiation 

per unit distance as the incident radiation propagates through the crystal and calculated 

using the Equation. 2.3  

The optical absorption coefficient (α) with respect to photon energy is calculated using 

Tauc’s relation given in Equation. 2.2. 

Direct transition is selected and the plot of (αh𝜈)2 versus hυ is shown in Figure. 7.4 (a). 
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Extrapolating the linear portion of the graph, optical band gap 𝐸𝑔 is calculated. Band 

gap is observed to be more in the case of KOH crystal and less for OA crystal and 

KHOOD comes in between these crystals. The calculated bandgap for OAD, KOH and 

KHOOD crystals are 4.06, 4.28 and 4.10 eV respectively.  

 
Figure. 7.4. (a) Bandgap (b) extinction coefficient of the OAD, KOH and KHOOD 

crystals. 

Extinction coefficient (K) can be calculated using the absorption coefficient as given 

by the Equation. 2.4. 

It indicates the loss of electromagnetic radiation by means of scattering and absorption 

during its propagation through the crystal [Bincy and Gopalakrishnan 2014b]. Figure. 

7.4(b) shows the variation of extinction coefficient with wavelength. It was noticed that 

the optical loss is more in case of OAD and less for KOH crystal. 

7.2.4 Photoluminescence studies (PL) 

Photoluminescence (PL) is an optical phenomenon where the material is excited using 

optical absorption of light of particular wavelength and then allowed to undergo 

radiative relaxation [Rajesh et al. 2014 Shanthi et al. 2016a]. The PL emission is 

sensitive to defect states in a crystal structure and change in local atomic configurations 

[Goel et al. 2017]. The pure and doped samples were excited at a wavelength of 280 

nm and PL emission spectra were recorded in the range 320 nm to 550 nm as shown in 

Figure. 7.5. The oxalic acid crystal does not show any emission but KOH and KHOOD 

crystals emits in UV and blue region. Single emission peak observed for the KOH and 

KHOOD crystals. The emission peak of 399 nm and 430 nm is observed for KOH and 

KHOOD crystals respectively. The emission intensity is more for KOH crystal when 
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compared with the KHOOD. And also, KOH crystal emits in broad region when 

compared with KHOOD crystal. It is worth noting that, KOH and KHOOD crystal 

emission are observed in the UV and blue region of the spectrum and can be due to 

delocalization effects  of O-C=O bond present in oxalic acid [Dalal and Kumar 2016]. 

 
Figure. 7.5. PL spectrum of OAD, KOH and KHOOD single crystal. 

7.2.5 TGA-DTA 

 

Figure. 7.6. a) TGA b) DTA curves of OAD, KOH and KHOOD single crystal. 

The crystals of OAD, KOH and KHOOD are studied for thermal stability and 

decomposition mechanisms using TGA-DTA analysis. Oxalic acid decomposition 



Chapter 7 

 

129 
 

mechanisms were investigated and the mass loss observed till 130 °C in the TGA curve 

can be explained as due to the dehydration of oxalic acid. The DTA peaks of 93 °C and 

125 °C are due to water evaporation. The maximum mass loss and decomposition of 

the oxalic acid starts after 130 °C to 200 °C and the CO2, CO and H2O will evaporate 

from the crystal [Higgins et al. 1997 Ma et al. 2013]. Oxalic acid completely 

decomposes after 200 °C. The thermal reaction of the oxalic acid dihydrate crystal is 

given in Equation. 7.1 and 7.2. 

H2C2O4 ∙ 2H2O   H2C2O4 + 2H2O     (7.1) 

H2C2O4    CO2 + CO + H2O      (7.2) 

In the case of KOH single crystal the decomposition mechanism is altered due to the 

potassium atom in the crystal structure turns to potassium carbonate by liberating CO 

gas. The anhydrous potassium oxalate is stable till 520 °C. The melting point is 

completely changed when the potassium is formed complex with oxalic acid. The first 

weight loss observed for KOH can be attributed to dehydration, corresponding to the 

peak obtained at around 116 °C in DTA. It was interesting to note that an endothermic 

peak appeared at 394 °C in DTA curve and no mass loss is observed in the TGA, which 

can be explained as the change in physical properties [Higashiyama and Hasegawa 

1971a Dinnebier et al. 2005]. The second mass loss corresponding to the DTA curve of 

582 °C is explained as the liberation of the CO gas and K2CO3  is formed [Papazian et 

al. 1971 Mohamed et al. 2002]. The decomposition mechanism is mentioned below in 

the Equation. 7.3 and 7.4. 

K2C2O4 ∙ H2O   K2C2O4 + H2O↑      (7.3) 

K2C2O4   K2CO3 + CO↑      (7.4) 

When there is an oxalic acid and potassium oxalate in the KHOOD crystal structure the 

melting mechanism differs from the KOH. The TGA and DTA curves of the 

synthesized crystals are shown in the Figure. 7.6. The initial mass loss and the 

endothermic peaks corresponding to 85 °C and 152 °C can be attributed to the liberation 

of water molecules adsorbed in the crystal [Vimal et al. 2014 Chandran et al. 2017].  

The endothermic peak corresponding to 194 °C is can be attributed to the liberation of 

water molecules adsorbed and CO2 liberation [Vimal et al. 2014]. The third mass loss 

corresponding to the DTA peak of 279 °C is explained as the liberation of HCOOH and 
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CO2 gas and K2C2O4 is remaining in the solid. The similar physical transformation is 

observed in the case of KHOOD crystals as compared with KOH crystal corresponding 

DTA peak of 393 °C. The fourth mass loss corresponding to 578 °C is due to the 

liberation of CO gas and K2CO3 remains [Mahalakshmi et al. 2012]. The thermal 

decomposition mechanism of KHOOD crystal is given in Equation. 7.5-7.8. 

2(KH3C4O8 ∙ 2H2O)         2KH3C4O8 + 4H2O↑    (7.5) 

2KH3 (C2O4)2       2KHC2O4+2CO2↑+2HCOOH   (7.6) 

2KHC2O4                                      K2C2O4+CO2↑+HCOOH   (7.7) 

K2C2O4                                  K2CO3+CO↑     (7.8) 

7.2.6 I-V studies 

 
Figure. 7.7. I-V curve of OAD, KOH and KHOOD crystals.   

The crystals of OAD, KOH and KHOOD were subjected to I-V studies to understand 

the electrical response of the material.  Figure. 7.7 shows I-V curves of OAD, KOH and 

KHOOD single crystal. The synthesized crystals of OAD, KOH and KHOOD were 

polished to obtain uniform surfaces on the both sides (1 mm) to perform I-V 

measurements. I-V measurements were executed in the voltage range from -5 V to +5 

V, and the current generated are measured.  As the voltage increased current increased 

linearly for all the crystals. The dc resistivity (ρdc) of OAD, KOH and KHOOD single 
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crystals are measured using the relation 2.19 [Freeda and Mahadevan 2000],  

The dc resistivity (ρdc) of OAD, KOH and KHOOD single crystals are 1.399×104, 

2.988×104 and 1.8314×104 Ω.m respectively. The electrical studies were also supported 

by bandgap calculation (Figure. 7.4(a)).  

7.2.7 Hardness studies 

 
Figure. 7.8. Load (P) versus hardness number (Hv). 

The hardness of the crystal can be due to combined effect of characteristic features such 

as Debye’s temperature, internal lattice energy, interatomic spacing, heat of formation, 

etc and also caused due to external parameters such as inclusions, vacancies, defect 

centers, pores, impurities, etc [Anis et al. 2018c, 2019]. Vickers micro hardness 

measurement technique is used to study the microhardness of the OAD, KOH and 

KHOOD single crystals. Vicker’s indentation mark is made on the well-polished 

surfaces of OAD, KOH and KHOOD single crystals. The microhardness number is 

measured for different loads starting from 5 g to 200 g and Hv is measured. It was 

noticed that the crystal hardness number decreased as the applied load increased for all 

the crystals which can be termed as Indentation Side Effect (ISE) [Anis et al. 2018d]. 

The hardness number is more for KHOOD crystal and less for OAD crystal for all the 

applied loads.    
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The Vickers microhardness number (𝐻𝜈) is calculated using the Equation. 2.13 [Gao et 

al. 2003 Tyagi et al. 2015] 

The microhardness number is plotted with respect to applied load, as shown in Figure. 

7.8.  

 
Figure. 7.9. Indentation images of 200 g applied load for OAD, KOH and KHOOD 

single crystal. 

The molecular bond strength of the crystal is calculated using Wooster’s relation 

(Elastic stiffness constant (C11)) as shown in Equation. 2.14 [Ray et al. 2017b]. The C11 

value is calculated be calculated for OAD, KOH and KHOOD single crystals for 

different applied loads.   

The size of the indentation and the load applied can be related using Meyer’s 

law [Sangwal 2000] as shown in Equation. 2.15.  

The n value can be calculated by taking the slope from log P versus log d graph. The 

obtained n values for OAD, KOH and KHOOD crystals are 1.78, 2.32 and 1.54 

respectively. OAD and KHOOD crystals have n value  n < 2 implies the materials 

belongs to hard material category whereas the KOH crystal possess n >2 and belongs 

to soft material category [Sangwal 2000 Hanumantharao et al. 2013]. 

The yield strength values shown in Table 7.2-7.5 are computed using the relation 2.16 

[Suresh et al. 2018] 

In order to understand the relation between hardness, microstructural properties and 

bond nature, of the fractured surfaces of OAD, KOH and KHOOD single crystals using 

the Equation. 2.17. 

The relative measure of the material brittleness is obtained by the crack produced on 

the indented surface. The brittleness of the OAD, KOH and KHOOD single crystals 

were calculated using the Equation. 2.18. 

The material hardness depends on the chemical bond strength of the molecules which 
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are responsible for the distinct hardness. From the results it is evident that the hardness 

of the material mainly depends on the bond strength of the material. Organic crystal 

binds with and forms complex with inorganic material and gains improved hardness 

number and better mechanical parameters. 

 
Figure. 7.10. Plot of Log P vs Log d. 

Table. 7.2. Microhardness parameters of OAD single crystal.  

Sl. 

no 

Load 

P (g) 

Hardness 

Hv 

(Kg/mm2) 

Yield 

Strength σy 

(Kg/mm2) 

Elastic 

stiffness 

constant 

(C11) (Pa) 

Fracture 

toughness 

Kc (g/µm3/2) 

Brittleness 

Bi (µm-1/2) 

1 10 38.56 12.85 596.67 ̅ ̅ 

2 25 33.83 11.27 474.54 ̅ ̅ 

3 50 30.77 10.25 401.99 ̅ ̅ 

4 100 30.09 10.03 386.57 ̅ ̅ 

5 200 26.25 8.75 304.42 0.0160 1638.57 

 

Table. 7.3. Microhardness parameters of KOH single crystal.  

Sl. 

no 

Load 

P (g) 

Hardness 

Hv 

(Kg/mm2) 

Yield 

Strength σy 

(Kg/mm2) 

Elastic 

stiffness 

constant 

(C11) (Pa) 

Fracture 

toughness 

Kc (g/µm3/2) 

Brittleness 

Bi (µm-1/2) 

1 10 152.12 50.70 6589.09 ̅ ̅ 

2 25 112.83 37.61 3906.09 ̅ ̅ 

3 50 91.43 30.47 2703.36 ̅ ̅ 

4 100 82.79 27.59 2272.27 ̅ ̅ 

5 200 79.18 26.39 2101.73 0.0730 1084.50 

 

Table. 7.4. Microhardness parameters of KHOOD single crystal.  

Sl. 

no 

Load 

P (g) 

Hardness 

Hv 

(Kg/mm2) 

Yield 

Strength σy 

(Kg/mm2) 

Elastic 

stiffness 

constant 

(C11) (Pa) 

Fracture 

toughness 

Kc 

(g/µm3/2) 

Brittleness 

Bi (µm-1/2) 

1 10 255.4 85.13 16316.85 ̅ ̅ 
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2 25 173.56 57.85 8299.21 ̅ ̅ 

3 50 138.84 46.28 5615.65 ̅ ̅ 

4 100 110.7 36.90 3777.96 ̅ ̅ 

5 200 98.2 32.73 3063.33 0.1045 9398.92 

7.3 Conclusions 

The crystals of oxalic acid dihydrate (OAD), potassium oxalate hydrate (KOH) and 

potassium hydrogen oxalate oxalic acid dihydrate (KHOOD) were grown using solvent 

evaporation technique. The OAD and KOH crystals belongs to monoclinic crystal 

structure with space group P21/a and A2/a respectively, where the KHOOD crystal 

belongs to triclinic crystal system of P1̅ space group. From the UV-vis absorption 

studies it is evident that the optical absorption changes for OAD, KOH and KHOOD 

crystals and corresponding bandgaps are 4.06, 4.28 and 4.10 respectively. From the I-

V studies the resistivity of the crystals were obtained as 1.399×104, 2.988×104 and 

1.8314×104 Ω.m, respectively. In the emission spectra, the OAD crystal does not show 

emission property, where KOH and KHOOD crystals show emission. The maximum 

emission intensity is observed for KOH crystal when compared with KHOOD. The 

emission peaks of KOH and KHOOD were observed to be 399 nm and 430 nm 

respectively followed by a broad emission in the case of KOH crystal. Thermal studies 

were studied and explained for OAD, KOH and KHOOD crystals and confirmed that 

KOH crystal is thermally more stable than the other crystals. The microhardness 

measurements showed the increased hardness number for all the applied loads in the 

case of KHOOD single crystal and the lesser values are obtained for the OAD crystal. 

The Mayer’s number for the crystals were calculated to be 1.78, 2.32 and 1.54 

respectively and infers the OAD and KHOOD crystal belongs to hard material category, 

where KOH belongs to soft material category. The other mechanical properties such as 

Yield strength, Elastic stiffness, Fracture toughness and brittleness were calculated. The 

obtained fracture toughness and brittleness number for the OAD, KOH and KHOOD 

crystals are 0.0160 g/µm3/2, 0.0730 g/µm3/2, 0.1045 g/µm3/2 and 1638.57 µm-1/2
, 1084.50 

µm-1/2, 9398.92 µm-1/2 respectively. 
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CHAPTER 8 

Summary and Conclusions 

The overall summary of the thesis and a few directions for future work are also 

indicated in this chapter. 

8.1 Summary and Conclusions 

 Potassium hydrogen oxalate oxalic acid dihydrate crystal have been successfully 

synthesized using slow solvent evaporation method at room temperature.  

 The crystal structure was solved using single crystal XRD analysis. The crystal 

belongs to centro-symmetric space group P-1 with triclinic crystal system.  

 The unit cell parameters were determined using powder XRD technique which 

shows good agreement with data obtained from single crystal XRD.  

 High optical transmittance in the visible region suggests the potential use in 

optoelectronic applications. Optical band gap of the crystal was found to be 4.07 

eV.  

 EDAX analysis confirmed the presence of potassium, carbon and oxygen in the 

synthesized crystal.  

 The crystal was stable up to the temperature of 266 ºC which was studied using 

DSC analysis.  

 The functional vibrations were studied using FTIR analysis and the vibrational 

modes present in the crystal were identified.  

 Photo-excitation of the crystals resulted in emission of three distinct peaks in the 

UV and blue region.  

 I-V studies have shown the decrease in the resistivity of the crystal on illumination 

suggesting their use as photoresistors.  

 Time dependent I-V studies have shown negative photoconductivity of the crystal 

with the resistance being increased on illumination and decreasing under dark 

condition.  

 The electrical resistivity measurements show increasing trend as the temperature 

increased. The activation energy of the crystal is also estimated and the crystal 

shows activation energy of 0.476 eV and 0.290 eV. 

 The Vickers microhardness study reveals that the hardness number decreases as the 

applied load increases which explains the indentation side effect (ISE) behaviour of 
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the crystal. From Meyer’s law the value of ‘n’ is evaluated to be 1.47 and it belongs 

to hard material category.  

 The elastic stiffness constant and yield strength was observed to be 16.3×103 Pa and 

85.13 (Kg/mm2).  

 The dielectric constant decreases as the frequency increases and also the lesser 

value of dielectric parameter and dielectric loss suggests its potential application in 

optoelectronic device fabrications.  

 From the dielectric measurements it was observed that the space charge 

phenomenon is acting on the crystal as the frequency is varied.  

 The single crystals of potassium oxalate oxalic acid dihydrate (KHOOD) and 

Co(OH)2 doped KHOOD crystals were synthesized using slow evaporation 

technique.  

 The powder XRD spectrum does not show much variations on the doped crystals 

due to the incorporation of the nanoparticles in the vacancy cites and it will not alter 

the crystal lattice. The shift in the XRD peaks after doping confirms the nanoparticle 

incorporation into the host lattice.  

 The optical constants such as optical bandgap and extinction coefficient were 

estimated. The bandgap of the crystals were calculated and it decreased as the 

dopant concentration increased.  

 The confirmation and distribution of the nanoparticles in the host crystal was 

studied using EDAX and the mapped images confirms the distribution of Co in the 

crystal.  

 The fundamental vibrations of the molecules were analyzed using FTIR 

spectroscopy and the crystal does not show variations confirming that there is no 

bond formation after doping.  

 The melting point of the crystal is increased as the dopant concentration increased 

suggesting the increased thermal stability of the crystal after doping.  

 The resistivity of the crystal decreased as the dopant concentration increased 

leading to the better conductivity of the material after doping.  

 The emission spectrum of the crystal increased as the dopant concentration 

increased suggesting increased number of defect states created due to the 

nanoparticle incorporation in the crystal lattice.  
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 From ac conductivity studies it was observed that the hopping mechanism is the 

reason behind the conductivity process and the conductivity mechanism is due to 

small polaron hopping mechanism. 

 The dielectric measurements of the synthesized crystals were examined in the 

frequency range of 10 Hz to 1 MHz at room temperature and the parameters such 

complex dielectric constants, complex impedance, ac conductivity and loss factor 

were analyzed. From the nyquist plot the radius of the semicircle decreased as the 

dopant concentration increased and suggesting the decrease in the resistivity of the 

material.  

 KHOOD single crystals are successfully doped with amaranth dye molecule and the 

results are presented systematically.   

 The dye incorporation in KHOOD matrix have retained the KHOOD crystal 

structure.  

 The extra absorption peak witnessed for the doped crystal is also present in the 

absorption spectrum of amaranth dye inferring the dye molecules successfully 

incorporated in KHOOD lattice.  

 The optical bandgap of KHOOD crystal is observed to be 4.08 eV and as that of 

dye doped crystal is 4.04 eV.  

 Increased surface roughness is obtained for the dye doped crystals inferring the 

larger molecules of dye in the crystal is the reason behind the roughness obtained.  

 From the thermal studies the obtained crystals melting point and decomposition 

mechanisms are shifted for the doped crystal confirms the dye molecule present in 

the crystal and also mass loss is less in case of dye doped crystals (TGA) confirming 

dye residuals of sodium is converted to carbonate.  

 Enhanced and broader emission is noticed for dye doped KHOOD crystal with 

emission peak of 426 nm and 430 nm for pure and amaranth dye doped KHOOD 

crystal.  

 Increased conductivity is observed for the dye doped KHOOD crystal. 

 Grown KHOOD single crystals were irradiated with gamma radiation in the dosage 

of 5, 10, 20 kGy.  

 The powder XRD studies of single crystal confirms the crystalline nature of the 

sample. Small shift in the position of peaks justifies that the crystal structure has 
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been retained and defects states were created which induced stress in the crystal 

lattice due to irradiation.  

 The functional groups of the crystals were studied using FTIR spectral analysis and 

it is evident that the crystal structure was not altered after irradiation but there is a 

stress induced on the crystal which causes small variations in the peak positions.  

 Optical transmission and absorption spectrum reveals that the absorption peak was 

shifted to lower wavelength region as the irradiation dosage increased which in turn 

increases the transmission window.  

 Pure and irradiated crystals show negative photoconductivity. The resistivity of the 

pure and irradiated KHOOD crystal was observed to be in the order of 104 Ω.m and 

the conductivity of the crystal was found to be in the order of 10-5 Ω-1m−1. As the 

irradiation dosage increased, the crystal conductivity decreases which consequently 

led to increase in its resistivity which is also true in case of light irradiated crystals. 

 The crystals of OAD, KOH and KHOOD were grown using solvent evaporation 

technique.  

 The OAD and KOH crystals belongs to Monoclinic crystal structure with space 

group P21/a and A2/a respectively, where the KHOOD crystal belongs to triclinic 

crystal system of P1̅ space group.  

 From the UV-vis absorption studies it is evident that the optical absorption changes 

for OAD, KOH and KHOOD crystals and corresponding bandgaps are 4.06, 4.28 

and 4.10 respectively.  

 From the I-V studies the resistivity if the crystals were obtained to be 1.399×104, 

2.988×104 and 1.831×104 Ω.m respectively which also reflects the bandgap 

calculation where maximum resistivity was obtained for KOH crystal and lesser 

resistivity for OAD crystal.  

 In the emission spectra the OAD crystal does not shows emission but KOH and 

KHOOD crystal shows emission and the maximum emission intensity is witnessed 

to KOH crystal when compared with KHOOD. The emission peaks of KOH and 

KHOOD are 399 nm and 430 nm respectively. Broad emission is observed in the 

case of KOH crystal.  

 Thermal studies were carried out and explained for OAD, KOH and KHOOD 

crystals that KOH crystal was thermally more stable than the other crystals. The 
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microhardness measurements showed the increased hardness number for all the 

applied loads in the case of KHOOD single crystal and the lesser values are obtained 

for the OAD crystal.  

 The Mayer’s number for the crystals were calculated to be 1.78, 2.32 and 1.54 

respectively and infers the OAD and KHOOD crystal belongs to hard material 

category, where KOH belongs to soft material category. The other mechanical 

properties such as Yield strength, Elastic stiffness, Fracture toughness and 

brittleness were calculated. The obtained fracture toughness and brittleness number 

for the OAD, KOH and KHOOD crystals are 0.0160 g/µm3/2, 0.0730 g/µm3/2, 

0.1045 g/µm3/2 and 1638.57 µm-1/2
, 1084.50 µm-1/2, 9398.92 µm-1/2 respectively. 

 

8.2 Directions for future work 

The investigations of the present research work can be extended further in the following 

directions: 

 Present measurements were performed at room temperature at ambient conditions. 

This can be extended to temperature dependent measurements under controlled 

conditions. From these measurements we could estimate material stability and the 

effect of temperature on the material properties. This could be useful in designing 

temperature sensor devices.  

 Piezoelectric properties of the KHOOD crystals can be studied. 
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