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ABSTRACT 

In this work mixed metal oxides nanoparticles were synthesized containing “Mo” and “Sr” as 

basic elements and lanthanides (La & Gd) were doped using sonication, sol-gel and 

hydrothermal methods with variation in calcination temperature and reaction time. The 

nanomaterials synthesized were computed theoretically and later on compared photo-

catalytically. 

MoO3 nanoparticles were synthesized using sonication and sol-gel methods for 04 hours and 

calcined at 03 different temperatures 250, 350 and 450 °C. To conclude the best suitable 

method for the synthesis of MoO3 nanoparticles were characterized using fourier transform 

infra-red (FTIR), thermogravimetric analysis-diffraction scanning calorimetry (TGA-DSC), 

scanning electron microscopy-energy dispersive X-ray (SEM-EDX) spectroscopy, high 

resolution transmission electron microscopy (HRTEM), dynamic laser scattering-particle size 

analyser (DLS-PSA), X-ray diffraction (XRD) analysis and UV-Visible spectrometer. The 

optical properties like band gap, extinction coefficient (K), refractive index (n), optical 

conductivity (ρ), dielectric functions (εr and εi) and Urbach energy (EU) were determined. The 

sol-gel method were concluded the better one and later on used for the synthesis of MoO3 

nanoparticles with the reaction time of 10 and 24 hours.  

SrMoO4 nanocomposites were synthesized by varying the “Sr” and “Mo” concentration with 

change in reaction time of 04, 10 and 24 hours using the sol-gel method. The nanocomposites 

were characterized using FTIR, Raman analysis, SEM-EDX, HRTEM, DLS-PSA, XRD and 

UV-Visible spectrometer. The refinement parameters were calculated with the help of XRD-

data using FULLPROFF and PROFEX software. The optical properties like band gap, 

extinction coefficient (K), refractive index (n), optical conductivity (ρ), dielectric functions 

(εr and εi) and Urbach energy (EU) were determined. 

Lanthanides (La and Gd) doped SrMoO4 nanocomposites were synthesized using 

hydrothermal method and characterized using FTIR, Raman analysis, SEM-EDX 

spectroscopy, TEM, DLS-PSA, XRD analysis and UV-Visible spectrometer. The refinement 

parameters were calculated with the help of XRD-data using FULLPROF and PROFEX 

software. The optical properties like band gap, extinction coefficient (K), refractive index (n), 
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optical conductivity (ρ), dielectric functions (εr and εi) and Urbach energy (EU) were 

determined. 

    All the synthesized nanomaterials were computed theoretically using SCM-ADF/BAND 

and VESTA software using Density Function Theory (DFT) principles with Kohn-Sham 

approach. Different parameters like change in basis set, Hubbard potential, XC-functional 

(LDA, GGA, Meta and Model) were run to obtain the results closet to the experimental one. 

Relationship between theoretical and experimental band gap was observed. Density of state 

(DOS) analysis was performed and contribution of elements “Mo”, “O”, “Sr”, “Gd” and “La” 

were observed with respect to fermi energy. MOPAC software results in the geometry and 

frequency optimization using semi-empirical Hamiltonians calculations with PM7 code. 

VESTA software gives the complete 3D structural representation of synthesized 

nanoparticles and nanocomposites with the detailed lattice and structural parameters.  

The photo-catalytic activity of all the nanoparticles and nanocomposites were done against 

anthropogenic organo-pollutants 2-methyl-4-nitrophenol and 2-methyl-4,6dinitrophenol. 

These both organo-pollutants are used in military and textile industries. The results of photo-

catalysis are in relation to type of metal oxide, synthesis method, synthesis conditions, change 

in particle size and band gap are compared with respect to percentage degradation and k-

values. 
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1. Introduction 
 

1.1. Nano-Chemistry 

Nano-chemistry is a combination of Nano-science and chemistry, in which chemist’s aims to 

engineered new materials of nano-size[1]. This nano-sized material exhibits different 

properties from their bulk one derivatives. The science of nano-compounds is a new field and 

because of high demand of nanomaterials in industry and research, daily hundreds of new 

articles regarding the synthesis and application of novel nanomaterials are published [2, 3]. 

Many chemists are working on nanomaterials, their applications [4] and understanding their 

novel behaviour results in developing new behavioural perspectives  for the nanosystems. 

The nanoscale transformation generates different chemical and physical properties which 

results in changing in quantum behaviour. Chemists are pushing nanomaterials to its limits to 

resolve major crisis faced in everyday life like clean water, cheap energy, better health, 

organic food and resources. The nanomaterials fabricated by chemists are helping in every 

field of life, nanodrugs [5] are synthesizing to solve drug delivery and drug entrapment 

efficiency issues, nanodevices are a new trends for mobile, solar cells, and modify the 

electronics [6, 7]. Nanofertilizer [8] helps to create better food with more minerals and good 

quality and less leaching, nanofiltration enables the provision of clean water system and 

nanocatalyst are solving various environmental issues by degrading the organo-pollutants.  

1.2. Nanoparticles  

In the end of 20
th

 century, electron microscopy and advancements in other characterization 

techniques creates an up-rise in the field of nanoparticle research. In 1980 and 1990, the 

advancement in the properties of metal, semi-metalloids nanoparticles got the attention from 

the scientists and emerged as a new field of study. The novel applications like biomedical, 

photo-catalysis, agriculture, fuel and solar cell generation due to it’s optical, electronic, 

magnetic and catalytic properties are a current topic of research in every field of study. 

Among the nanoparticles research, metal and metal oxide nanoparticles are always the first 

step towards advance research. Many metal oxide nanoparticles are considered as first 

preference because of novel properties among them: 
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1.2.1. Copper Oxide 

Copper oxide nanoparticles because of easy synthesis, high density, high melting and boiling 

points generate monoclinic structure results in good catalytic properties[9], photoconductive 

and photo-thermal properties[10, 11].  

1.2.2. Zinc Oxide 

Zinc oxide nanoparticles due to low band gap of 3.7 eV and high thermal expansion have 

many novel applications in ceramics, coating and food industry [12, 13]. It is also used as 

antibacterial, antifungal and anticorrosive agent [14-16].  

1.2.3. Titanium Oxide 

Titanium oxide nanoparticles[17] are the most commercialized nanoparticles due to ultrafine 

titanium dioxide with high surface area[18] results in the wide range of application in 

sunscreen (cosmetics), self-cleaning windows, catalysis[19], and biomedical (antibacterial) 

fields[20, 21].  

1.2.4. Tin Oxide 

Tin oxide nanoparticles[19, 22] a semi conducting nanoparticle with wide band gap and 

photovoltaic properties due to which it is highly used in dye sensitized solar cells[23] and 

sodium ion batteries[24]. 

1.2.5. Magnesium Oxide 

Magnesium oxide nanoparticles exhibit different morphological features (rod, tube, needle 

and lamella) [25] which generates specific properties with change in surface area[26] enables 

it  to have antibacterial and antifungal activity. MgO nanoparticles have inertness towards 

humidity creates huge application in the field of ceramics and agriculture [27, 28]. 

1.2.6. Molybdenum Oxide 

Molybdenum oxide nanoparticles a transition metal oxide with wide band gap and various 

industrial applications is under study for last 30 years [29]. The three metastable forms α, β 
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and h with different structures orthorhombic, monoclinic and hexagonal are the main reason 

for the versatile fabrication of molybdenum oxide nanoparticles [30] using different physical 

and chemical methods including thermal evaporation [31], vapour deposition, acid deposition 

[32] chemical-precipitation [33], sol-gel and hydrothermal methods[34]. These nanoparticles 

have thermodynamic stable crystal phases due to unique layered structure makes it a good 

choice for cathodic electrode in Lithium ion batteries [35]. High conductivity [36], high 

purity, homogeneity, large surface area and chemical stability generates thermal, photovoltaic 

[37], photochromic and electro-chromic properties [38] enables its use in micro-batteries, 

transistors, capacitors [33], dielectrics, gas sensing [39], and as highly active catalyst [40].   

1.2.7. Strontium Oxide 

Strontium oxide is an alkaline earth metal oxide exhibits highly optically active surface 

which enables the conversion of photon energy into excited surface experiencing quantum 

confinement which results in different properties like photoluminescence, photo-excitation 

[41], electronic, mechanical, chemical inertness, thermal and oxidation resistance [42]. The 

similarities with other alkaline earth metals are opening new horizons of research for 

strontium oxide nanoparticles in biomedicine [43]. It also inherits high energy phonons and 

structural flexibility which produces wide band gap, high density of corner and edge surface 

sites responsible for promising applications in solar cells [44], light emitting diodes, gas 

sensors and photo-catalysis [45].      

1.2.8. Gadolinium Oxide 

Gadolinium oxide a rare earth metal oxide is a need-based nanoparticle synthesized via 

thermal deposition, sol-gel, chemical vaporisation and hydrothermal methods which control 

the particle size and morphology of nanoparticles [46]. Gadolinium oxide has better sintering 

ability with unique luminescent and fluorescent properties [47], high-mechanical, thermal and 

heat resistance, lower index of retardation and high chemical stability have applications [48] 

in the transparent ceramics, optical glass, plasma display, fuel cells, ferro-electric memory 

field emission display, UV-detectors and fuel cells [49].  

Gadolinium oxide has wide range of biomedical applications as it is used as contrasting agent 

in Magnetic Resonance Imaging (MRI), it helps in diagnosing the disease [50], discriminate 

the cancer tumour cells from the normal cells and create image of soft tissues [51]. It also has 
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application in drug delivery with the help of biocompatible coatings like poly-ethylene glycol 

(PEG), ascorbic acid, chitosan, dextran, silica and polyvinyl alcohol (PVA) [52]. The 

fluorescent and luminescent properties gadolinium oxide nanoparticles make targeted drug 

delivery easy [53]. 

1.2.9. Lanthanum Oxide  

Lanthanum oxide is the most studied rare metal oxide because of various bio-medical and 

industrial applications. Different synthesis methods were employed with the change in 

precursors, solvent, surfactants and reaction parameters for the synthesis of lanthanum oxide 

nanoparticles [54]. The unique and novel properties produce various applications in field of 

bio-sensing, fuel-cells, chemo-sensing (CO2), laser and optics, magnetic storage devices, 

catalysis (by improving burning rate of propellants) [55], improve values of piezoelectric 

coefficients [56] and increase energy conversion efficiency. The hemo-compatibility [57] 

enables biomedical applications of lanthanum oxide nanoparticles [58].     

1.3. Nanocomposites 

Nanocomposites are the 3
rd

 level nanomaterials synthesized to increase the efficiency of 

nanoparticles. Co-precipitation and doping are the cheapest methods to synthesize 

nanocomposites, mixture metal oxides or metal on metal oxides are different possibilities of 

nanocomposites. The ion-ion entrapment enables the change in lattice type and lattice 

parameters results in change in physical and chemical properties of nanocomposites. The 

most common nanocomposites are: 

1.3.1. Ferrites  

Ferrites are the compounds having base of iron oxide in the form of magnetite, mostly with 

the formula of MFe12O19 (M=metal) M could be any metal incorporated to enhance the 

efficiency of ferrite [59]. In ferrites having cubic structure, the strong quantum confinement 

results in change in properties and resulting high-coercivity, mechanical hardness, chemical 

stability, and strong magnetization. Due to well-controlled morphology and structure the 

ferrites have wide range of applications in ferro-fluids technology, magnetic devices, 

magnetic imaging, hydrocarbon fuel cells and drug delivery [60]. Ferrite because of ultrafine 

homogeneity, temperature stability produce magneto-electric coupling[59] which produce 
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control over dielectrics and magnetism have many applications in fabrication of magnetic 

devices. Decrease in particle size decrease the magnetization due to surface spin effect [61]. 

The improvement in ferroelectric behaviour is possible by reducing oxygen and metal charge 

vacancies. The addition of different ions decreases the saturation magnetization and  

coercivity [62, 63] of ferrites like Gd
+3

, Al
+3

, Sm
+3

[64].  

1.3.2. Titania 

Titania is the titanium oxide nanoparticles with wide band gap and magnetic characteristics. 

Doping of metals, mixed metal oxides and rare earth metals greatly influence the tendency of 

titania to behave paramagnetically or ferromagnetically [65] also depend on the preparation 

of sample and presence of defects. The increase in magnetic moment is due to presence of 

electrons in 3d-orbital of “Ti” and “4f” inner sub-shell of rare earth metals [17, 22]. In the 

interaction of rare-earth metal and titania quenching is experienced in the Ti-orbitals and 

indirect exchange interaction of 5d or 6s with 4f yields high magnetism [66]. Titania is 

widely studied photo-catalytically due to recombination process of electrons and holes 

generation using UV and sunlight. Doping and mixing metal and metal oxides results in 

change in band gap and effect the recombination efficiency and increase the catalysis. It also 

affects the optical and electronic properties and results in change in photoluminescence and 

fluorescent properties of titania [67].  

1.3.3. Molybdates 

Molybdates with the combination of alkali, alkaline earth, transition and rare earth metals 

metal oxides have sparked huge attention due to high ionic-conductivity [68], scintillation 

detectors [69], acousto-optic filters, photoluminescence [70], lamp phosphors, white light 

generation [71], bio-imaging due to low toxicity of “Mo” and catalytic applications [72]. The 

presence of metastable structure enables fluctuation in molybdate with variation in synthesis 

method (hydrothermal [73], chemical vapour deposition (CVD), sol-gel, co-precipitation 

[74], electro-spinning, micro-emulsion, and wet chemical etching [75]), synthesis conditions 

(green synthesis, bacterial assisted synthesis, solvent and surfactant controlled synthesis) and 

synthesis parameters (reaction time, reaction temperature, annealing temperature, pH, and 

precursors concentration) [76] with respect to chemical compatibility and stability. The 

variations affect the presence of oxidation state of Mo
+4

, Mo
+5

 or Mo
+6 

[77], increase in 
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concentration of one oxidation state leads the suppression of other crystallite phases coupled 

with decrease in surface effect [78]. The changes in dopants mainly effect the stabilization of 

molybdate and also changes luminescence properties due to charge transfer emission which is 

strongly prone to quenching [79]. 

The wide band gap of molybdates provide potential photo-catalysis for the degradation [80] 

of anthropogenic pollutants (insecticides, pesticides, and organo-pollutants), water splitting 

(generation of hydrogen fuel cell) and catalyze different compounds by enhancing their 

capability of reduction, oxidation, dehydrogenation, elimination and addition[81]. In 

literature different molybdates have been used for conversion of olefins to unsaturated 

aldehyde, nitriles, alcohols and acids due to presence of active sites which enhance the 

adsorption process and increase the interaction of molecules [82].   

In the series of molybdate, scheelite molybdate [83] generated huge impact in the field of 

electronics in capacitors, efficient Raman lasers, microwave devices,  due to low resistivity, 

chemical stability, moisture resistance [84]. Scheelite structures are also considered as best 

host for lanthanides doping as  they behave as Ln
+3

-ion activators for the emission spectra 

[85] due to intra-configurational transitions in UV region and magnetic dipole transitions 

5D4/7F5, as a result of the stark effect [86]. 

1.4. Computational Analysis 

Computational chemistry is the theoretical approach to study molecular electronic structure 

and interactions [87]. In computational analysis different theories and models of quantum 

physics, thermodynamics and mathematical modelling are employed to interpret ambiguous 

and competitive results [88]. There are two ways to use computational analysis 1) study the 

molecule prior to its synthesis which could save labour, raw materials and toxic waste [89, 

90] 2) computing properties of molecules, it could even give access to properties at molecular 

orbital level which are not studied experimentally like electronic properties (band structure, 

population analysis, and charge distribution)[91], optimize the geometry (lattice and 

structural parameters) and frequency (vibrational frequency, moment of rotational and force 

constants) [92].  The most common numerical techniques in the computational analysis are, 
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1.4.1. Ab-initio methods 

The meaning of ab-initio is first principle, it is the essential tool in studying electronic 

systems [93]. In ab-initio calculations one should keep in mind that during analysis 

Schrodinger equation is not solved rather a possible solution obtained which is good enough 

to calculate the electronic properties of molecules [94, 95]. In ab-initio analysis selection of 

relatable method can lead to reasonable approximation which could be implemented using a 

basis set [96, 97]. There are different methods or approximations using molecular orbital 

wave function for ab-initio analysis.  

1.4.1.1. Hartree-Fock (HF) calculations 

Hartree-Fock calculations are also known as mean field or central field calculation involving 

columbic electron-electron repulsion [98]. These are also variational calculation means result 

obtained is not exact but approximate and the resulted energy calculated is in Hartrees 

(1Hartree=27.2116 eV) [99]. The basic information obtained from HF-equation is kinetic 

energy contribution, electron-ion potential and electrostatic potential due to charge 

distribution. HF equation is the one-electron equation which gives the energy details of single 

electron (orbital) [100].  

The HF-calculations are converged by guessing orbital coefficients and orbital energies with 

respect to basis function, the procedure is repeated until the energy and orbital coefficient 

values are same from one cycle to the other[101]. HF-method is of 02 types, when same 

orbital (having singlet spin-electrons) is used for calculations involving α and β electrons then 

it is restricted Hartree-Fock (RHF) method and when different sets of orbitals are used then it 

is unrestricted Hartree-Fock (UHF) [100].  HF-calculation results in the formation of 

molecular orbitals from the atomic orbitals (slater type orbitals (STO) or Gaussian type 

orbital (GTO)) using basis function STO-3G or 6-311++g**[102]. 

1.4.1.2. Self-Consistent Field (SCF) Theory 

In the SCF, each electron in the effective field is governed by one particle Schrodinger 

equation moving independently in nuclear coulomb and average fields [103]. The orbitals 

have approximate electron-electron interacting central potentials results in virtual and 

occupied orbitals [104]. All the elements in the periodic table undergo SCF calculations and 
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list is growing for di and polyatomic molecules subject under configuration interaction (CI) 

and coupled-cluster (CC) calculations in starts with SCF calculations [105].   

1.4.1.3. Quantum Monte-Carlo (QMC) methods 

 In case of Quantum Monte-Carlo methods electrons and ions are considered as particles and 

help to figure out the electronic structure and quantum effect of nuclei [106, 107]. The QMC 

method gives the description of excited state energy and wave-function using the energy 

decay curve [108]. In the literature QMC calculations have been used to compute the bulk 

properties of light elements like H2, He and Li, isolated atoms and molecules which were 

even studied experimentally [107, 109]. At ground state the QMC is used in two ways: 

variation and diffusion QMC, variational QMC involves the estimation of functional values 

using random points within integration limits and diffusional QMC is considered as 

improvement of variational QMC with subject to the time-dependent Schrodinger wave 

equation [110, 111].  

1.4.1.4. Density Functional theory (DFT) 

Different pragmatic observation indicates that DFT is the mostly used and less 

computationally tough method with high precision and accuracy [112, 113]. The theory of 

DFT is originated by Hohenberg and Kohn, the practical approach is formulated by Kohn and 

Sham claiming that the electron density (ρ) instead of wave-function (φ) is responsible for 

energy in molecules [114]. The premise was supported by E.B. Wilson stating that the 

integral of density is number of electrons, cusps of density give position of nuclei, and height 

of cusps specify the nuclear charges[115, 116]. The values obtained from Kohn-Sham orbital 

calculations are estimated one and not equal to the natural orbitals [117]. There are different 

functions develop to give details of the electron density using quantum mechanics and 

parameterizing functions along with electron correlation develops a faster calculation to 

obtain accurate results (close to experimental)[118].  

Different approximations used in DFT are: 

i) LDA (Local Density Approximations) 

ii) LSDA (Local Spin Density Approximation- for high spinning electrons) 

iii) Xα (X-alpha) 
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iv) BLYP (Becke correlation functional with Lee, Yang, Parr exchange)   

v) B3LYP, Becke3LYP (Becke 3 term with Lee, Yang, Parr exchange)[119] 

vi) PW91 (Perdue and Wang) 

vii) G96 (Gill 1996) 

viii) P86  (Perdew-1986) 

ix) B96  (Becke-1996) 

x) B3P86 (Becke exchange, Perdew correlation) 

xi) B3PW91 (Becke exchange, Perdew and Wang correlation) 

Most of them are hybrid, exchange and gradient corrected type having huge applications in 

Gaussian software for determination of organic molecules.   

1.4.2. Semi-empirical calculations 

Ab-initio calculations are an expensive one, much simpler and cheaper computational method 

involves semi-empirical calculations can get empirical results of the experiment [120, 121]. 

In semi-empirical calculations rather than considering each and every orbital only the orbital 

taking part in the reaction synthesis are studied, that’s why its cost is cheaper [122]. This 

method involves similar calculations like HF method but parameterize by curve fitting to 

sequence good experimental results [123]. This method is very beneficial but have sometimes 

results may be erratic; this may be a case for synthesis or obtaining data for novel compounds 

[124]. This method can give various physical results like geometry [125], formation energy, 

dipole moments, heat of reaction and ionization potentials with respect to computing 

properties [126].  

1.4.2.1. AM1 

AM1 (Austin Model) developed by Dewar and his co-workers is one of the most popular 

methods to predict the heat of formation, dipole moment, ionization potential [127] and 

geometries of organic compounds using 02-electron integrals and nuclear-nuclear core 

repulsion [128]. It gives the more accurate results with semi-empirical methods except for Br-

atoms.  

There are some merits and demerits of using AM1 [122, 129, 130] 
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i) Merits: Better activation energy results over MNDO,  give better results of Al 

than PM3 and discuss O-Si-O bonds which is not discussed by other methods due 

to lack of bending. It gives the corrected strength of hydrogen bonds. 

ii) Demerits: Values of rotational energies and formation energy of large molecules 

and five membered rings is inaccurate due to charge localization and stability of 

molecules, respectively. The values of enthalpy energies and geometries of 

phosphorous, alkyl groups, nitro groups and peroxides are poorly predicted.  

1.4.2.2. PM3 

 PM3 (Parameterization method 3) is the modified version of AM1 with more accuracy and 

precision[131]. It has dominance over AM1 because of ability to parameterized large 

molecules and because of its prompt estimation it is extensively used to study the molecular 

properties of many elements including transition and rare earth metals. Overall PM3 have 

better results as compared to MNDO and AM1.  

There are some merits and demerits of PM3[132, 133] 

i) Merits: It gives more precise values for heat of formation than MNDO and AM1 

methods, also predicts hypervalent molecules, “C-N” bond angle in peptides and 

bond between “Si-X”.  

ii) Demerits: the results obtained of electronic state of “Ge-compounds”, proton 

affinities, charge on nitrogen are erroneous. PM3 sometimes give results contrary 

to experimental one like in case of geometry of nitrogen (pyramidal theoretically 

not experimentally) and NH2-NH2 (C2h structure theoretically and C2 

experimentally).  

1.4.2.3. GAUSSIAN theory 

Gaussian theory comprises of Gaussian methods (G1, G2 and G3) and is slightly empirical 

methods as they are considered as the improvement of ab-initio methods to prophecies the 

energy of molecules in ground state. Initially G1 was introduced but G2 was considered 

better for small organic molecules except CFCs (chlorofluorocarbons) and G3 even give 

exact results if CFCs. In Gaussian theory G3, G2 (COMPLETE) and G2M(RCC) are 

considered as best possible variation for obtaining precise results [90].           
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1.4.3. Molecular Mechanics  

In computational analysis, ab-initio methods are used for the small molecules as large size 

creates delay in results [134]. Semi-empirical calculations are used for large molecules but 

are considered as unfavourable for bimolecular systems [135]. The molecules have such huge 

size that even semi-empirical methods are unable to compute it so we treat them with 

molecular mechanics which involves simple algebraic equations rather than wave-function or 

total electron density for calculating energy of compounds [136]. The results of molecular 

mechanics depend on data obtained (spectroscopic or from ab-initio calculations), functional 

form (energy expression) [137], and method to amend constants from data. The parametric 

analysis requires specific details and description of molecule even same carbon data cannot 

be used for sp
3
 and sp

2
 carbon analysis [138, 139].   

Molecular mechanics equations can give the details of bond stretching, bending, angle, bond 

length, torsions, ring inversion [140], H-bonding, electrostatic and van der Waals interaction 

[141]. There are different programs which can run molecular mechanics calcualtions 

including AMBER, CHARMM, CFF, CHEAT, DREIDING, ECEPP, EFF, GROMOS, 

MM1, MM2, MM3, MM4, MMFF, MOMEC, OPLS, UFF AND YETI. Among these 

programs, UFF method is proved best for inorganic material studies [142].           

1.4.4. Basis Set  

Semi-empirical and ab-initio calculations involves a specific basis set which describe the 

shape and type of orbitals involves for the precision of results [136, 143]. An appropriate 

basis set with the suitable type of calculations determines the exactitude of results [144]. 

There are two types of orbitals involves 1) GTO (Gaussian type orbital) which use Gaussian 

functions [145] and 2) STO (Slater type orbital) involves exact orbitals for H-atom. GTO is 

considered as primordial and computed analytically too but STO is used for high precision 

(mostly for atomic and diatomic molecules) [146]. STO are the use of exact orbital functions 

but in some cases it is not the case as for the d-orbital, there are 05 orbitals xy, xz, yz, x
2
-y

2
 

and z
2
 but as Cartesian orbital the y appear as 06 xy, xz, yz, x

2
, y

2
 and z

2
 results in lower 

energy due to involvement of an extra function. This energy barrier is compensated by 

choosing GTO basis function for electronic structure calculations.  

Basis sets can be classified in different types: 
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1.4.4.1. Minimum basis set 

It involves the smallest number of orbitals or functions which are enough to contain all 

electrons of neutral atom as in H (1s), He (1s2) and so on containing SZ, DZ, DZP, TZP, 

TZ2P and QZAP as functioning basis set. 

1.4.4.2. Contracted basis set 

The orbitals which are not active and will not participate in changing the chemistry of 

molecules are fixed and are linearly combined using a function, such contraction is done by a 

specific basis set and known as contracted basis set includes PGTO (1-10) and CGTO (1-3). 

1.4.4.3. Pople style basis set 

A most common type of basis set used by researcher designed by Pople and his co-workers 

involves split valence orbital includes 3-21G, 6-31G and 6-311G[147]. 

1.4.5.  Gaussian Software 

Since the last 40 years, series of Gaussian programs are used to study the electronic and 

structural properties of molecules using an ab-initio [121] (HF, MP2, CCSD, CCSD-(T)), 

density functional theory (DFT) (B3LYP, MPW1PW91), semi-empirical calculations (AM1, 

PM3, MNDO), molecular mechanics and hybrids (G2, G3) with Pople type basis set (3-21G, 

6-31G, 6311G(d,p)) [148]. Each analysis is done by selection of suitable method and basis set 

to optimize the geometry, frequency, thermochemical analysis, potential energy, excitation 

energy, anharmonic IR [149], Raman spectra anti-ferromagnetic coupling, atomic charges, 

Gibbs free energy, dipole moment, electron affinities, electron density, electrostatic potential 

[150], polarizabilities, ionization potential, molecular orbitals population and  optical 

rotation.  

1.4.6. ADF 

ADF (Amsterdam Density Functional) is a program using Density Functional theory and 

Kohn-Sham approach yields total energy and electronic densities with Slater type orbitals 

(STO). ADF have huge applications in the field of chemistry and physics since 1970, also 

applicable to all the elements in periodic table. It also depends on the type of method (LDA, 

GGA, hybrid functional, meta and model GGA) and selection of suitable basis set (AZ, DZ, 
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DZP, TZ, TZP, TZ2P and QZAP) with spin and relativistic effects. The ADF calculations can 

give details of geometry, frequency, transition-state, thermodynamic electronic and optical 

properties [151].  

The main application of ADF in nanochemistry is computing band structure and study 

properties in MOPAC. Band structure gives the detail description of electronic properties like 

band gap [152] and density of state which are studied with respect to Brillouin zone (M, K, 

X, and Γ points) of crystal using HOMO-LUMO energy separation [153]. MOPAC is semi-

empirical calculation using PM7 are used to calculate properties of molecules including heat 

of formation, vibrational analysis [154], force constants and geometrical parameters.   

1.4.7. VESTA 

VESTA (Visualization of Electronic and Structural Analysis) tells the molecular and 

structural details with 3D-representation. VESTA software visualize the morphology of the 

crystals, gives electronic level details, calculate electronic and nuclear densities with 

structural parameters and volumetric data. 

1.5. Anthropogenic pollutants  

Pollutants are the main reason of infertility in the soil and contamination of water (drinking 

and non-drinking both). The main reason for soil and water pollutions are anthropogenic 

pollutants [155].  The anthropogenic literal meaning is the product of human activity; these 

pollutants released as a result of agricultural, industrial and military actions. Pakistan is the 

agriculture country, the main source of income in most states is due to agriculture and during 

the cultivation of fruits and vegetables vast amount of herbicides, insecticides and pesticides 

are used [156]. The economy of any country is affected by amount of product produced and 

export and this is only possible by active industries but presence of industrial areas create an 

issue of industrial waste. Environmental protection agencies made few rules and regulations 

for the industries to avoid the harmful discharge of industrial effluents [157] but still few 

areas are under the influence of industrial waste pollutants which not only affect the 

surrounding but pollutants travel through different sources and reach other areas and living 

organisms pose serious threat [158]. The strength of any country is its military [159], if 

military is not strong then any country can attack at any time to prevent that new explosives 
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with high detonating power and velocity are manufactured which also results in massive soil 

and water pollution. These anthropogenic activities release huge amount of organic 

compounds in the soil and water which creates health hazards [160]. 

1.5.1. Organic Pollutants 

Organic pollutants also known as organo-pollutants are the pollutants which are organic in 

nature [161]. These pollutants are persistent pollutants which means that they will not 

degrade themselves at standard temperature and conditions rather it requires a change in 

external conditions otherwise they will pose a serious threat to human health [162]. The 

discharge of organic-pollutants from chemical, agriculture, pesticides and industries in the 

environment lead to adverse effects on human life and surrounding environment[163]. With 

the increase in standard of living, manufacturing of quick results without determining the 

consequences are designed by industries which creates adverse effects to our eco-

sphere[164]. The effluents of domestic sewage, urban run-off, chemical, textile and explosive 

manufacturing industries are the main source or organic pollutants[165].  

These effluents not only contaminate the drinking water, decrease the fertility of agricultural 

land but also affect human health [166].  

1.5.2.  Health Hazards 

The exposure to organic pollutants reportedly creates huge health hazards like endrocrime 

disruption (creates defects and even affect the development of fetus [167]), reproductive 

system (decrease the sperm count in males) [168], a main source of water borne disease like 

pneumonia, diarrhea, cholera, UTI (urinary tract infection) and typhoid.    

1.5.3.  Removal of organic pollutants 

Due to high impact of organo-pollutants in the ecosphere, methods for its efficient removal 

are of significant interest [159]. There are many methods for the elimination of effluents like 

coagulation (filtered and non-filtered), co-precipitation, ozonolysis, adsorption, reverse 

osmosis (RO), nanofiltration and AOP-advanced oxidation process (thermal, catalytic and 

reverse flow oxidation)[169].  
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Different methods are employed to the treated waste water for the removal of micro-

organisms and for bioremediation are bio-filtration, bio-trickling and bio-scrubbers. The use 

of these methods on industrial scale depends on per capita cost as per the quality and quantity 

of discharge [159].     

Among above said techniques two are widely studied: 

i) Adsorption 

It is a surface phenomenon and highly depends on the surface area of the adsorbent 

materials (natural or synthetic). When an adsorbent is added in the effluent, pollutants 

adsorbed on the surface of adsorbent by liquid-solid interaction. The solute which is 

adsorbed is adsorbate and the solid surface on which it is adsorbed is adsorbent and the 

whole phenomenon is adsorption [170]. Adsorbents are of two types mainly, natural and 

synthetic adsorbents. Natural adsorbents are those which are of natural materials like 

bagasse, fruit skin (banana, orange peels), peanut skin, paddy and rice husk [171]. 

Synthetic adsorbents are those which are synthesized either by green synthesis or 

chemical synthesis like activated carbon [172], polystyrenes [173], resins, palm oil, metal, 

metal oxides in bulk and nano forms.  

ii) AOP 

Advanced oxidation process (AOP) involves the oxidation process rather thermal, 

catalytic or reverse flow of oxygen which can be enhanced by using a suitable condition 

like catalyst, sunlight or UV-radiations [174]. AOP is mainly studied in 03 methods 1) 

Photo fenton reactions-involves photochemical reduction of Fe (III), 2) ozonolysis-ozone 

as powerful oxidising agent and 3) Heterogeneous catalysis- here solid semi-conductors 

(CdS, TiO2, MoO3 etc) are used as active photo-catalyst generates electron-hole pair by 

bombardment of sunlight and oxidise water to HO˙-radical [175].  
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1.5.4.  Photo-catalysis using nanomaterials 

A catalyst which is activated to perform chemical reaction by the action of photons is known 

as photo-catalyst and the phenomenon is photo-catalysis. Semi-conductors are best photo-

catalyst due to its optical properties results in application in solar energy and environmental 

treatment. Photo-catalyst using the AOP method degrades wide range of organic compounds. 

It is documented that nano-metal oxide semiconductors [158] are better photo-catalyst than 

their bulk version [176] because of variation in band gap energy and surface area. The 

reduction of band gap results in absorption of photon energy which promote electron in 

conduction band from valence band and start the redox process.  Different factors like band 

gap, particle size, surface area, crystallite shape, particle morphology and oxygen vacancies 

affect the catalytic efficiency of photo-catalyst. Many metal oxides and mixed metal oxides 

nanoparticles have showed good catalytic efficiency against many organic pollutants like 2-

nitrophenol [9, 12], 2,4,6-trinitrophenol [177], methylene blue [17], styrene [178], methyl 

orange [179], chlorpyrifos, endosulfan [180], and many more           

1.6. Characterization techniques  

Chemical synthesis is a complex phenomenon and confirmation of the synthesized products 

is necessary. The confirmation of nanomaterials is done by characterizing it chemically and 

structurally using the following analytical techniques [181]. 

1.6.1. Spectroscopic analysis  

In spectroscopic analysis chemical interaction of nanomaterials and light results in spectrum 

as a function of wavelength or energy provides details of nanomaterial.  

1.6.1.1. Fourier transform infra-red (FTIR) 

Fourier transform infra-red (FTIR) spectroscopy gives the chemical details of organic, 

polymeric and inorganic materials by studying its molecular vibrations in the range of 400-

4000 cm
-1 

[182].  The spectrum obtained as a result of absorption of IR rays is the plot of 

transmittance or absorbance versus wavenumber (cm
-1

) tells the presence of bond between 

two elements and formation of compound. All solid, liquid and gas products can be 

characterized using FTIR technique depend on FTIR instrument used [183]. 
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1.6.1.2. Raman Spectroscopy 

Raman spectroscopic analysis much like FTIR gives the details of vibrational-rotational 

frequencies of molecular system [181]. It involves the scattering principle of molecule with 

high intensity light source with respect to molecular bond vibration of each bond tells the 

chemical identity (as chemical fingerprint), phase, and details of contamination and impurity 

[184].    

1.6.1.3. Energy dispersive X-ray (EDX) spectroscopy 

The confirmation of the specific element in the synthesized product is studied by Energy 

dispersive X-ray (EDX) analysis. It is an X-ray technique and usually attached with SEM or 

TEM to confirm the elemental composition, product deformation, defect analysis, 

contamination and remaining of raw materials. The atomic % age obtained of each element 

helps in computing the structural details of elements [58, 185].      

1.6.1.4. UV-Visible spectroscopy 

UV-Visible spectroscopy is the absorption technique used to confirm the presence and 

concentration of any compound. This technique is for the liquid samples which are placed in 

cuvette and detected with UV-Visible spectrometer in the range of 190-1100 nm by 

implementing the beer-lambert law [19].  The spectral details of absorbance against 

wavelength give the lambda max “λmax” (the maximum absorption at particular wavelength) 

which indicates presence of particular sample. UV-Visible spectrometer is used widely for, 

catalytic studies, dissolution studies, reaction and enzyme kinetics. The optical properties like 

band gap, extinction coefficient, refractive index, dielectric constants, and optical 

conductivity could obtained using optical spectrum [176].  

1.6.2. Imaging Analysis  

Imaging analysis is the extraction of data form an image, it could be done by using following 

techniques  

1.6.2.1. Scanning electron Microscopy (SEM) 

The morphology of the particular compound is analysed using Scanning electron microscopy 

(SEM), it gives the details present on the surface by bombarding high energy electrons. The 
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quality of the image depends on the electrons bombardment, whose can be fluctuating form 

100 eV to 30 keV and the magnification range form 20X-30,000X. The sample quality, shape 

and growth orientation can be studied using SEM [186, 187].  

1.6.2.2. Transmission electron microscopy (TEM) 

TEM is an advance microscopic analysis using beam of high energy electrons (200 KeV) for 

bombardment on the material. TEM gives the details like surface morphology, crystallite 

phase (by giving the d-spacing value related to hkl) and estimate particle size. It also has 

biological application as it helps in tissue analysis to detect the labels or markers used[188, 

189].    

1.6.3 Structural Analysis 

Structural analysis gives a detailed understanding of structure at atomic and molecular which 

results in a change in physical and chemical properties. 

1.6.3.1. Thermogravimetric analysis-diffraction scanning calorimetry  

TGA-DSC (Thermogravimetric analysis-diffraction scanning calorimetry) is a thermal 

analysis technique used to check the change in heat flow (DSC) and % age mass loss (TGA) 

with respect to change in temperature and time. This technique involves the study of physical 

and chemical change by heating the sample at temperature from 25-1000 °C at particular 

heating rate. The % age mass loss is mostly subject to the decomposition, oxidation, 

calcination and loss of volatile compounds. The TGA- DSC analysis helps in determining the 

phase change temperature which result in getting information of calcination temperature, 

reaction kinetics, calculating thermodynamics properties like activation energy, Gibbs free 

energy, enthalpy and entropy [190, 191].   

1.6.3.2. Powder X-ray diffraction (XRD) analysis  

XRD (Powder X-ray diffraction analysis) is the diffraction technique using the 

monochromatic X-ray light source. It is a non-destructive technique which gives the 

fingerprint of periodic atomic arrangements in a material which is not shown in single crystal 

X-ray. This technique gives the detail of hkl values to understand the crystallite phase, 

structure and orientation, 2-theta values gives the estimation of crystallite size, average size, 

and helps in calculating bond length, dislocation density and strain. The details of lattice 
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parameters can discriminate nanomaterials from bulk one which could be observed using 

different analysis softwares like FULLPROF, PROFEX, VESTA etc [192, 193].        

1.6.3.3.  Dynamic laser scattering-particle size analyser (DLS-PSA)  ,  

DLS-PSA involves the dynamic light scattering principle by bombarding laser light on the 

suspension, colloids and solution. Bombardment of light results in a change in Brownian 

motion with respect to change in temperature, viscosity and hydrodynamic diameter. This 

technique is helpful in determining catalytic result as a function of time and temperature, 

coating analysis, concentration of catalyst and particle size distribution [194, 195].    
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2. Literature Review 
Sharma, V.P., et al., (2018) 

Nanotechnology is considered as a developing field in science and technology, as it describes 

the details in atomic level, specifies physical and chemical properties at nano-level (10
-9

m). 

The change in small size of nanomaterials fluctuates the properties like surface area, band-

gap and creates many new opportunities for the industries to build new technology with 

accuracy and precision. The nanoparticles, nanocomposites, nano-coatings, nano-fluids 

generates new possibilities in  automotive, building, chemical, pharmaceutical and electronics 

industries to solve the practical problem of this era [196]. 

Pitkethyly, M.J., (2004) 

The development in synthesis of new nanomaterials due to its increasing health, 

environmental and industrial impact provides opportunity to develop its novel properties. The 

number of publications in nanomaterials is increasing day by day due to its wide applications 

in electronics, magnetics, optics, mechanics, catalysis, and biomedicine. The nanomaterial 

industries with respect to new research are facing challenges to meet market demands of good 

quality, economic and safe nano-products [197]. 

Dunn, B., et al., (2007) 

Since 1970 many methods for the synthesis of nanomaterials were employed like 

precipitation, co-precipitation, sol-gel, hydrothermal, chemical vapour deposition, and 

electrodeposition but sol-gel is most cheap, effective and easily adaptable method. The 

synthesis of nanoparticles, nanocomposites, nanofluids and other nanomaterials using the 

inorganic, organic framework controls particle size, surface morphology, and optical 

properties [198].     

Darr, J.A., et al., (2017) 

Nanomaterials novel and tuneable size dependent properties enable its unique application in 

health care, electronics, optical, catalytical and energy storage. In this research work, state of 

the art hydrothermal methods for inorganic nanoparticle synthesis were studied with details 
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of ideal requirements for best possible results. These improvements were to focus on scaling 

up the production of nanomaterials in industry [199]. 

Chithambararaj, A., et al., (2011) 

Chemical precipitation method was used to synthesize hexagonal molybdenum oxide (h-

MoO3), characterize using XRD, FTIR, SEM, TEM, TGA and EELS. The metastable 

hexagonal phase was confirmed by XRD analysis and stability at 430 °C was indicated by 

TGA. EELS analysis give elemental composition confirm the presence of oxygen and 

molybdenum with characteristic peaks. The optical band gap 2.99 eV was estimated using 

Kubelka-Munk (K-M) function was responsible for sensor response with respect to ethanol 

concentration and refractive index [32].    

Zhao Y., et al., (2003) 

A new method to fabricate the MoO3 nanostructure was designed by oxidation of spiral core 

of molybdenum at ambient temperature under the influence of current. The control on current 

and temperature provide the advantage on the possibility of obtaining specific nanostructure 

(lamellas or nanosphere) with potential optical properties (band gap ≈3.05 eV) and also 

photoluminescence (395 nm) at room temperature. The controlled conditions give 

nanolamellas (α-MoO3) of 20-50 nm, and nanospheres (β-MoO3) with diameter under 100 nm 

[33]. 

Lou, X.W., et al., (2002) 

 Hydrothermal method is used to synthesize α-MoO3 via acidification of ammonium 

heptamolybdate at 140-200 °C to obtain ribbon and rod form. Orthorhombic phase presence 

was indicated by XRD analysis, SEM and TEM analysis was done to observe the 

morphology (ribbon or rod). Final nano-rods are of 50 nm in thickness 150-300 nm in width 

under optimum reaction conditions 170-180 °C. Kinetics of crystal growth (Ostwald-ripening 

mechanism), crystal morphology and phase transformation at specific stages is confirmed by 

TGA and XRD [34]. 

Chiang, T.H., et al., (2013) 
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The effect on crystallinity with respect to change in sintering temperature (300-700 °C) and 

solvent (ethylene glycol) is observed using precipitation method. Change in morphology with 

respect to sintering temperature was observed by SEM, presence of MoO3 was indicated by 

FTIR, XRD also confirm MoO3 presence by specifying hkl values with respect to lattice 

parameters and crystal phase. The change in crystallinity with change in sintering 

temperature is observed due to decrease in intensity of hkl values of few particular peaks. 

Lattice fringes of HRTEM gives the d-spacing value with respect to hkl values to confirm the 

presence of orthorhombic crystal phase. Gaussian-Lorentz shape plot of XPS give binding 

energy details of Mo3d5/2, 3d3/2 and O1s at 232.69, 235.87 and 532.19 eV, respectively. The 

d-d orbital coupling specifying the presence of Mo
+6

 oxidation state with low activation 

energy of 0.016 eV. Smallest particle size was achieved at sintering temperature of 500 °C 

[200] 

Manivel, A., et al., (2015) 

The catalytic efficiency MoO3 nanoparticles to degrade azo dye was compared by 

synthesising it using thermal, microwave and sonochemical methods. The physiochemical 

properties of MoO3 nanoparticles were analysed via XRD, SEM, TEM, BET and diffused 

reflectance spectroscopy. Hexagonal rod shaped morphology was observed in all synthesis 

method but sonochemical was found best with respect to catalytic ozonoation ability to 

degrade azo dye within time frame of 20 minutes [31].    

Athar, T., (2013) 

Soft chemical approach was used to synthesize SrO nanoparticles from SrCl2.6H2O and KOH 

with respect to change in molar concentration of reactants, pH, reaction time and temperature. 

SrO nanoparticles were well characterized using FTIR, Raman, TGA XRD and TEM. The 

broad transmittance peak in the range I 200-400 nm shows the presence of SrO nanoparticles 

and crystallite size, shape and atomic details with respect to change in parameters were 

observed by XRD [44].   

Stankic, S., (2007) 

Chemical vapour deposition method was used to synthesize SrO nanoparticles with vacuum 

annealing exhibit photoluminescence properties. The detailed investigations reveal large 
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polycrystalline grains with low specific area (<lm2g-1) have capability to produce 

photoluminescence due to surface anions (100) planes, edges and oxygen corners. Structural, 

morphological information and presence of SrO was confirmed by TEM analysis and UV-

Visible spectrum, respectively [41]. 

Nemade, K.R., et al., (2013) 

One pot synthesis of SrO quantum dot was done with hexamethylenetetramine (HMT) and 

Sr(NO3)2 for 02 hours at room temperature and characterize using TEM, UV-Visible and 

fluorescence spectroscopy. The HBM (hyperbolic band model) gives the radius and particle 

size of SrO nanoparticles which is close average particle size by TEM (03 nm).  The UV data 

was further interpreted to give direct (6.14 eV) and indirect (6.1 eV) band gap, lattice phonon 

energy (0.04 eV) and Bohr exciton radius (1.983 nm) value [43].  

Mekuria, S.L., et al., (2017) 

Gadolinium oxide nanomaterials because of its biomedical applications are of keen interest 

since last few decades. The application as a contrasting agent enables its use in MRI with 

encapsulation (for non-toxicity). In this research work, G4.5Gd2O3-poly(ethylene glycol) 

nanoparticles were synthesize and were found to be better than Gd-DTPA (Commonly used 

contrasting agent) with respect to relaxation time and biocompatibility with macrophage cell 

line RAW264 thus give good result of kidney, liver and spleen’s MRI [51]. 

Jamnezhad, H., et al., (2016) 

The thermal effect on bulk and nano-Gd2O3 was observed by varying temperature from 25 to 

1000 °C. The structural and phase analysis was performed by X-ray diffraction which reveals 

the presence of mixed phases (monoclinic and cubic) at high temperature (500-1000 °C) in 

nano-Gd2O3 and hexagonal phase in bulk-Gd2O3. Morphological and magnetic analysis of 

bulk and nano-Gd2O3 were done using SEM and VSM, respectively [201]. 

Wang, J., et al., (2017) 

One pot hydrothermal synthesis was done to synthesize La2O3 nanospeheres by controlling 

calcination temperature. The obtained nanospheres were uniform triple shelled and its 

internal thin shells can be controlled by varying calcination temperature. The nanospheres 
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were well characterized and show excellent performance as anode in Li-ion batteries with 

superior capacity of 108mAhg
-1

 with current rate of 100mAg
-1

 per 100 cycles[202].    

 

 

Xing, G., et al., (2011) 

A simple precipitation method with change in molar ratio and concentration of reactants was 

used to synthesis SrMoO4 crystallites. The impact of change in molar ratio and concentration 

is directly on its morphology so by variation different morphologies like spindle-rod, peanut, 

dumbbell and notched sphere was obtained and analysed by FESEM. The existence of 

SrMoO4 crystallites is confirmed by XRD and Raman spectra. PL spectra confirmed the 

photoluminescence properties of SrMoO4 crystallites with respect to change in morphology 

[203]. 

Zhu, Y.N., et al., (2017) 

A conventional thermal decomposition method using metal-organic salt in organic solvent 

was used to synthesize SrMoO4 nanoparticles with change in temperature from 80-160 °C to 

get controlled particle size in range of 2-4 nm. SrMoO4 nanoparticles were characterized 

using XRD, TEM and SAED and applications were observed using UV-Visible, PL and EIS. 

SrMoO4 with better dispersity and uniform distribution were achieved with varying 

temperature shows high absorption in visible region having band gap of 2.71 eV which 

results in easy transfer of electrons from VB to CB producing electron-hole pairs make it a 

good photocatalyst. SrMoO4 nanoparticles possess photoluminescence and photocatalytic 

properties with 100 % catalytic efficiency against methylene blue in 120 minutes [204].   

Jiang, W., et al., (2012) 

Sonication method with change in pH, concentration of precursors, and type of surfactants 

was employed to synthesize SrMoO4 nanoparticles. The change in experimental parameters 

results in generating different morphologies which was studied under SEM, TEM and SAED. 

Confirmation of existed product was done by checking hkl values in XRD and HRTEM. The 
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synthesized SrMoO4 have a good application as a precursor for ERF (electrorheological fluid) 

in order to check sheer and stress (electrorheological) properties [205]. 

Hosseinpour-mashkani, S.M. et al., (2016) 

Sonochemcial method was used to prepare SrMoO4 nanostructures using capping agents 

(glucose and lactose) with Sr(NO3)2  and (NH4)6Mo7O24.4H2O as precursors. The effect of 

capping agents on morphology was observed using SEM and other characterization like 

XRD, UV-Vis and EDX was also performed to check the existence of SrMoO4 

nanostructures. The magnetic properties were analysed using VSM and SrMoO4 also shows 

tendency as photocatalyst against methyl orange in UV-light with catalytic efficiency of 73 % 

in 60 minutes under UV light [206]. 

Ghaed-Amini, M., et al., (2015) 

Simple and economical co-precipitation method was used to synthesize SrMoO4 

nanostructures in order to obtain flower like morphology by regulating the parameters like 

solvent (water and propylene glycol), surfactant (PVP, SDS, CTAB), temperature (30, 50, 70 

°C) and precursor concentration. It is an aqueous synthesis and exact morphology is achieved 

by using water as solvent at room temperature.  SEM was used to compare the morphology of 

samples, FTIR and EDX confirm the presence of Sr, Mo, O with respect to their interaction. 

TEM imaging help in calculating particle size, SAED pattern indicates polycrystallity, XRD 

and HRTEM with respect to 2-theta and hkl values specify the crystallite phase 3D crytal 

structure is also plotted using XRD data. SrMoO4 having band gap of 4.35 eV, also have 

photoluminescence properties as indicated by PL analysis [207].   

Cho, Y.S., et al., (2015) 

SrMoO4:Eu microcapsules were prepared using solvothermal synthesis (hexane-water) and 

were well characterize using FTIR, XRD, SEM, HRTEM, and PSI. The synthesized 

microcapsules are nanophosphors and show red light under the influence of UV-irradiation 

(at 254 nm) also exhibiting photoluminescence properties. The SrMoO4:Eu microcapsules via 

silk screen printing shows interesting application in fabric sheets as wearable outdoor [208]. 

Zhang, J., et al., (2014) 
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Sonochemical method was employed to prepare SrMoO4 and Ln
+3

 dopedSrMoO4 with 

change in reaction time, pH and dopant Ln
+3

 (Eu, Sm,Tb, Dy) which result in alteration of 

morphology. The Ln
+3

 doped SrMoO4 under UV-light behave as nanophosphors and show 

bright red-orange-yellow, green and white light emissions as observed in CIE chromaticity is 

due to f-f and d-f transitions make it suitable for flat panel display devices [209].  

 

Ashraf, R., et al., (2017) 

BAND-ADF (BAND-Amsterdam Density Functional) software using DFT principle used to 

compute electronic and structural properties of FeO. LDA and GGA approximation along 

with PBE exchange correlation and TZ2P basis set were used for geometric optimization, 

formation energy BAND structure and DOS analysis. The effect of Hubbard potential (U) in 

above said parameters was studied from 0.1 to 1 eV and 0.6 eV (U) value was selected to 

obtain band gap for GGA+U and LDA+U which was 2.34 and 2.08 eV, respectively. Metallic 

nature and antiferromagnetic behaviour was studied in BAND and DOS, respectively using 

GGA+U approximations [210]. 

Djelal, A., (2017)  

MgxZn1-xO alloy’s 03 different phases wurtzite (WZ), rocksalt (RS) and zinc-blende (ZS) 

were computed using ab-initio DFT-FP-LAPW method with LDA and GGA approximations 

and TB-mBJ as exchange correlation to check the structural properties (unit cell details, 

crystal lattice parameters) and electronic properties (Band structure, density of states) with 

respect to change in concentration of “x” (Mg-contents) and compared with the experimental 

data. Band gap computed at the Γ-point for RS (MgO) and WZ (ZnO) phases through LDA 

approximation is close to the experimental ones reported. The fluctuations in Mg-contents (x) 

results in change in crystallite phase from WZ to RS but have no effect on ZB phase. All 03 

phases experience 02 kinds of variations, when x<0.5 and x>0.5, both results in change in 

band gap with bowing parameters. Introduction of “Zn” metal in MgO results in interaction 

of O2P-Z3d orbitals which result in change in physical properties like band gap bowing 

parameters and phase transitions [211]. 

Cococcioni, M., et al., (2005) 
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LDA+U (Local density approximation with Hubbard potential value) with Plane wave 

pseudopotential approach (PWPA) was used to check the internally consistency of localized 

orbitals as compared to other approximations. The accuracy of the method was studied by 

comparing computed structural and electronic results of transition-rare-earth metals, 

transition-metal monoxides and iron-silicates. The lattice constant, lattice distortion, bulk 

modulus, magnetic moment, band structure, band gap, unit cell representation, density of 

state, atomic and projected density of state was compared for FeO and NiO and LDA+U 

function was concluded best parameter [212]. 

Li, W., et al., (2013) 

The estimation of theoretical band gap of transition metal oxides (TiO2, ZnO, NiO, FeO, 

V2O5, WO3, Bi2O3), chalcogenides (MoS2, WS2, MoSe2, WSe2) and nitrides (GaN, AlN) was 

using different software packages like ADF/BAND, VASP, Crystal09 and Wien2k using 

DFT principle. Different paramertes like XC-functionals (PBE, GGA+U, PBE0, B3LYP, 

HSE06, TB-mBJ), Hubbard potential in GGA+U (3, 4,5) and basis sets were compared and 

found out that PBE, GGA+U (4eV) and TZP is best functional, Hubbard potential value and 

basis set with respect to type of compound. The obtained results of band gap, band structure 

and DOS/PDOS are close to the reported one with 25% result accuracy but still there is room 

for improvement [213].   

Tahini, H.A., et al., (2016) 

First principle ab-initio method with DFT was used to check the Polarons (excess electrons) 

and α-MoO3. VASP software uses PAW and PWE approach with DFT-D2 correction, 

GGA+U (U=6.3 eV) and HSE06 functional were used for validation of band gap at “Γ” 

Brillouin zone. Structural changes and van der Waal’s interaction due to Polaron was 

calculated using NEB technique. Ion-polaron interaction (after Na
+1 

incorporation) and details 

of oxygen vacancies was studied by DOS/PDOS graphs [214] . 

Bomila, R., et al., (2017) 

Wet chemical technique was employed for the synthesis of Ce/ZnO nanoparticles at low 

temperature. FTIR indicates the presence of nanoparticles, HR-SEM specify the spherical 

shape, EDX explains the elemental composition, XRD, RAMAN and PL analysis concludes 
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the presence of wurtizite structure and reduction in band gap after doping was observed form 

3.05 to 2.78 eV in UV-Visible spectrum. The antibacterial activity against Gram positive 

(Bacillus subtilis, Staphylococcus aureus) and Gram negative bacteria (Proteusmirabilis, 

Salmonella typhi) were studied and increase in antibacterial efficiency was observed with 

respect to increase in dopant concentration (Ce) due to enhancement in O-vacancy and 

development of electron-hole pairs [215]. 

Fernandes, C.I., (2015) 

MoO3 nanoparticles were synthesized using solvothermal approach and characterized using 

FTIR, SEM, TEM and XRD. The catalytic efficiency of MoO3 nanoaprticles for epoxidation 

of cis-cyclooctene, styrene, trans-hex-2-en-ol and R(+)-limonene with oxidant (t°-

butylhydroxyperoxide) at different temperature (353, 383 and 393 K) and solvents 

acetonitrile, toluene and decane, respectively. The epoxidation result were quite good as 

compared to reported one in literature at high temperature and acetonitrile or toluene as 

solvent [216]. 

Lu, M., et al., (2014) 

Two-step novel synthesis of p-MoO3/n-TiO2-NF-HJs was done via electrospinning followed 

by hydrothermal and calcination. Uniform nanosheets from nanoparticles were observed as 

final product due to increase in MoO3 concentration. The synthesized product was 

characterized using XRD, SEM, TEM, EDX, XPS, UV-Visible, and PL analysis. The shifting 

in binding energy values due to electron transfer from TiO2 to MoO3 was observed in XPS. 

The band gap alignment of this p-n junction during flow of electric current results in decrease 

PL intensity, suppress “e-h” recombination and increase photocatalytic efficiency [217]. 

Malana, M.A., et al., (2010) 

Concentration of “As” was determined in the ground water of different areas of Dera Ghazi 

Khan using physical (pH, EC, TDS, turbidity) and chemical parameters (alkalinity, CO3
-2

, 

HCO3
-1

, Cl
-1

, F
-1

, NO3
-1

, SO4
-2

, Na
+1

, K
+1

, Ca
+2

, Mg
+2

, total hardness and microbial 

contamination) and were found unfit for human, or animal consumption, even it is not fit for 

household tasks. High levels of EC, TDS, SO4
-2

, Cl
-1

, Na
+1

, Mg
+2

, HCO3
-1

, total hardness and 

bacterial contamination do not fulfil with WHO guidelines but F
-1

, K
+1

, CO3
-2

, alkalinity and 
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As in the ground water did fulfil the requirement of WHO. Arsenic was in the range of 1-

29µg L
-1

 in the ground water samples, few of the  samples have high risk of As-

contamination as per WHO guidelines (<10 µgL
-1

) due to microbial contamination, reduction 

of HFO by organic pollutants, oxidation of Arsenic sulphide (ArS) and thermal volcanism 

[218].    

 

Amin, M.T., et al., (2014) 

A clean drinking water is one of the main problem of this era due to increasing population, 

decrease in natural sources, climatic changes in different part of world. Development of 

simple and economical method to get clean water is of high priority and many water and 

waste water treatment plants have been in function. Nanomaterials application to clean 

water/wastewater is of huge interest now-a-days, keeping this in mind many nanoparticles, 

nanocomposites, nanofilms, nano-fibers are fabricated for removal of metal, metal ions, 

heavy metals viruses, nitro pollutants, industrial effluents, complex and natural organic 

matter [158]. 

Martinez-de la Cruz, A., et al., (2009) 

Co-precipitation method was used to synthesize α-Bi2Mo3O12 nanoparticles by fluctuating 

calcination temperature from 250-480 °C (250, 30, 400, 480 °C) and characterize using XRD, 

TGA-DTA, BET, TEM and DRS. The photocatalytic efficiency of α-Bi2Mo3O12 

nanoparticles was evaluated against rhodamine dye using Langmuir isotherm and was found 

maximum for α-Bi2Mo3O12 nanoparticles with calcination temperature of 250 °C with %age 

degradation in range of 20-46% due to increase surface area (from BET analysis), decrease in 

particle size and band gap (2.74 eV) as compared to other samples [70].  

Yang, H., et al., (2014) 

Impregnation method was used to deposit MoO3 on P25 (TiO2, 80:20, anatase-rutile) in 

aqueous solution with calcination temperature of 500 °C for 5 hours, effect of MoO3 on P25 

was observed by changing MoO3 molar concentration from 0.05-0.4 (0.05, 0.1, 0.15, 0.25 and 

0.4). MoO3/P25 was well characterized using FTIR, XRD, Raman, and UV-Vis analys. The 

catalytic efficiency against organic pollutant (methylene blue) was studied in visible light by 
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absorption which decreases with increase MoO3 concentration. MoO3/P25 nanoparticles with 

molar concentration 0.25 of MoO3 show maximum catalytic efficiency against organic 

pollutant [219].    
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3. Materials & Methods 

3.1. Chemicals 

Ammonium molybdate heptahydrate ((NH4)6Mo7O24.4H2O), strontium chloride hexahydrate 

(SrCl2.6H2O), gadolinium chloride hexahydrate (GdCl3.6H2O) and lanthanum chloride 

heptahydrate (LaCl3.7H2O), sodium hydroxide (NaOH) were purchased from sigma-aldrich. 

Nitric acid (HNO3) and methanol (CH3OH) were purchased from Merck. All chemicals 

received were of analytical grade and used as received without any purification. 

3.2. Analytical Instruments 

The analytical instruments used in the synthesis are i) weighing balance (Shimadzu), ii) ultra-

sonication bath (E60H Elmasonic), iii) oven (memmert Inc.), iv) furnace (VULCAN, FP-40), 

v) centrifuge machine (SIGMA 1-14) vi) acid digestion vessel 23 and 45 mL (Parr 

instruments) and hotplate with magnetic stirrers. 

3.3. Synthesis 

3.3.1. Synthesis of Molybdenum Oxide nanoparticles (MoO3) 

The MoO3 nanoparticles were synthesized using 02 different methods 01) is sonication and 

02) sol-gel method. MoO3 nanoparticles synthesized using sol-gel method to observe the 

effect of stirring time (4, 10 and 24 hours) and calcination temperature (250, 350 and 450 °C) 

(Table 3.1). 

Ammonium molybdate heptahydrate ((NH4)6Mo7O24.4H2O) was used as precursor for the 

synthesis of MoO3 nanoparticles. 0.1 M (NH4)6Mo7O24.4H2O was dissolved completely in 10 

mL of distilled water. Nitric acid (HNO3) was added in the solution with feed rate of 0.1 mL 

after 15 minutes till 0.8 mL is added, white precipitates were observed, reaction kept on 

stirring for 04 hours, later on centrifuged and washed using distil water and methanol to 

remove organic and inorganic impurities. The resultant product was dried in oven at 80 °C 

for 24 hours and calcined at three different temperatures 250, 350, and 450 °C for 01 hour 

and 30 minutes. The same procedure was repeated with increase in stirring time from 04 to 
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10 and 24 hours in order to check the effect of stirring time and also same procedure was 

conducting with sonication approach as mentioned in Table 3.1. 

Table 3.1 Reaction parameters for synthesis of MoO3 nanoparticles 

 

Sample Synthesis method Stirring time Calcination Temperature 

MoO3 sonication 04 hours 250 °C 

350 °C 

450 °C 

sol-gel 04 hours 250 °C 

350 °C 

450 °C 

10 hours 250 °C 

350 °C 

450 °C 

24 hours 250 °C 

350 °C 

450 °C 

3.3.2. Synthesis of strontium molybdate nanocomposites (SrMoO4) 

Strontium molybdate nanocomposites were synthesized using sol-gel approach with change 

in molar concentration from SMO5 to SMO9 as shown in Table 3.2. 

SMO5 was synthesized using 0.05 M ammonium molybdate heptahydrate 

((NH4)6Mo7O24.4H2O) and 0.05 M strontium chloride hexahydrate (SrCl2.6H2O) in 10 mL 

distil waster and 0.5 M sodium hydroxide (NaOH) was added to basify the solution with the 

feed rate of 0.5 ml after every 05 minutes for 04 hours after that reaction is stopped, 

centrifuged and washed using distilled water and methanol in order to remove organic and 

inorganic impurities. The sample was dried in oven at 80 °C for 24 hours and later calcined at 

700 °C for 03 hours. The same experiment was repeated by increasing reaction’s stirring time 

for 10 and 24 hours after feed rate completion.  

SMO7 and SMO9 nanocomposites were synthesized in the same above mentioned method 

but with change in precursor’s concentration as mentioned in Table 3.2.  
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Table 3.2 Reaction parameters for synthesis of strontium molybdate nanocomposites 

Sample  Mo-precursor 

(M) 

Sr-precursor 

(M) 

Reaction time 

(hours) 

SMO5 0.05  0.05 04, 10 and 24 

SMO7 0.03 0.07 04, 10 and 24 

SMO9 0.01 0.09 04, 10 and 24 

 

3.3.3. Synthesis of  Ln
+3

 doped strontium molybdate nanocomposites 

Hydrothermal method was sued to synthesize Ln
+3

 doped strontium molybdate 

nanocomposites with 02 different precursors (gadolinium chloride hexahydrate (GdCl3.6H2O) 

and lanthanum chloride heptahydrate (LaCl3.7H2O)). 

0.004 M gadolinium chloride hexahydrate (GdCl3.6H2O) was dissolved in 18 mL distil water 

and 30 mg SMO7 nanocomposite, as pH of SMO7 is 6-7 so no base or acid was used to 

adjust pH. The solution was stirred properly for 30 minutes to get uniform mixing and placed 

in acid digestion bomb (Teflon lined autoclave) at 160 °C for 04 hours. The obtained solution 

was centrifuged and washed using distil water and methanol in order to remove organic and 

inorganic impurities. The sample was dried in oven at 80 °C for 24 hours and later on 

calcined at 550 °C for 02 hours.   

The above experiment was repeated by using different precursor/dopant, lanthanum chloride 

heptahydrate (LaCl3.7H2O).  Sample code of GSMO and LSMO are used for gadolinium and 

lanthanum doping, respectively and further study. 

3.4. Characterization techniques 

The synthesized MoO3 nanoparticles, strontium molybdate and Ln doped strontium 

molybdate was characterized using 

i) Fourier Transform Infrared (FTIR) spectrum was recorded with wavenumber 4000-

400 cm
-1

 with a “Bruker IFS 66v/S” using a cooled mercury-cadmium-telluride 

detector  

ii) Thermo gravimetric analysis-Diffraction scanning calorimetry (TGA-DSC) graph 

was obtained by using “SDT Q600 V20.9 Buid 20, Universal V4.5A TA” operating 

with 25 to 1000°C at heating rate of 15 °C.min
-1
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iii) Raman indicate the molecular vibrations by interpreting spectra given by “SP2300i 

Olympus BX-51” 

iv) Scanning electron microscopy images with energy dispersive X-ray spectroscopy 

graph were obtained by “Nova NanoSEM 450” and “Esprit Bruker NanoBerlin” 

instrument  

v) High resolution transmission electron microscopy image was recorded using “Libra 

120 (Zieiss), 120 kV TEM” and “TEM-Hitachi H7600” 

vi) X-ray diffraction spectroscopy using “XRD, PANalytical X’pert PRO 

diffractometer” and “XRD-Bruker D8 Advance equipped with a GADDS detector” 

operating with Cu Kα radiation (λ=0.15406 nm) was used to obtain XRD pattern, 

which were analysed by the Fullprof software based on rietveld method in order to 

calculate the cell parameters and peak profiling 

vii) Dynamic light scattering-Particle size analyser (DLS-PSA) results were obtained 

using “BT-90 Nano” instrument  

viii) The UV-Visible spectrum was recorded by using “Cary-60 UV-Visible 

spectrophotometer” in the range of 190-1100 nm 

3.5. Computational Analysis 

SCM-ADF and ADF/BAND using 2017.103 software was to study BAND structure, density 

of state (DOS), Geometrical and physical optimization in MOPAC. ADF uses the ab-initio 

density functional theory approach (DFT) with Kohn-Sham approach; firstly the structural 

geometry is optimized using XRD data and computed with change in parameters including 

basis sets, XC functional and Hubbard potential. The physical and chemical properties is 

studied and compared by variations.   

3.6. Photo-catalytic application 

Photo-catalytic efficiency of synthesized MoO3 nanoparticles, strontium molybdate and Ln 

doped strontium molybdate was in laboratory temperature and UV-irradiations against 

organo-pollutants (2-methyl, 4-nitrophenol and 2-methyl-4,6-dinitrophenol).  05 mg of 

synthesized catalyst was added in 30 ml of organo-pollutants (30 ppm) and stirred properly.  
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3.6.1 Catalysis using MoO3 nanoparticles  

05 mg MoO3 nanoparticles were added in 30 ml of 2-methyl-4-nitrophenol (organic 

pollutant) laboratory conditions and was stirred for 10 minutes before getting absorbance at 

λmax=415 nm. The change in intensity and concentration of absorbance is noted after 01 

minute interval. All the MoO3 nanoparticles catalysed in the same manner with same 

conditions   

3.6.2 Catalysis using strontium molybdate and doped strontium molybdate 

05 mg of strontium molybdate nanocomposite were added in 30 ml of 2-methyl-4-nitrophenol 

(organic pollutant), stirred properly and kept in UV-light for 02 hours before getting 

absorbance at λmax=415 nm. The change in intensity and concentration of absorbance is noted 

after 20 minute interval. All the strontium molybdate and doped strontium molybdate 

nanocomposites are catalysed in the same manner with same conditions. 

The same catalytic procedure was used to degrade another organo-pollutant (2-methyl-4,6-

dinitrophenol having λmax=370 nm with strontium molybdate and doped strontium molybdate 

nanocomposites at same conditions.      
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4. Results and Discussion 

4.1. Molybdenum oxide nanoparticles with 04 hours reaction time  

The MoO3 nanoparticles were synthesized using 02 different methods 01) is sonication and 

02) sol-gel method. Different sets of MoO3 nanoparticles synthesized using sol-gel method to 

observe the effect of stirring time and calcination temperature.  

4.1.1. Fourier transform infra-red (FTIR) analysis 

 
Figure 4.1 FTIR spectra of MoO3 nanoparticles synthesized using sol-gel method (04 hours) 

Figure 4.1 indicates FTIR spectrum of MoO3 nanoparticles synthesized using sol-gel method 

with reaction time of 04 hours at calcination temperature of 450 C. The peak observed at 811 

is due to bridging oxygen vibration of Mo-O-Mo[220]. The peak at 974[221], 1434 and 3250 

cm
-1

 is due to adsorption of O-H molecule on molybdenum[35].   

4.1.2. Thermogravimetric analysis-diffraction scanning calorimetry (TGA-DSC) 

Figure 4.2 shows TGA-DSC analysis to understand the thermal changes undergo during 

annealing of MoO3. The temperature change with respect to %age mass loss was observed 

from 25 to 1000 °C with heating rate 15 °C/min.     
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Figure 4.2 TGA-DSC graph of MoO3 nanoparticles 

First percentage weight loss is observed in the range of 70 to 190 °C due to removal of six 

water molecules, second percentage weight loss is observed in the range of 190-500 °C 

following with percentage mass loss of 3.3 and 4.4 % due to removal of  NH4OH and NO2.   

The series of mass loss is also correlates with the DSC endothermic curve starting from 50 ºC 

followed by series of exothermic curves subjected to the release of mass loss as indicated by 

TGA. A sharp endothermic peak with shoulder in the temperature range from 700-810 ºC 

indicates the crystallite phase transformation as indicated in Eq. 4.1. 

(NH4)6Mo7O24.4H2O+6HNO3→ 7MoO3 + 6NH4NO3+ 7H2O Eq. 4.1 

The activation energy of MoO3 nanoparticles were calculated using Freeman-Carroll method 

[222] using Equation (4.2).  

    (
  

  
⁄ )

      
  [

  
      

]   
 (

 
 )

      
   

Eq. 4.2 

  

Where, “dw/dt” is rate of change of weight with time, “Wr=Wc-W”, “Wc”= Weight loss at 

completion of reaction, “W”=weight loss at time “t” and n=order of reaction. The plot 

between (∆log (dw/dt))/(∆logWr) vs (∆(1/T))/(∆logWr ) will give a straight line having a 

slope of  Ea/2.303R (Figure 4.3) giving value of activation energy 4.07 kJ/mol. This 
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activation energy can also be used to check the other thermodynamic parameters [223] of 

MoO3 nanoparticles. 

 
Figure 4.3 Thermal activation energy plot of MoO3 nanoparticles 
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4.1.3. Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

spectroscopy   

Surface morphological changes and elemental composition in the MoO3 nanoparticles were 

investigated using scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

spectroscopy.  Figure 4.4 indicates the morphology of MoO3 nanoparticles synthesized using 

sol-gel and sonication method for 04 hours. It is clear from Figure 4.4 (c-d) that sonication 

method produce less uniform structured nanoparticles as compared to sol-gel method.  

  

(a) (b) 

  

(c) (d) 
Figure 4.4 SEM image of MoO3 calcine at 450 °C, (a-b) synthesized using sol-gel and (c-d) 

sonication methods. Inset contains EDX graph. 

The theoretical %age of MoO3 calculated 66.64 % and 33.34 % for Mo and O respectively 

and the experimental weight %age of MoO3 nanoparticles is indicated in Table 4.1. 

 

 

Table 4.1 Experimental weight %age of MoO3 nanoparticles 
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Sample Code Mo % O% 

MoO3-sonication method 66.63 27.94 

MoO3-sol-gel method 57.34 38.3 

4.1.4. High resolution transmission electron microscopy (HRTEM) 

HRTEM image of MoO3 nanoparticles synthesized using sol-gel method at 450 °C, the lattice 

fringes shows the characteristics of orthorhombic structure system with d spacing or 

interlayer spacing of 3.8, 2.66 and 2.26 °A corresponds to hkl values (110), (101), and (150), 

respectively (JCPDS No. 005-0508). The values of d-spacing were calculated using ImageJ 

and FFT analysis and were comparable (Figure 4.5). 

 

(a) 

  

(b) (c) 

Figure 4.5 HRTEM image (a) indicates d-spacing value (b-c) FFT analysis 
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4.1.5. Dynamic laser scattering –particle size analyzer (DLS-PSA) 

The most common and cheap technology for measuring particle size is DLS-PSA, here the 

principle involves light scattering of suspension which fluctuate with time and gives particle 

diameter [224].  The particle size of MoO3 observed using DLS-PSA is mentioned in Table 

4.4 along with change in surface area and PDI values, all correlates with change in 

calcination temperature. Particle size and surface area are inversely related to each other, 

increase in particle size will decrease the surface area and vice versa. When there is increase 

in surface area then nanoparticle could be used for many applications like catalysis, solar 

energy and many more. The particle size observed using DLS-PSA is usually higher as 

compared to other techniques due to Brownian motion [225] of nanoparticles which cause 

solid bridging between adjoining nanoparticles due to van der Waal’s interaction. In 

comparison with size calculated using XRD, we can say that hydrodynamic diameter is 

roughly 3-6 times larger than crystallite size [226]. 

4.1.6. Powder X-ray diffraction (XRD) 

The XRD patterns of MoO3 nanoparticles synthesized using sol-gel and sonication methods 

and calcine at three different temperatures 250, 350 and 450 °C are shown in Figure 4.6 and 

4.7, respectively. The presence of polycrystalline structures is confirmed in Figure 4.6 and 

4.7 are indexed to hexagonal crystal system (space group PE) with cell parameters of 

10.5310, 10.5310 and 14.8760 ˚A, respectively, for a, b and c lattice constants corresponds to 

JCPDS No. 21-0569. The orthorhombic crystal system in Figure 4.6 and 4.7 (space group 

Pbnm) having cell parameters of 3.963, 13.85 and 3.69 ˚A, respectively, for a, b and c lattice 

constants corresponds to JCPDS No 05-0508, [40, 184] respectively depend on variation in 

calcination temperature. The change in hexagonal to more stable orthorhombic phase is due 

to increase in calcination temperature, which increase the pressure that provides sufficient 

surface free energy and internal energy. This energy difference prompt new crystal structures 

in the final product[227]. The change in peaks with respect to change in crystallite phase is 

indicated in Figure 4.6, in case of MoO3 nanoparticles synthesized using sol-gel method. The 

sharp peak at 25.388˚ (210), 29.163˚ (300), and 35.313˚ (310) in Figure 4.6-a corresponding 

to the hexagonal crystal system demolished or reduced its existence with subject to increase 

in calcination temperature. New peaks at 23.210˚ (110), 33.338˚ (111), and 38.912˚ (150) 

indicating the presence of orthorhombic crystal system (Figure 4.6-b & c). 
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Figure 4.6 XRD pattern of MoO3 nanoparticles synthesized using sol-gel method; Inset indicates the 

change in crystallite phase 

 

 

Figure 4.7 XRD pattern of MoO3 nanoparticles synthesized using sonication method; Inset indicates 

the change in crystallite phase 

Figure 4.7 indicates variation in crystallite phase of MoO3 nanoparticles synthesize using 

sonication method. The sharp peak at 25.563 ˚ (210), 29.338 ˚ (300), 35.228 ˚ (310), 55.813 ˚ 

(424) and 68.988 ˚ (419) in Figure 4.7-a & b corresponding to the hexagonal crystal system 

demolished or reduced with subject to increase in calcination temperature. New peaks at 

23.153 ˚ (110), 32.787 ˚ (101), and 39.222 ˚ (150) indicating the presence of orthorhombic 

crystal system as indicated in Figure 4.7-c [228].  The average crystallite size of MoO3 
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nanoparticles (Table 4.2 & 4.3) synthesized using both sol-gel and sonication methods were 

calculated using Scherer equation and Williamson’s hall equations (Eq. 4.3 & 4.4):  

           Eq. 4.3 

      
  

 
        

Eq. 4.4 

In above equations (4.3 & 4.4) “k” is constant having value 0.94, “λ” is the X-ray wavelength 

having value of 1.54 A°, “θ” is the bragg’s diffraction angle and “β” is the Full-Width-Half-

Maximum (FWHM) in radians and “ϵ” is the strain induced[9].  

Table 4.2 The peak profile analysis of cell parameters of MoO3 nanoparticles synthesized using sol-

gel method 

Temperature 250°C 350°C 450°C 

Crystallite  

Size (nm) 

Scherer 3.05 5.21 3.84 

W-H 6.24 14.11 9.68 

Volume (A
3
) 1447 1536 720 

Rp 60.7 59 53 

Rwp 66.3 63.6 56.6 

Rexp 15.45 17.15 17.8 

Chi
2
 18.41 13.74 10 

c/a 0.17 0.32 0.26 

S 4.28 3.70 3.17 

N (10
5
) 0.35 3.49 1.63 
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Table 4.3 The peak profile analysis of cell parameters of MoO3 nanoparticles synthesized using 

sonication method 

Temperature 250°C 350°C 450°C 

Crystallite  

Size (nm) 

Scherer 4.23 4.48 3.75 

W-H 2.82 7.59 7.33 

Volume (A
3
) 356 2364 1499 

Rp
1
 61.4 64.9 69.6 

Rwp
2
 66.6 69.2 73.2 

Rexp
3
 16.2 17.79 22.4 

Chi
24

 20.2  15.1 8.82 

c/a
5
 0.34 1.44 0.49 

S
6
 4.09 3.88 3.36 

N (10
5
)
7
 0.041 5.41 3.09 

The rietveld refinement procedure was performed using DICVOL in FULLPROF software. 

The refined cell parameters of MoO3 nanoparticles are indicated in Table 1 & 2. The 

crystallite growth during the calcination process (250 to 450 °C) results in an increase in 

average crystallite size because of the tendency of nanoparticles for minimization of the 

interfacial surface energy[229]  and change in crystal system from hexagonal to 

orthorhombic. By further increase in calcination temperature decrease in crystallite size is 

observed with respect to change in c/a ratio using rietveld analysis. The variation in 

calcination temperature also changes the volume and number of atoms or unit cell present in 

nanoparticles (Figure 4.8).  

                                                           
1
 Profile factor 

2
 Weight profile factor  

3
 Expected weight factor  

4
 Goodness of data, decrease in value produce better agreement with data  

5
 Lattice distortion 

6
 S value=Rwp/Rexp=less than 4 ( fitting process is good) 

7
 No. of unit cells /atoms 
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(a) 

 

(b) 
Figure 4.8 Variation in volume and no. of unit cells w.r.t calcination temperature in MoO3 

nanoparticles synthesized using (a) sol-gel and (b) sonication method  

 

In the literature, it is mentioned [230] that increase in calcination temperature at same 

crystallite phase can decrease lattice parameters and eventually decrease crystallite size. It is 

reported in previous studies [231] that by increasing in calcination temperature the possibility 

of Mo
+6

 oxidation state increases. The low temperature may have possibility of Mo
+4

 & Mo
+5

 

oxidation states due to electron trapping in oxygen vacancies. The increase in calcination 

temperature reduced the number of oxidation states by eliminating major fraction of oxygen 

vacancies.       

The activation energy was calculated by straight line plot between ln (D) vs 1/T using Scott’s 

equations (Eq. 4.5)[232]:  
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Eq. 4.5 

Where D is the size, C is a constant (177.67), E is the activation energy, R is the ideal gas 

constant and T is the absolute temperature.   

 

Figure 4.9  Plot of lnD vs 1/T for Scott’s equation 

A good linear relationship is observed in Figure 4.9. The activation energy calculated for 

MoO3 nanoparticles using sonication method is 15.138 kJ/mol and for sol-gel method 4.03 

kJ/mol which is close to the activation energy calculated using TGA-DSC analysis using 

Freeman-Carroll method. 

4.1.7. Optical properties  

4.1.7.1.  Band gap energy 

The band gap of MoO3 nanoparticles were characterized by using UV-Visible absorption 

spectra using wood and tauc relation (Eq. 4.6)[19]. 

            
  Eq. 4.6 

The band gap of MoO3 nanoparticles was obtained by plotting between (αhν)
n 

and hν[229], 

here “α” represents absorption coefficient, “hν” indicates photon energy and the value of “n” 

is taken as  0.5. The band gap of bulk MoO3 as mentioned in the literature is 2.9 eV[233] and 
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band gap calculated of synthesized MoO3 nanoparticles is given in Table 4.4. The absorption 

peak of bulk MoO3 is at 353 nm and in case of synthesized MoO3 nanoparticles in this case is 

214-235 nm which clearly indicates blue shifting. This blue shifting from the bulk MoO3 is 

due to quantum confinement. When the size of nanoparticles becomes smaller or comparable 

to the radius of orbit of the electron-hole (e-h) pair it will experience quantum confinement. 

The quantum confinement is of two types: 1) strong confinement in which grain size is less 

than 2rb and 2) weak confinement in which grain size is larger than 4rb, here rb is the Bohr 

exciton radius of the nanoparticles. The expression for strong (Es) and weak confinement 

(Ew) can be given by equation 4.7 and 4.8: 

      
      

      
 

Eq. 4.7 

      
      

      
 
       

  
 

Eq. 4.8 

The relationship between quantum confinement and size indicates that the band gap depends 

on radius[234]. Increase in band gap could be experienced when radius of nanoparticles 

(MoO3) became close to Bohr radius resulting in increase in exciton energy which induces 

columbic forces on the electron-hole (e-h) pair. The Bohr exciton radius [235] can be 

calculated using Eq. 4.9 

   
     

   
 
  

 
 
  

 
 

Eq. 4.9 

In above equation “h” is the plank’s constant, “ε” is the dielectric constant of the bulk 

material, “e
2
” is the charge on the electron, “me” and “mh” represents the effective masses of 

electron and hole, respectively [236].  The Bohr radius of bulk MoO3 is 4.81 nm indicates 

that MoO3 nanoparticles experience strong quantum confinement as shown in Table 4.4 

whose value is less than 2rb in relation to the variation in calcination temperature[237].  
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(a) 

 

(b) 

Figure 4.10 Tauc plot for MoO3 nanoparticles synthesized using (a) sol–gel (b) sonication method. 

The inset shows the respective relationship between absorption and wavelength 

4.1.7.2.  Extinction coefficient (K) 

Figure 4.11 shows the variation of extinction coefficient (K-Eq.4.10) of MoO3 nanoparticles 

synthesized using sol-gel and sonication method with wavelength and band gap at room 

temperature. The increase in curve from 200 to 270 nm with wavelength and from 4.5 eV 

with band gap energy is observed. The value of “K” is nearly linear above 300 nm with 

respect to wavelength. The value of “K” is the measure of fraction of light lost as a result of 

scattering and absorption per unit distance of the penetration medium. In the Figure 4.11 (a) 

and (b) samples calcined at temperature of 350°C show less scattering with respect to 

decrease in band gap as shown in Table 4.4.   
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Eq. 4.10 

 

(a) 

 

(b) 

Figure 4.11 Extinction coefficient as a function of wavelength for MoO3 nanoparticles synthesized 

using (a) sol–gel (b) sonication method. The inset shows their respective relationship between the 

extinction coefficient and photon energy 

4.1.7.3.  Refractive Index (n) 

Figure 4.12 shows variation of refractive index with wavelength and band gap which can be 

computed using equation 4.11, here “Ts” is transmission coefficient. The value of refractive 

index is important in the field of ophthalmic lenses and optical materials[238], increase in 

refractive index will increases the remarkable properties in optical materials. The maximum 

refractive index was observed for MoO3 nanoparticles prepared using sol-gel method with 

calcination temperature of 250 °C (Table 4.4) which is quite high as compared to reported 

refractive index of MoO3 nanofilms (2.54)  [239]. 
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 ⁄  

Eq. 4.11 

 

(a) 

 

(b) 

Figure 4.12 Refractive Index as a function of wavelength for MoO3 nanoparticles synthesized using 

(a) sol–gel (b) sonication method. The inset shows their respective relationship between the refractive 

index and photon energy 

4.1.7.4.  Optical conductivity (ρ) 

Figure 4.13 indicates the variation of optical conductivity with wavelength and band energy 

using equation 4.12. Here “α”, “n” and “c” are the values of absorption coefficient, refractive 

index and velocity if light in vacuum, respectively. The optical conductivity is an important 

parameter for the optical materials and it depends on change in shift in wavelength and 

change in band gap[240]. 
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 Eq. 4.12 

 

(a) 

 

(b) 
Figure 4.13 Optical conductivity as a function of wavelength for MoO3 nanoparticles synthesized 

using (a) sol–gel (b) sonication method. The inset shows their respective relationship between the 

optical conductivity and photon energy 

4.1.7.5.  Optical dielectric function 

 The optical dielectric functions as indicated in Figure 4.14 (a) and (b) is a complex quantity 

which consists of two types of dielectric constants real (εr) and imaginary (εi) [241, 242] 

computed using equations 4.13 and 4.14. Here “n” is the refractive index and “K” is the 

extinction coefficient: 

         Eq. 4.13 
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       Eq. 4.14 

The real part acts as resistance against speed of light and the imaginary part absorbs energy as 

a result of dipole motion. Figure 4.14 shows the variation of dielectric constants (real (εr) and 

imaginary (εi)) with respect to frequency. It is observed that at low frequency and higher 

wavelength the value of dielectric constant does not vary, but as the frequency increases the 

value changes for imaginary dielectric constant and opposite behaviour is observed for the 

real dielectric constant.  

 

(a) 

 

(b) 

Figure 4.14 Real part of the dielectric constant as a function of frequency for MoO3 nanoparticles 

synthesized using (a) sol–gel (b) sonication method. The inset shows the corresponding relationship 

between the imaginary dielectric constant and frequency 
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4.1.7.6.  Urbach energy 

The behaviour of defects and disordered atoms in the localized states and near the conduction 

band could be summarised with change in Urbach energy (Eu) or energy of band tail, whose 

value can be obtained from the fitting curve between absorption coefficient (α) and photon 

energy (hʋ) using equation 4.15, “αo” is constant: 

          
  

  
  

Eq. 4.15 

The slope of graph between “lnα” vs “hʋ” gives the value of “1/EU” for the MoO3 

nanoparticles[243]. The calculated value of “EU” is given in the Table 4.4 which also gives its 

relationship with band gap and crystallite size with changes in calcination temperature 

(Figure 4.15). The increase in calcination temperature causes decrease in number of defects 

and decrease in oxygen vacancies (seen in XRD) such dependence on “EU” is already 

reported[244].  

 

 
(a) (b) 

Figure 4.15 Dependence of Urbach energy with crystallite size on change in calcination temperature 

in MoO3 nanoparticles synthesizes using (a) sol–gel (b) sonication methods. 

Figure 4.16 indicates the relationship between band gap and EU, the empirical equation from 

linear fitting is given by following equations 4.16 & 4.17: 

                    Eq. 4.16 

                     Eq. 4.17 

Equation 4.16 and 4.17 gives the value of “αo” which is 3.18002 and 2.54762 in the absence 

of tailing (EU=0) for MoO3 nanoparticles synthesized using sol-gel and sonication method, 

respectively [245, 246].   
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(a) 

 

(b) 

Figure 4.16 Relationship between bandgap energy (Eg) and the width of Urbach tail (EU) of MoO3 

nanoparticles synthesized using (a) sol–gel (b) sonication methods 

The Urbach energy (EU) can be used to calculate another parameter, “ζ” steepness [243] 

using equation 4.18 and its value can be used to calculate the strength of electron-phonon (Ee-

p) [247] interaction using equation 4.19 

  

  
 

   

     
 

Eq. 4.18 

     
 

  
 

Eq. 4.19 

 

The calculated values are indicated in Table 4.4 and it is observed that with increase in 

electron-phonon interaction the band gap energy decreases. 
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Table 4.4 Relationship of optical and structural properties of MoO3 nanoparticle synthesized via 

sonication and sol-gel method  

Calcination 

temperature 

(°C) 

Synthesis 

method 

Crystallite 

Size (nm)  

Eg 

(eV) 

PS  

(nm) 

SSA  

(m
2
/g) 

PDI EU 

(eV) 

RI  σ 

(10
-5

) 

Ee-p 

 (10
-5

) 

250 

S
O

L
-

G
E

L
 

3.05 4.28 26 86.02 0.66 0.21 9.05 1.92 1.27 

350 5.21 4.11 59.1 38.75 1.17 0.32 4.89 2.95 1.96 

450 3.84 4.17 31.3 76.44 0.85 0.30 6.78 2.81 1.88 

250 

S
O

N
IC

A
T

IO
N

 4.23 4.16 41.2 55.10 0.94 0.39 2.66 3.56 2.38 

350 4.48 4.13 74.7 30.91 1.34 0.43 2.42 3.94 2.63 

450 3.75 4.36 38.6 66.40 1.06 0.30 2.84 2.76 1.85 

 

  



Chapter No. 4  Results & Discussion  
 

  55 
 

4.2. Molybdenum oxide nanoparticles with 10 and 24 hours reaction time  

4.2.1. Fourier transform infrared spectroscopy (FTIR) 

The presence of MoO3 was observed both theoretically and experimentally. Figure 4.17 

indicates the presence of MoO3 nanoparticles calculated experimentally and the Table 4.5 

indicates the presence of vibrational peaks in relation to the stretching frequencies of oxygen 

with molybdenum. The sample codes of M-1 to M-6 is of MoO3 nanoparticles prepared using 

sol-gel method with respect to synthesis time and calcination temperature, M-1, MoO3 

nanoparticles synthesized for 10 hours and calcine at 250 °C, M-2, MoO3 nanoparticles 

synthesized for 24 hours and calcine at 250 °C, M-3, MoO3 nanoparticles synthesized for 10 

hours and calcine at 350 °C, M-4, MoO3 nanoparticles synthesized for 24 hours and calcine at 

350 °C, M-5, MoO3 nanoparticles synthesized for 10 hours and calcine at 450 °C, M-6, MoO3 

nanoparticles synthesized for 24 hours and calcine at 450 °C. 

Table 4.5 Vibrational peak values of bulk and nano-MoO3 

Sample Code Peak value (cm
-1

) 

Bulk 987  

ADF-BAND 448, 778 

M-1 498,563,874,969,1425 

M-2 498,563,869,968,1420 

M-3 510,875,975,1442 

M-4 510,875,978,1439 

M-5 426,809,978 

M-6 429,809,981 

 

Theoretical MoO3 vibrational peaks were also observed and indicated in the Table 4.5. It is 

clear from the table that an intense peak of 987 cm
-1

 indicated the presence of bulk MoO3 in 

Gaussian 09 representing the vibrational Mo-O-Mo. On the other hand ADF-BAND gives 

theoretical interpretation of MoO3 nanoparticles.  

The results of FTIR spectroscopy of MoO3 bulk and nanoparticles is shown in Figure 4.17. 

The change in peak with respect to particle size from bulk to nano, change in calcination 

temperature and reaction time was observed as shown in Table 4.5. 

Table 4.5 indicates that the value of bulk is at 987 cm
-1

 which is due to presence of Mo=O 

vibrations indicates presence of Mo
+6

, this value is nearly present in all samples with little 
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fluctuations[221]. The other values varies with respect to reaction time and change in 

calcination temperature, The peak at 1425, 1420, 1442, and 1439 cm
-1

 is due to adsorption of 

water molecules at surface of Mo (Mo-OH)[35], which disappears when nanoparticles are 

calcined at 450 °C. The peak at 563 cm
-1

 is due to the presence Mo-O-Mo bridging[248], 

which losses its value by increase in calcination temperature, peaks in between 850-950 cm
-1

 

[220] is reportedly indicates the presence of variable oxidation state of Mo
+4

 or Mo
+5

, which 

may cause fluctuation in crystal system, crystal defects and crystallite size. The change in 

calcination temperature is clearly visible in M-5 and M-6 where new peak at 426 and 429 cm
-

1
 [184] appears indicates the decrease in crystallite size and stability of MoO3 structure. All 

the values are cleared in Figure 4.17, confirming the synthesis of MoO3 nanoparticles.   

 
Figure 4.17  FTIR spectra of bulk MoO3. Inset contains FTIR spectra of synthesized MoO3 

nanoparticles 

4.2.2. Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

spectroscopy   

Surface morphological changes and elemental composition in the MoO3 nanoparticles were 

investigated using scanning electron microscopy-energy dispersive X-ray spectroscopy.   

Figure 4.18 indicates the morphology of MoO3 nanoparticles synthesized using sol-gel 

method for 10 hours (a-b, M-1) and 24 hours (c-d, M-2), both samples were calcined at 250 

°C.  Figure 4.18 (a-b) shows rod-like appearance of M-1 and Figure 4.18 (c-d) displays 

cylindrical hexagonal crystals presence of M-2. 
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(a) (b) 

  
(c) (d) 

Figure 4.18  SEM image of MoO3 calcine at 250 °C and synthesized for (a-b) 10 hours (c-d) 24 

hours. Inset contains EDX graph.  
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Figure 4.19 indicates the morphology of MoO3 nanoparticles synthesized using sol-gel 

method for 10 hours (a-b, M-3) and 24 hours (c-d, M-4), both samples were calcined at 350 

°C.  Figure 4.19 (a-b) shows rod-like appearance of M-3 and Figure 4.19 (c-d) displays 

cylindrical hexagonal crystals presence of M-4. 

 

  
(a) (b) 

  

(c) (d) 

Figure 4.19  SEM image of MoO3 calcine at 350 °C and synthesized for (a-b) 10 hours (c-d) 24 

hours. Inset contains EDX graph. 
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Figure 4.20 indicates the morphology of MoO3 nanoparticles synthesized using sol-gel 

method for 10 hours (a-b, M-5) and 24 hours (c-d, M-6), both samples were calcined at 450 

°C.  Figure 4.20 shows rod-like appearance of M-5 and M-6 but rods are smaller and 

presence of cylindrical hexagonal crystals diminishes with increase in calcination 

temperature. 

  
(a) (b) 

 
 

(c) (d) 

Figure 4.20  SEM image of MoO3 calcine at 450 °C and synthesized for (a-b) 10 hours (c-d) 24 

hours. Inset contains EDX graph. 

The theoretical %age of MoO3 calculated 66.64 % and 33.34 % for Mo and O respectively 

and the experimental weight %age of MoO3 nanoparticles is indicated in Table 4.6. 

Table 4.6 Experimental weight %age of MoO3 nanoparticles 

Sample Code Mo % O% 

M-1 54.8 42.97 

M-2 56.8  43.18 

M-3 55.58 44.41 

M-4 54.16 45.83 

M-5 60.90 39.09 

M-6 63.66 36.33 
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4.2.3. Transmission electron microscopy (TEM) analysis  

 
(a) 

 
(b) 

Figure 4.21 TEM image of (a) MoO3 calcine at 450 °C and synthesized for 24 hours (b) edited in 

Image J 
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Figure 4.21 shows TEM image of MoO3 nanoparticles synthesized with reaction time of 24 

hours and calcine at 450 °C, the average particle size was found to be 28.9 nm, the image is 

edited and neater in imageJ software for clear analysis.  

4.2.4. Powder X-ray diffraction (XRD) analysis  

4.2.4.1. MoO3 nanoparticles (reaction time 10 hours) 

 

Figure 4.22 XRD pattern of MoO3 nanoparticles synthesized with reaction time of 10 hours and  

calcine at (a) 250 °C (b) 350 °C and (c) 450 °C 

Figure 4.22 (a-c) shows the XRD pattern for MoO3 the varying calcination temperature from 

250 -450 °C and reaction time of 10 hours.  In Figure 4.22 (a) shows a mixture of crystalline 

phases, cubic phase with space group number 225 (Fm
-3

m) corresponds to JCPDS: 01-072-

0527 and hexagonal phase with space group PE corresponds to JCPDS: 00-021-0569. The 

appearance of a cubic phase is confirmed by d-spacing value, relative intensity as well as 

angle of diffraction, especially peaks appear at 2θ= 46.678°, 58.068° and 67.258°, which can 

be attributed to 220, 222 and 400 crystal planes, respectively. The appearance of a hexagonal 
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crystal phase is also confirmed by d-spacing value, relative intensity as well as angle of 

diffraction with peaks appears at 2θ= 25.758°, 29.310°, 30.939°, 34.158°, 35.401°, 41.798°, 

43.118°, 45.418°, 46.678°, 48.826°,49.958°, 51.971°, 53.090°, 55.858°, 58.062°, 58.896°, 

61.845°, 67.258°, and 69.076° which can be attributed to 210, 300, 204, 220, 310, 224, 320, 

410, 404, 008, 500, 430, 420, 218, 334, 424, 430, 610 and 524 crystal planes, respectively.  

In Figure 4.22 (b) shows a pure crystalline phase of hexagonal crystal system corresponds to 

JCPDS: 00-021-0569. The appearance of a hexagonal phase with space group PE is 

confirmed by the d-spacing value, relative intensity as well as angle of diffraction, especially 

peaks appear at 2θ= 25.730°, 29.098°, 30.878°, 33.821°, 35.322°, 41.817°, 42.938°, 45.272°, 

46.459°, 48.942°, 49.670°, 51.965°, 53.058°, 55.872°, 57.838°, 58.838°, 61.553°, 67.058° 

and 68.805° which can be attributed to 210, 300, 204, 220, 310, 224, 320, 410, 404, 008, 500, 

430, 420, 218, 334, 424, 430, 610 and 224, respectively. 

In Figure 4.22 (c) shows a pure crystalline phase of orthorhombic crystal system corresponds 

to JCPDS: 00-035-0609. The appearance of orthorhombic phase with space group number 62 

(Pbnm) is confirmed by the d-spacing value, relative intensity as well as angle of diffraction, 

especially peaks appear at 2θ= 23.309°, 25.658°, 27.238°, 29.518°, 33.689°, 35.438°, 

38.978°, 45.764°, 49.226°, 52.682°, 55.216°, 56.458°, 58.838°, and 64.761° which can be 

attributed to 110, 040, 021, 130, 111, 041, 060, 200, 002, 211, 112, 122, 081 and 062, 

respectively. The Scherer (Eq. 4.3) [176] and Williamson-Hall (Eq. 4.4)[17] equations were 

used to calculate crystallite size of MoO3 nanoparticles.  

The defects due to imperfection and distortion of a crystal were indicated by strain induced 

(ϵ) and dislocation density (δ) by using Eq. 4.20 & 4.21 

          Eq. 4.20 

       Eq. 4.21 

 

The bond length of MoO3 nanoparticles were calculated using Eq. 4.22 

  √ 
 

 

 

  
 

 
        

Eq. 4.22 
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In the above equation “L” is the bond length, “a” and “c” are the lattice parameters calculated 

using the formula “λ/√3sinθ” and “λ/sinθ”, and “µ” is the positional parameters calculated 

using formula “a
2
/3c

2
+0.25”. The XRD parameters calculated using Eq. 4.3, 4.4, 4.20 to 4.22 

is shown in Table 4.7. 

Table 4.7 XRD parameters of MoO3 nanoparticles synthesized with reaction time of 10 hours 

Sample 

No. 

Crystallite size (nm) Strain Dislocation 

density  

Bond Length  

(A⁰) Scherer W-H 

M-1 5.08 24.82 0.17 0.03 1.40 

M-3 4.81 35.96 0.28 0.04 1.44 

M-5 3.21 41.13 0.50 0.09 1.62 

It is clear from above table that in MoO3 nanoparticles synthesized with reaction time of 10 

hours, by increasing in calcination temperature the crystallite size, strain and bond length 

varies. The variation indicated in Table 4.7 is also because of change in crystallite phase, as 

indicated in Figure 4.22.    

The rietveld refinement was performed using DICVOL in FULLPROF software and 

PROFEX software. The refined cell parameters are shown in Table 4.8. The rietveld refined 

XRD diffraction pattern are shown in Figure 4.23 and 4.24 using FULLPROF and PROFEX 

software, the fitting quality of the experimental data was calculated using different rietveld 

parameters like Rp (profile factor), Rwp (weight profile factor also known as discrepancy 

factor), Rexp (expected weight factor or expected values), χ
2
 (goodness fit factor), c/a (lattice 

distortion), S (goodness of fit indicator) and N (no. of unit cells/atoms) [40, 249].   
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(a) (b) 

 
(c) 

Figure 4.23  Rietveld refine pattern using DICVOL software of MoO3 nanoparticles synthesized with 

reaction time of 10 hours and  calcine at (a) 250 °C (b) 350 °C and (c) 450 °C 
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(a) 

 
(b) 

 
(c) 

Figure 4.24  Rietveld refine pattern using PROFEX software of MoO3 nanoparticles synthesized with 

reaction time of 10 hours and  calcine at (a) 250 °C (b) 350 °C and (c) 450 °C 
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Table 4.8  Peak profile analysis of cell parameters of MoO3 nanoparticles synthesized with reaction 

time of 10 hours 

Samples M-1 M-3 M-5 

DICVOL REFINEMENT 

Rp (%) 30.3 34.2 33.6 

Rwp (%) 38.4 42.8 40.9 

Rexp (%) 5.78 5.74 5.52 

χ
2
 44.3 54.9 55.8 

c/a 0.35 0.35 0.27 

S 6.64 7.46 7.41 

N (10
7
) 0.28 1.31 2.04 

PROFEX 

Rwp (%) 57.1 55.8 42.1 

Rp (%) 42.7 42.4 32.2 

Rexp (%) 6.3 6.17 5.67 

χ
2
 82.1 81.8 55 

GOF 9.06 9.04 7.42 
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4.2.4.2. MoO3 nanoparticles (reaction time 24 hours) 

 

Figure 4.25  XRD pattern of MoO3 nanoparticles synthesized with reaction time of 24 hours and  

calcine at (a) 250 °C (b) 350 °C and (c) 450 °C  

Figure 4.25 (a-c) shows XRD pattern for MoO3 nanoparticles with variable calcination 

temperature from 250-450 °C and reaction time of 24 hours. Figure 4.25 shows that M-2 and 

M-4, MoO3 nanoparticles with calcination temperature of 250 and 350 °C, respectively have 

pure single crystalline hexagonal phase with space group PE corresponds to JCPDS: 00-021-

0569.  Figure 4.25(c) M-6, MoO3 nanoparticles calcine at 450 °C indicates pure single 

crystalline orthorhombic phase with space group Pbnm (62) corresponds to JCPDS: 00-035-

0609.  

The appearance of hexagonal phase in Figure 4.25 (a-b) is confirmed by d-spacing value, 

relative intensity as well as angle of diffraction with peaks appears at 2θ= 25.758°, 29.318°, 

30.950°, 33.945°, 35.218°, 42.058°, 43.116°, 45.511°, 46.698°, 48.837°, 49.889°, 51.981°, 

52.998°, 56.029°, 58.058°, 59.041°, 61.718°, 67.158°, and 68.901° which can be attributed to 

210, 300, 204, 220, 310, 224, 320, 410, 404, 008, 500, 330, 420, 218, 334, 424, 430, 610, and 

524 crystal planes, respectively.  
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The appearance of a orthorhombic phase in Figure 4.25 (c) is confirmed by the d-spacing 

value, relative intensity as well as angle of diffraction with peaks appears at 2θ=23.458°, 

25.716°, 27.340°, 29.641° 33.766°, 35.558°, 39.198°, 46.411°, 49.412°, 52.868°, 55.478°, 

56.678°, 58.952°, and 64.878° which can be attributed to 110, 040, 020, 130, 111, 041, 150, 

061, 002, 211, 112, 122, 081, and 062 crystal planes, respectively. 

The Scherer [176], Williamson-Hall [17], equations were used to calculate crystallite size of 

MoO3 nanoparticles along with induced strain, dislocation density and bond length using 

equations 4.3, 4.4, 4.20 to 4.22. It is clear from Table 4.9 that in MoO3 nanoparticles 

synthesized with reaction time of 24 hours, by increasing in calcination temperature the 

crystallite size, strain and bond length varies. The variation indicated in Table 4.9 is because 

of change in crystallite phase, as indicated in Figure 4.25.    

Table 4.9  XRD parameters of MoO3 nanoparticles synthesized with reaction time of 24 hours  

Sample No. Crystallite size (nm) Strain Dislocation 

density  

Bond Length  

(A⁰) Scherer W-H 

M-2 6.67 49.76 0.24 0.02 1.48 

M-4 3.96 32.20 0.29 0.06 1.50 

M-6 3.48 30.30 0.57 0.08 1.61 

The rietveld refinement was performed using DICVOL in FULLPROF software and 

PROFEX software. The refined cell parameters are shown in Table 4.10.  
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(a) 

 
(b) 

 
(c) 

Figure 4.26  Rietveld refine pattern using DICVOL software of MoO3 nanoparticles synthesized with 

reaction time of 24 hours and  calcine at (a) 250 °C (b) 350 °C and (c) 450 °C 
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(a) 

 
(b) 

 
(c) 

Figure 4.27  Rietveld refine pattern using PROFEX software of MoO3 nanoparticles synthesized with 

reaction time of 24 hours and  calcine at (a) 250 °C (b) 350 °C and (c) 450 °C 
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Table 4.10  Peak profile analysis of cell parameters of MoO3 nanoparticles synthesized with reaction 

time of 24 hours 

Samples M-2 M-4 M-6 

DICVOL REFINEMENT 

Rp (%) 21.7 33.3 46.2 

Rwp (%) 28.6 42.2 53.1 

Rexp (%) 5.41 6.28 5.77 

χ
2
 27.9 45.6 84.8 

c/a 0.71 0.35 0.3 

S 5.29 6.72 9.2 

N (10
7
) 2.31 1.25 2.37 

PROFEX 

Rwp (%) 43 47.9 48.7 

Rp (%) 28.5 36.7 40 

Rexp (%) 5.76 6.42 5.84 

χ
2
 55.7 55.6 69.4 

GOF 7.46 7.45 8.33 

A linear combination of Gaussian and Lorentzian also known as pseudo-Voigt functions is 

used for the profile fitting procedure with respect to the diffraction peaks. Each peak is 

characterized by its position, intensity and FWHM, which helps in determining the goodness 

of profile fitting (χ
2
-Eq. 4.23), profile factor (Rp-Eq. 4.24), weighted profile factor (Rwp-Eq. 

4.25), expected weighted profile factor (Rexp-Eq. 4.26), and goodness of fit indicator (S-

Eq.27) 
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Eq. 4.27 

In above equations “Σi”, is the summation of different “N” points, “ωi” is the counting weight 

which is equal to “1/sigmaYi
obs

”, “Yi
obs

” is the observed counting, “Yi
cal

” is the calculated 

counting, “P” is the refined parameter numbers, “n-p” is no. of degree of freedom, where “n” 

is no. of points used in refinement and “p” is number of refined parameters [250].    
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The peak profile analysis result of MoO3 with varying calcination temperature from 250 -450 

°C and reaction time of 10 and 24 hours is shown in Table 4.7-4.10. Table 4.7 and 4.9 

indicates the lattice strain, dislocation density and bond length calculated theoretically using 

2-theta position and equations 4.3, 4.4, 4.20 to 4.22. Table 4.8 and 4.10 indicates rietveld 

parameters calculated from software using equations 4.23 to 4.27. It is indicated from the 

Table 4.7 & 4.9 that by increasing calcination temperature, crystallite size of the 

nanoparticles decreases and the lattice distortion of MoO3 nanoparticles is in relation to it, 

along with dislocation density.  

The change in crystallite size as shown in Table 4.7 & 4.9 is in relation to the c/a ratio as 

shown in Table 4.8 & 4.10. It is observed that by increasing reaction time the probability to 

obtain single crystallite phase increases as shown in Figure 4.22 and 4.25. M-1 has mixture of 

crystalline phases cubic and hexagonal but by increasing reaction time from 10 to 24 hours 

MoO3 nanoparticles obtain pure crystalline phase.  

The increase in the calcination temperature and reaction time decrease the crystallite size as 

by increasing calcination temperature presence of Mo
+6

 oxidation state (most stable oxidation 

state of molybdenum) is increase and the probability of Mo
+4

 and Mo
+5

 decreases which is a 

tendency of low calcination temperature due to electron trapping and oxygen vacancy. Thus 

by increase in calcination temperature there is reduction in variety of oxidation states by 

eliminating oxygen vacancies [40, 230, 231].  

4.2.5. Dynamic laser scattering-particle size analyser (DLS-PSA) 

The particle size was also measured by using dynamic laser scattering-particle size analyser 

(DLS-PSA) involving light scattering principle. The particle size was observed in two ways 

1) during reaction 2) after completion of the reaction.  

The change in formation of MoO3 with respect to change in reaction time, particle size and 

surface area is shown in Figure 4.28 and Table 4.11. The data from DLS-PSA were also 

collected after completion of reaction as for M-1 to M-6 as indicated in Table 4.12. It is 

observed that after particle size (hydrodynamic diameter) is decreasing with time and surface 

area is increasing also after formation of nanoparticles the particle size decreases.  
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Table 4.11 The relationship of time with respect to hydrodynamic diameter, SSA and PDI during 

reaction 

Reaction Time 

(min
-1

) 

Hydrodynamic 

diameter (nm) 

SSA  

(m
2
/g) 

PDI 

0 440 4.92 0.73 

60 379 5.71 1.19 

120 376 5.52 0.81 

180 375 5.82 1.39 

240 360 7.12 3.03 

300 177 22.36 1.54 

600 102 29.06 1.42 

1440 79.7 29.67 4.72 

 

Figure 4.28  The relationship of time with respect to (a) hydrodynamic diameter and (b) specific 

surface area during reaction 

Table 4.12  The relationship of hydrodynamic diameter, SSA and PDI after reaction 

Sample 

No. 

Hydrodynamic diameter 

(nm) 

SSA  

(m
2
/g) 

PDI 

Reaction with 10 hours stirring 

M-1 67.1 45.47 1.79 

M-3 50.2 56.91 1.41 

M-5 37.8 59.94 0.88 

Reaction with 24 hours stirring 

M-2 73 32.43 1.36 

M-4 39.8 66.30 1.13 

M-6 28.2 80.19 0.70 
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4.2.6. Optical Properties  

4.2.6.1.   Band gap energy 

Figure 4.29 (a) and (b) indicates the band gap of MoO3 nanoparticles synthesized using sol-

get method with reaction time of 10 and 24 hours, having variable calcination temperature of 

250-450°C. The band gap of the MoO3 nanoparticles is calculated using wood-tauc relation 

(Eq. 4.6)[19]. The blue shifting of the MoO3 nanoparticles from the bulk (2.9 eV [233]) is 

observed as shown in Table 4.13 is due to quantum confinement and Bohr radius effect[234, 

235]. Table 4.13 indicates the sample M-1, M-3 and M-5 (reaction time of 10 hours) and M-

2, M-4, M-6 (reaction time of 24 hours) having variation of calcination temperature 250, 350 

and 450°C, respectively shows increase in band gap with decrease in particle size.  
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(a) 

 
(b) 

Figure 4.29  Tauc plot for MoO3 nanoparticles synthesized using sol-gel method with reaction time of 

(a) 10 hours (b) 24 hours. 

4.2.6.2.   Extinction coefficient (K) 

The relationship of the extinction coefficient with respect to wavelength and band gap is 

indicated in Figure 4.30, the value of “K” is calculated using equation 4.10. It is observed 

from Figure 4.30 that there is a rise in curve from 200-300 nm and from 4.2 eV with respect 
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to wavelength and band gap, respectively.  In Figure 4.30 (a) and (b) samples calcine at 250° 

C shows less scattering with respect to decrease in band gap as shown in Table 4.13. 

 
(a) 

 
(b) 

Figure 4.30  Extinction coefficient as a function of wavelength for MoO3 nanoparticles synthesized 

using sol-gel method with reaction time of (a) 10 hours (b) 24 hours. The inset shows their respective 

relationship between the extinction coefficient and photon energy 

4.2.6.3.   Refractive index (n) 

The refractive index is an important property for the optical materials which is calculated 

using equation 4.11. Figure 4.31 (a) and (b) indicated the relationship of refractive index with 

respect to wavelength and band gap. The maximum value of refractive index is observed for 

the MoO3 nanoparticles having calcination temperature of 250°C (Table 4.13) which is more 

as compared to reported value[238, 239].  
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(a) 

 
(b) 

Figure 4.31  Refractive Index as a function of wavelength for MoO3 nanoparticles synthesized using 

sol-gel method with reaction time of (a) 10 hours (b) 24 hours. The inset shows their respective 

relationship between the refractive index and photon energy 

4.2.6.4.   Optical conductivity (ρ) 

Figure 4.32 indicates the value of optical conductivity with change in wavelength and band 

gap, it can be seen that with increase in calcination temperature there is rise in optical 

conductivity which is calculated using equation 4.12[240].   
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(a) 

 
(b) 

Figure 4.32  Optical conductivity as a function of wavelength for MoO3 nanoparticles synthesized 

using sol-gel method with reaction time of (a) 10 hours (b) 24 hours. The inset shows their respective 

relationship between the optical conductivity and photon energy 

4.2.6.5.   Optical dielectric function  

Figure 4.33 (a) and (b) indicates real and imaginary dielectric constant values with respect to 

frequency. The values of real (εr) and imaginary dielectric (εi) constant is calculated using 

equation 4.13 and 4.14, respectively. The relationship in real and imaginary dielectric 

constant is opposite as the value of MoO3 nanoparticles calcine at 450 °C shows maximum 

value of real dielectric constant so it will show minimum value in the imaginary dielectric 

constant. 
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(a) 

 
(b) 

Figure 4.33  Real part of the dielectric constant as a function of frequency for MoO3 nanoparticles 

synthesized using sol-gel method with reaction time of (a) 10 hours (b) 24 hours. The inset shows the 

corresponding relationship between the imaginary dielectric constant and frequency. 

4.2.6.6.   Urbach energy (EU) 

Urbach energy or band tail width is the measure of defects and disordered atoms in different 

energy states. The value of “EU” is calculated using fitting curve between the absorption 

coefficient and photon energy or band energy using equation 4.15. The value obtained with 

respect to crystallite size is shown in Table 4.13 also shows its dependence on “EU” with 

decrease in number of defects and oxygen vacancies [245, 246].   
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Figure 4.34 (a) and (b) indicated the relationship between band gap and EU, the linear fitting 

gives the following relationship of MoO3 nanoparticles synthesized with reaction time of 10 

& 24 hours, respectively: 

                      Eq. 4.28 

                     Eq. 4.29 

Table 4.13 also indicates the other parameters like “ζ-steepness”[243] and electron-phonon 

(Ee-p) strength calculated with the help of “EU” using equation 4.18 and 4.19 [247]. The 

decrease in “Ee-p
”
 values increases the band gap values as shown in Table 4.13.  
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(a) 

 
(b) 

Figure 4.34  Relationship between bandgap energy (Eg) and the width of Urbach tail (EU) of  MoO3 

nanoparticles synthesized using sol-gel method with reaction time of (a) 10 hours (b) 24 hours 
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Table 4.13  Relationship of optical and structural properties of MoO3 nanoparticles with change in 

reaction time and calcination temperature  

Sample 

code 

Reaction 

time 

(hours) 

Calcination 

temperature 

(°C) 

Crystallite 

Size (nm)  

Eg 

(eV) 

PS  

(nm) 

SSA  

(m2/g) 

PDI EU 

(eV) 

RI  σ 

(10-5) 

Ee-p 

 (10-5) 

M-1 10 250 5.08 4.23 67.1 45.47 1.79 0.94 5.54 8.6 5.73 

M-3 10 350 4.81 4.33 50.2 56.91 1.41 0.24 2.97 2.24 1.49 

M-5 10 450 3.21 4.38 37.8 59.94 0.88 0.11 2.73 1.08 0.71 

M-2 24 250 6.67 4.13 73 32.43 1.36 0.35 5.51 3.27 2.18 

M-4 24 350 3.96 4.27 39.8 66.60 1.13 0.20 4.12 1.84 1.23 

M-6 24 450 3.48 4.33 28.2 80.19 0.70 0.16 2.64 1.51 1.01 

 

  



Chapter No. 4  Results & Discussion  
 

  83 
 

4.3. Strontium molybdate (SrMoO4) nanocomposites  

4.3.1. Fourier transform infrared spectroscopy (FTIR) 

Figure 4.35 (a), (b) and (c) shows the FTIR spectra of SrMoO4 nanocomposites synthesized 

using sol-gel method with reaction time of 04, 10 and 24 hours, respectively. The vibrations 

of SrMoO4 are categorized into two modes. The first internal mode specifies the vibration of 

[MoO4]
-2

 and second is lattice phonon mode indicates the Sr
+2

 cations [207]. 

 

(a) 

 

(b) 



Chapter No. 4  Results & Discussion  
 

  84 
 

 

(c) 

Figure 4.35  FTIR spectra of SrMoO4 nanocomposites synthesized using sol-gel method with reaction 

time of (a) 04 (b) 10 (c) 24 hours 

The FTIR spectrum in Figure 4.35 (a) reveals the strong peaks at 632[220] and 773 cm
-1

 of 

stretching vibration of Mo-O-Mo and Mo=O in MoO4 tetrahedron[251] in SMO5, SMO7 and 

SMO9  synthesized with reaction time of 04 hours. Peaks at 1681 and 3274 cm
-1

 is due to 

stretching and bending vibrations of H2O molecule[252].  

The peaks in the 400-900 cm
-1

in FTIR spectrum in Figure 4.35 (b) indicates the characteristic 

deformation modes of Sr-O, Mo-O, Mo-O-Mo bridges[253]. The strong peak at 698 &764 

cm
-1

 is due to stretching vibration of Mo-O[251].  The weak band at 507 cm
-1

 is due to 

bending vibrations of Mo-O[253]. The change in crystal structure is clear from the 

development of new peaks in the FTIR spectrum from SMO5 to SMO9 with reaction time of 

10 hours. The development of new peaks at 852 and 1064 cm
-1

 is due to oxygen bridging of 

Mo-O-Mo [220] and stretching vibration of Sr-O-Sr[254]. The new peak developed at 1432 

cm
-1

 is due to bending vibration of Mo-OH[255].  Peaks at 1667 and 3289 cm
-1

 is due to 

stretching and bending vibrations of H2O molecule[252].  

Peaks in the Figure 4.35 (c) shows the variety of peaks at 515, 544, 633, and 697 cm
-1

 due to 

vibrations of Sr-O, Mo-O-Mo and Mo-O[253] in SMO5, SMO7 and SMO9 with reaction 

time of 24 hours. The strong peak at 852 cm
-1

 is due to Mo-O-Mo bridging and the weak 

peak at 947 cm
-1

 contribute to the vibration Mo-O mode [220]. The peaks at 1064 and 1432 
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cm
-1

 contributed to the stretching vibration of Sr-O-Sr[254] and bending vibration of Mo-

O[255].  The peaks at 1770 [254]and 2357 cm
-1

 are due to the stretching and conjugated C-O 

peak due to the presence of CO2 in atmosphere[176, 256]. 

The fluctuation which is seen in only one sample of Figure 4.35 (c) is present in all samples 

of SrMoO4 synthesized with reaction time of 24 hours. This indicates that there is change 

crystal structure with change in reaction time. 

Table 4.14  Vibrational peak values of SrMoO4 

Sample Code Molar conc. Ratio 

(Mo:Sr) 

Peak value (cm
-1

) 

Reaction with 04 hours stirring 

SMO5 5:5 632, 773, 1681, 3274 

SMO7 3:7 632, 773, 1681, 3274 

SMO9 1:9 632, 773, 1681, 3274 

Reaction with 10 hours stirring 

SMO5 5:5 764, 1667,3289 

SMO7 3:7 764,1667, 3289 

SMO9 1:9 507,698,852, 1064, 1432 

Reaction with 24 hours stirring 

SMO5 5:5 697,852,947,1064, 1432, 1770 

SMO7 3:7 554,633, 697,852, 1064, 1432, 1770, 2357 

SMO9 1:9 515, 697, 852, 1064, 1432, 1770 

 

4.3.2. Raman analysis  

The spectral representation in Figure 4.36 (a) and (b) are of SMO5 and SMO7 respectively. 

Strontium molybdates spectra can be divided into two parts MoO4
-2

 also known as the 

internal part and Sr
+2

 known as the external part[257]. The spectra excited by 785 nm laser 

and clearly indicate the vibrations of internal (MoO4
-2

) and external (Sr
+2

). In the SrMoO4 

nanoparticles, Sr
+2

 ion behave as Lewis acid and MoO4
-2

 behave as Lewis base[258].  

Sr
+2              

 :MoO4
-2

 Eq. 4.30 

The lowest molecular orbital (LMO) of Sr
+2

 and highest molecular orbital (HMO) of MoO4
-2

 

interacted and form SrMoO4. The MoO4
-2

 has strong covalent bond of Mo-O and have weak 

bond with Sr
+2

. The associations of SrMoO4 can be indicated by 26 different degenerative 

vibrations in the group theory calculations with zero wavevector   ⃗⃗⃗⃗   ⃗  [259]. 

(Γ = 3Ag + 5Au + 5Bg + 3Bu + 5Eg+ 5 Eu) Eq. 4.31 
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For only Raman modes vibrations are reduced to  

(Γ = 3Ag + 5Bg + 5Eg) 

 
Eq. 4.32 

In the above equation non-degenerate mode is indicated by “A” & “B” and doubly degenerate 

mode is indicated by “E” The symbols “u” and “g” indicates the wave-function type rather it 

is u-ungerade (Odd) or g-gerade (even)[260].  

The tetrahedral geometry of SrMoO4 indicates internal modes, rotation and translation mode 

of vibrations which are further classified into 05 types of vibration 𝛎1 (symmetric stretching), 

𝛎2 (symmetric bending), 𝛎3 (asymmetric stretching), 𝛎4 (asymmetric bending) and 𝛎f.r (free-

rotation) vibrations. [261].   

  

 

Figure 4.36  Raman spectra of SrMoO4 nanocomposites synthesized using sol-gel method with 

reaction time of 24 hours and molar concentration ratio with respect to Mo:Sr (a) 5:5 (SMO5) (b) 3:7 

(SMO7) 

Figure 4.36 clearly divide the raman spectra of SrMoO4 into three groups. The first group is 

below 200 cm
-1

 where all the peaks 114, 147, 184 cm
-1

 are in free rotation mode, 

𝛎f.r(Ag)[253]. The second group indicates the interaction between Sr
+2

 cation and MoO4
-2

 

shows vibrations at 329 𝛎2 (Ag), 368, 384 𝛎4 (Bg), and 434 𝛎4 (Bg)[262]. The third group 
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clearly indicates the internal vibrations present in MoO4
-2

 indicated by peaks at 793 𝛎3 (Eg), 

843 𝛎3 (Bg), and 884 𝛎1 (Ag)[263, 264]. 

4.3.3. Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

spectroscopy 

Surface morphological changes and elemental composition in the SrMoO4 nanocomposites 

were investigated using scanning electron microscopy-energy dispersive X-ray spectroscopy.   

Table 4.15 %age of elements in SrMoO4 nanocomposites 

Sample code Molar conc. 

Ratio (Mo:Sr) 

Sr (%) Mo (%) O (%) 

Reaction with 04 hours stirring 

SMO5 5:5 31.692 31.451 28.884 

SMO7 3:7 30.459 28.336 37.306 

SMO9 1:9 40.52 22.05 37.43  

Reaction with 10 hours stirring 

SMO5 5:5 31.5 31.368 32.357 

SMO7 3:7 46.187 14.996 31.736 

SMO9 1:9 41.523 15.241 37.449 

Reaction with 24 hours stirring 

SMO5 5:5 43.494 6.087 42.681 

SMO7 3:7 45.911 4.7215 40.046 

SMO9 1:9 54.84816 1.316976 43.2805 

Theoretical % age 35.3909 38.7596 25.8495 

 

 Figure 4.37 demonstrates the morphological changes in SrMoO4 nanocomposites 

synthesized using sol-gel method with reaction time of 04 hours. Figure a-b indicates SMO5, 

shows sharp edges of and polyhedral structure of nanocomposites, Figure c-d indicates 

SMO7, shows rounded structure less sharp than SMO5. Figure e-f shows flake like structure 

of SMO9.       
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(a) (b) 

  

(c) (d) 

 

 

(e) (f) 

Figure 4.37  SEM image of SrMoO4 nanocomposites synthesized using sol-gel method with reaction 

time of 04 hours and  change in Mo to Sr precursor’s mole ratio of (a-b) 5:5-SMO5 (c-d) 3:7-SMO7 

(e-f) 1:9-SMO9. Inset contains EDX graph. 

Figure 4.38 demonstrates the morphological changes in SrMoO4 nanocomposites synthesized 

using sol-gel method with reaction time of 10 hours. Figure a-b indicates SMO5, shows clear 

rounded edges of and polyhedral structure of nanocomposites, Figure c-d indicates SMO7, 
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shows rounded structure less sharp than SMO5. Figure e-f shows rounded but agglomerated 

structure of SMO9. 

 

 

(a) (b) 

 

 

(c) (d) 

  

(e) (f) 

Figure 4.38  SEM image of SrMoO4 nanocomposites synthesized using sol-gel method with reaction 

time of 10 hours and change in Mo to Sr precursor’s mole ratio of (a-b) 5:5-SMO5 (c-d) 3:7-SMO7 

(e-f) 1:9-SMO9. Inset contains EDX graph. 
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Figure 4.39 demonstrates the morphological changes in SrMoO4 nanocomposites synthesized 

using sol-gel method with reaction time of 24 hours. SrMoO4 in Figure 4.39 are agglomerated 

but have cylindrical shape with boundary.  

 

 

(a) (b) 

  

(c) (d) 

 

 

(e) (f) 

Figure 4.39  SEM image of SrMoO4 nanocomposites synthesized using sol-gel method with reaction 

time of 10 hours  and change in Mo to Sr precursor’s mole ratio of (a-b) 5:5-SMO5 (c-d) 3:7-SMO7 

(e-f) 1:9-SMO9. Inset contains EDX graph. 
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The elemental analysis indicates that the concentration of elements Sr, Mo, O in SrMoO4 

nanocomposite. The theoretical % age is comparable to the SMO5 synthesized in reaction time 

of 04 hour other have variable concentration. It was observed that moving from SMO5 to 

SMO7, the concentration of Mo is decreasing as shown in Figure 4.40. 

 

Figure 4.40 %age of Mo with respect to change in concentration 

It is indicated in the Table 4.15 that the concentration of molybdenum is decreasing in the 

synthesized nanocomposites with change in concentration from SMO5 to SMO9 as well as 

with the reaction time.  

The change in concentration not only indicated in EDX but it is observed that in all 

synthesized nanoparticles as shown in Figure 4.37, 4.38 and 4.39 the  crystalline appearance 

and density  of nanoparticles decrease and edges become less sharper. Thus by decreasing the 

concentration of Molybdenum the crystal boundary became less sharp. 

4.3.4. Transmission electron microscopy (TEM) analysis  

Transmission electron microscopy (TEM) was used to analyse the average particle size of 

nanocomposites which is later compared with hydrodynamic diameter (DLS-PSA) and 

crystallite size in Table 4.23.   

Figure 4.41 shows TEM image of SMO7 synthesized with reaction time of 04 hours, clear 

spherical particles from the selected area indicate average particle size of 12.30 nm. 
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Figure 4.41  TEM image of SrMoO4 with 3:7 Mo to Sr precursor’s mole ratio (SMO7) and 

synthesized with reaction time of 04 hours 

 
 

Figure 4.42  TEM image of SrMoO4 with 3:7 Mo to Sr precursor’s mole ratio (SMO7) and 

synthesized time of 10 hours 
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The average particle size from selected area in Figure 4.42 is 18.59 nm. 

 

 

Figure 4.43  TEM image of SrMoO4 with 5:5 Mo to Sr precursor’s mole ratio (SMO5) and 

synthesized with reaction time of 24 hours  

Figure 4.43 shows TEM image of SMO5 synthesized with reaction time of 24 hours, clear 

particles from the selected area indicates average particle size of 14.02 nm. 



Chapter No. 4  Results & Discussion  
 

  94 
 

 
Figure 4.44  TEM image of SrMoO4 with 3:7 Mo to Sr precursor’s mole ratio (SMO7) and 

synthesized with reaction time of 24 hours  

The selected area in Figure 4.44 gives average particle size of 13.61 nm.

 
Figure 4.45  TEM image of SrMoO4 with 1:9 Mo to Sr precursor’s mole ratio (SMO9) and 

synthesized with reaction time of 24 hours  
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Figure 4.45 shows TEM image of SMO9 synthesized with reaction time of 24 hours, clear 

rod like particles from the selected area indicates average particle size of 30.19 nm.  

4.3.5. Powder X-ray diffraction (XRD) 

4.3.5.1.  Strontium molybdate nanocomposites (reaction time 04 hours) 

Figure 4.46 indicates a typical XRD pattern of SrMoO4 prepared with reaction time of 04 

hours and variable molar concentration (a) SMO5 (b) SMO7 and (c) SMO9. All the 

diffraction peaks with 2θ=28.137°, 30.270°, 33.713°, 38.790°, 45.691°, 48.190°, 51.920°, 

56.450°, 57.790°, 70.090° and  72.981° attributed to 112, 004, 200, 114, 204, 220, 116, 312, 

224, 400 and 216 crystal planes can be indexed as pure tetragonal scheelite structure with 

space group I41/a (space group no. 88) corresponds to the reported data (JCPDS: 00-008-

0482). No other impurities are present in the whole set.  

 

Figure 4.46  XRD pattern of SrMoO4 nanocomposites synthesized with reaction time of 04 hours and 

change in Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-SMO9 

Table 4.16 indicates XRD parameters of SrMoO4 nanocomposites synthesized with reaction time of 

04 hours, calculated using Scherer equation (Eq. 4.3), Williamson-Hall (Eq. 4.4), and other 

parameters strain (Eq. 4.20), dislocation density (Eq.4.21), and bond length (Eq. 4.22) were also 
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calculated using positional intensity. It is evident form the Table 4.16 that crystallite size of the 

SrMoO4 nanocomposites is smallest in SMO7, also have small bond length along with more strain 

and dislocation density. The best suitable condition for smallest crystallite size is of SMO7. 

Table 4.16  XRD parameters of SrMoO4 nanocomposites synthesized with reaction time of 04 hours  

Sample No. Crystallite size (nm) Strain Dislocation 

density  

Bond length (A⁰)  

Scherer W-H 

SMO5 6.33 23.96 0.44 0.02 1.48 

SMO7 2.01 18.96 0.76 0.24 1.40 

SMO9 5.08 19.76 0.50 0.03 1.54 

 

(a) 

 

(b) 

 

(c) 

Figure 4.47  Rietveld refine pattern using DICVOL software of SrMoO4 nanocomposites synthesized 

with reaction time of 04 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 

(c) 1:9-SMO9 
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(a) 

 

(b) 

 

(c) 

 Figure 4.48  Rietveld refine pattern using PROFEX software of SrMoO4 nanocomposites 

synthesized with reaction time of 04 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 

3:7-SMO7 (c) 1:9-SMO9 



Chapter No. 4  Results & Discussion  
 

  98 
 

Table 4.17  Peak profile analysis of cell parameters of SrMoO4 nanocomposites synthesized with 

reaction time of 04 hours 

Samples SMO5 SMO7 SMO9 

DICVOL REFINEMENT 

Rp (%) 71.9 64.3 62.6 

Rwp (%) 75.5 69.7 68.4 

Rexp (%) 32.4 18.7 19.6 

χ
2
 5.42 13.9 12.2 

c/a 4.7 1.57 4.73 

S 2.33 3.72 3.5 

N (10
7
) 0.39 0.04 0.11 

PROFEX 

Rwp (%) 49 60 60.1 

Rp (%) 40 51.7 51.3 

Rexp (%) 31 18.4 19.2 

χ
2
 2.5 10.7 9.84 

GOF 1.6 3.27 3.14 

RBragg (%) 0.3 0.1 0.2 

 

The refinement results of SrMoO4 nanocomposites synthesized with reaction time of 04 hours 

can be seen from Figure 4.47, and 4.48, of DICVOL-FULLPROF and PROFEX software, 

respectively along with the details mentioned in Table 4.17.   The details of profile fitting 

indicates that it correlates with the crystallite size mention in Table 4.16, lattice distortion 

value (c/a) and number of unit cells (N) correlates with crystallite size and indicates smallest 

crystallite size is of 2.01 nm in SMO7. The decrease in refinement values like Rp, Rwp, Rexp 

and χ
2
 also indicates better refinement results. A new refinement parameter (RBragg) is 

introduced in Table 4.17 which is derived from equation 4.30. 

  
∑ |      |
 
   

∑   
 
   

 
Eq. 4.33 

 Here, Ij is measured intensity of diffraction reflection and Ijc is computed intensity diffraction 

reflection.  

Figure 4.46 indicates that the SrMoO4 nanocomposites even with change in concentration 

from SMO5 to SMO9 have same crystal phase because of presence of compound with 

chemical formula SrO-MoO3 (JCPDS: 00-008-0482), the results are even co-relates with the 

EDX results present in Table 4.15.  Figure 4.49 (a-c) shows XRD pattern of SrMoO4 

nanocomposites synthesized with reaction time of 10 hours. In Figure 4.49, there is change in 

crystallite phase from tetragonal (JCPDS: 00-008:0482) with space group I41/a (space group 
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no. 88) to monoclinic (00-048-0678) with decrease in concentration of “Mo” and increase on 

concentration of “Sr” from sample SMO5 to SMO9.  

In Figure 4.49 (b-c) XRD pattern of SMO7 and SMO9 indicates the relative intensity 2θ= 

25.220°, 25.873°, 27.740°, 29.713°, 30.953°,33.260°, 35.190°, 36.645°, 38.180°, 41.630°, 

44.300°, 45.320°, 46.641°, 47.690°, 49.974°, 51.531°, and 55.095° which attributes to 002, 

121, 220, 310, 130, 221, 122, 202, 040, 104, 113, 312, 411, 430, 142, 150 and 242 crystal 

planes corresponds to monoclinic structure. In Figure 4.49 (a) XRD pattern of SMO5 

indicates the relative intensity 2θ=27.560°, 29.889°, 33,339°, 38.347°, 45.386°, 47.880°, 

51.813°, 56.240°, and 57.546° which attributes to  112, 004, 200, 114, 204, 220, 116, 312, 

and 224 crystal planes corresponds to tetragonal structure. The new strong peaks in Figure 

4.49 (b-c) are observed at 2θ=25.220°, and 25.873° shows the presence of monoclinic phase 

and peak at 57.546° indicates the presence of tetragonal structure too. Thus the Figure 4.49 

(b-c) containing both monoclinic and tetragonal crystal system. 

4.3.5.2.  Strontium molybdate (reaction time 10 hours) 

 
Figure 4.49  XRD pattern of SrMoO4 nanocomposites synthesized with reaction time of 10 hours and 

Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-SMO9 
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Table 4.18 indicates XRD parameters of SrMoO4 nanocomposites synthesized with reaction 

time of 10 hours, calculated using Scherer equation (Eq.4.3), Williamson-Hall (Eq. 4.4), and 

other parameters strain (4.20), dislocation density (Eq 4.21), and bond length (Eq. 4.22) were 

also calculated using positional intensity. It is evident form the Table 4.18 that crystallite size 

of the SrMoO4 nanocomposites is smallest in SMO7, also have small bond length along with 

more strain and dislocation density. The best suitable condition for smallest crystallite size is 

of SMO7 with reaction time of 10 hours. 

Table 4.18  XRD parameters of SrMoO4 nanocomposites synthesized with reaction time of 10 hours 

and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-SMO9 

Sample No. Crystallite size (nm) Strain Dislocation 

density  

Bond length (A⁰) 

Scherer W-H 

SMO5 5.39 70.19 0.33 0.03 1.72 

SMO7 4.24 40.83 0.36 0.05 1.70 

SMO9 6.88 112.75 0.31 0.02 1.91 
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(a) 

 

(b) 

 

(c) 

Figure 4.50  Rietveld refine pattern using DICVOL software of SrMoO4 nanocomposites synthesized 

with reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 

(c) 1:9-SMO9 
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(a) 

 

(b) 

 

(c) 

Figure 4.51  Rietveld refine pattern using PROFEX software of SrMoO4 nanocomposites synthesized 

with reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 

(c) 1:9-SMO9 



Chapter No. 4  Results & Discussion  
 

  103 
 

Table 4.19  Peak profile analysis of cell parameters of SrMoO4 nanocomposites synthesized with 

reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-

SMO9 

Samples SMO5 SMO7 SMO9 

DICVOL REFINEMENT 

Rp (%) 26.8 28.7 26.5 

Rwp (%) 34.7 35.3 32.5 

Rexp (%) 2.1 2.12 1.97 

χ
2
 274 276 272 

c/a 1.57 0.87 0.94 

S 16.5 16.6 16.5 

N (10
7
) 1.55 1.28 96.2 

PROFEX 

Rwp (%) 41.9 36 36.7 

Rp (%) 29.3 25.4 26.6 

Rexp (%) 2.34 2.24 2.12 

χ
2
 320 258 300 

GOF 17.9 16.1 17.3 

RBragg (%) 0.4 0.5 0.9 

The refinement results of SrMoO4 nanocomposites synthesized with reaction time of 10 hours 

can be seen from Figure 4.50, and 4.51, of DICVOL-FULLPROF and PROFEX software, 

respectively along with the details mentioned in Table 4.19.   The details of profile fitting 

indicates that it correlates with the crystallite size mention in Table 4.18, lattice distortion 

value (c/a) and number of unit cells (N) correlates with crystallite size and indicates smallest 

crystallite size that is 4.24 nm is of SMO7. The decrease in refinement values like Rp, Rwp, 

Rexp, RBragg and χ
2
 also indicates better refinement results.  

Figure 4.49 indicates that the SrMoO4 nanocomposites with change in concentration from 

SMO5 to SMO9 experienced a change in crystal phase from tetragonal to monoclinic, SMO5 

have main tetragonal phase (JCPDS: 00-008-0482), SMO7 and SMO9 have monoclinic phase 

because of change in chemical composition from SrO-MoO3 to SrMo5O8 (JCPDS: 00-048-

0678). The change in chemical composition is due to change in concentration of “Mo”, the 

results are even co-relates with the EDX results present in Table 4.15.  

In Figure 4.52 (a-c) XRD pattern of SrMoO4 nanocomposites synthesized with reaction time 

of 24 hours. In Figure 4.52, there is sharp peak of monoclinic crystalline phase (JCPDS: 00-

048-0678) but 02 peaks with the intensity 2θ=56.152° and 57.320° attributed to 312 and 224 

crystal planes of tetragonal (JCPDS: 00-008-0482) with space group I41/a (space group no. 

88). 
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In Figure 4.52 (a-c) XRD pattern of indicates the relative intensity 2θ= 25.199°, 26.150°, 

27.707°, 29.641°, 30.948°, 33.246°, 35.270°, 36.740°, 38.112°, 41.630°, 44.151°, 45.890°, 

46.610°, 47.780°, 49.942°, 51.463°, and 55.059° which attributes to 002, 121, 220, 310, 130, 

221, 122, 202, 040, 104, 113, 312, 411, 430, 142, 150 and 242 crystal planes corresponds to 

monoclinic structure. In the Figure 4.52, it is clear that the major portion of SrMoO4 

nanocomposites synthesized with reaction time of 24 hours have monoclinic crystal phase but 

have some tetragonal crystal phase too.  

Table 4.20 indicates XRD parameters of SrMoO4 nanocomposites synthesized with reaction 

time of 24 hours, calculated using Scherer equation (Eq. 4.3), Williamson-Hall (Eq. 4.4), and 

other parameters strain (4.20), dislocation density (Eq. 4.21), and bond length (Eq. 4.22) were 

also calculated using positional intensity. It is evident form Table 4.20 that crystallite size of 

the SrMoO4 nanocomposites is smallest in SMO7, also have small bond length along with 

more strain and dislocation density. The best suitable condition for smallest crystallite size is 

of SMO7 with reaction time of 24 hours. 

4.3.5.3.  Strontium molybdate (reaction time 24 hours) 

 
Figure 4.52  XRD pattern of SrMoO4 nanocomposites synthesized with reaction time of 24 hours and 

Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-SMO9 
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Table 4.20  XRD parameters of SrMoO4 nanocomposites synthesized with reaction time of 24 hours 

and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-SMO9 

Sample 

No. 

Crystallite size (nm) Strain Dislocation 

density  

Bond Length 

(A⁰)  Scherer W-H 

SMO5 6.03 46.33 0.36 0.02 1.84 

SMO7 5.81 41.28 0.38 0.03 1.83 

SMO9 6.88 112.7 0.31 0.02 1.91 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.53  Rietveld refine pattern using DICVOL software of SrMoO4 nanocomposites synthesized 

with reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 

(c) 1:9-SMO9 
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(a) 

 

(b) 

 

(c) 

Figure 4. 54  Rietveld refine pattern using PROFEX software of SrMoO4 nanocomposites 

synthesized with reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 

3:7-SMO7 (c) 1:9-SMO9 
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Table 4.21  Peak profile analysis of cell parameters of SrMoO4 nanocomposites synthesized with 

reaction time of 10 hours and Mo to Sr precursor’s mole ratio of (a) 5:5-SMO5 (b) 3:7-SMO7 (c) 1:9-

SMO9 

Samples SMO5 SMO7 SMO9 

DICVOL REFINEMENT 

Rp (%) 95.4 82.8 26.5 

Rwp (%) 130 96 32.5 

Rexp (%) 4.63 3.95 1.97 

χ
2
 790 590 272 

c/a 0.98 0.71 0.87 

S 28.1 24.3 16.5 

N (10
7
) 4.08 1.33 96.2 

PROFEX 

Rwp (%) 33.3 31 36.7 

Rp (%) 24 22.1 26.6 

Rexp (%) 2.16 2.2 2.12 

χ
2
 238 199 300 

GOF 15.5 14.1 17.3 

RBragg (%) 0.3 0.7 0.9 

The refinement results of SrMoO4 nanocomposites synthesized with reaction time of 24 hours 

can be seen from Figure 4.53, and 4.54, of DICVOL-FULLPROF and PROFEX software, 

respectively along with the details mentioned in Table 4.21.   The details of profile fitting 

indicates that it correlates with the crystallite size mention in Table 4.20, lattice distortion 

value (c/a) and number of unit cells (N) correlates with crystallite size and indicates smallest 

crystallite size that is 4.24 nm is of SMO7. The decrease in refinement values like Rp, Rwp, 

Rexp, RBragg and χ
2
 also indicates better refinement results.  

Figure 4.52 indicates that the SrMoO4 nanocomposites with change in concentration from 

SMO5 to SMO9 the crystal phase remains same, monoclinic phase with chemical 

composition of SrMo5O8 (JCPDS: 00-048-0678) but a little bit of tetragonal phase (JCPDS: 

00-008-0482) is still present. The change may be due to very small concentration of “Mo” as 

indicated by EDX Table 4.15. 

It is also observed that with increase in reaction time profile fitting results improves and we 

get smaller values with change in “Mo” concentration, also crystal phase change confirms the 

most stable structure for SrMoO4 is monoclinic as reported in literature previously too [265]. 
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4.3.6. Dynamic laser scattering-particle size analyser (DLS-PSA) 

Dynamic laser scattering-particle size analyser (DLS-PSA) involving light scattering 

principle was used to determine hydrodynamic diameter (particle size). The particle size was 

observed in two ways 1) during reaction 2) after completion of reaction.  

The change in formation of SrMoO4 with respect to change in time, particle size and surface 

area is shown in Figure 4.55 and Table 4.22. The data from DLS-PSA were also collected 

after completion of reaction from SMO5 to SMO9 as indicated in Table 4.23 for reaction 

time of 04, 10 and 24 hours. It is observed that after particle size (hydrodynamic diameter) is 

decreasing with time and surface area is increasing also after formation of nanoparticles the 

particle size decreases.   

Table 4.22  Relationship of time with respect to hydrodynamic diameter, SSA and PDI during 

reaction 

Reaction Time 

(min
-1

) 

Hydrodynamic 

diameter (nm) 

SSA 

(m
2
/g) 

PDI 

0 386 5.17 0.07 

60 367 5.43 0.16 

120 325 6.13 0.19 

180 315 6.34 0.19 

240 240 8.3 0.37 

300 169 11.81 0.22 

600 92 21.7 0.03 

1440 54.3 36.8 0.03 

 

Figure 4.55 Relationship of time with respect to (a) hydrodynamic diameter and (b) specific surface 

area during reaction of SrMoO4nanocomposites with Mo to Sr precursor’s mole ratio of  5:5-SMO5  
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4.3.7. Optical Properties  

4.3.7.1.   Band gap energy  

Figure 4.56 (a), (b) and (c) specifies the band gap of SrMoO4 nanocomposites synthesized 

using sol-gel method with reaction time of 04, 10 and 24 hours having change in 

concentration in each set from SMO5 to SMO9 (a to c). The Wood-Tauc relation (Eq. 4.6) 

was used to calculate the energy gap and blue shifting due to Bohr radius effect is (Table 

4.23) observed as compared to the reported SrMoO4 nanocomposites[203, 204]. Table 4.23 

indicates that SMO7 in all the reaction sets have smallest particle size and band gap.  

 

 

(a) 

 

(b) 
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(c) 

Figure 4.56  Tauc plot for SrMoO4 nanocomposites synthesized using sol-gel method with reaction 

time of (a) 04 (b) 10 (c) 24 hours. 

4.3.7.2.   Extinction coefficient (K)  

Figure 4.57 indicates the spectra of extinction coefficient (K) with wavelength and band gap 

(inset) of SrMoO4 nanocomposites. It is clear that the rise in shoulder curve in the range 200-

350 nm with respect to wavelength and 4.7 eV with respect to band gap is observed. SMO7 

nanocomposite having smaller crystallite and particle size and smaller band gap as compared 

to other samples showed more scattering.  

 

(a) 
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(b) 

 

(c) 

Figure 4.57  Extinction coefficient as a function of wavelength for SrMoO4 nanocomposites 

synthesized using sol-gel method with reaction time of (a) 04 (b) 10 (b) 24 hours. The inset shows 

their respective relationship between the extinction coefficient and photon energy 

4.3.7.3.   Refractive index (n)  

Figure 4.58 shows the relationship of refractive index with wavelength and band gap 

calculated using equation 4.11. The refractive index is important optical property and its 

calculated value is mentioned in Table 4.23, SMO5 shows maximum value which is way 

higher than the reported value (1.90-1.92)[266].  
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(a) 

 

(b) 

 

(c) 

Figure 4.58  Refractive Index as a function of wavelength for SrMoO4 nanocomposites synthesized 

using sol-gel method with reaction time of (a) 04 (b) 10 (b) 24 hours. The inset shows their respective 

relationship between the refractive index and photon energy 
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4.3.7.4.   Optical conductivity (ρ)  

Optical conductivity is important property calculated using equation 4.12 and values can be 

seen in Table 4.23, it is clear from the Table 4.23 that decrease in band gap cause increase in 

optical conductivity[267].   

 

(a) 

 

(b) 
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(c) 

Figure 4.59  Optical Conductivity as a function of wavelength for SrMoO4 nanocomposites 

synthesized using sol-gel method with reaction time of (a) 04 (b) 10 (b) 24 hours. The inset shows 

their respective relationship between the optical conductivity index and photon energy 

4.3.7.5.   Optical dielectric function 

Figure 4.60 indicates the relationship of real and imaginary dielectric constant with 

frequency, calculated using equation 4.13 and 4.14. SMO7 shows the maximum dielectric 

values [268].  

 

(a) 
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(b) 

 

(c) 

Figure 4.60  Real part of the dielectric constant as a function of frequency for SrMoO4 

nanocomposites synthesized using sol-gel method with reaction time of (a) 04 (b) 10 (b) 24 hours. 

The inset shows their respective relationship between the imaginary dielectric constant and frequency 

4.3.7.6.   Urbach energy (EU) 

Figure 4.61 (a), (b) and (c) indicate the linear fitting values of graph between band gap and 

EU using equation 4.15. The linear fitting values is used to calculate the steepness (ζ) and 

“electron-phonon (Ee-p) strength”, Table 4.23  shows that increases in band gap decrease the 

“Ee-p” values[243, 247].      
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(a) 

 

(b) 

 

(c) 

Figure 4.61  Relationship between bandgap energy (Eg) and the width of Urbach tail (EU) of SrMoO4 

nanocomposites s synthesized using sol-gel method with reaction time of (a) 04 (b) 10 (b) 24 hours. 
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Table 4.23  Relationship of optical and structural properties of strontium molybdate (SrMoO4) 

nanocomposites with change in precursor concentration and time  

Sample Precursor 

conc. 

(Mo:Sr)  

Crystallite 

Size (nm)  

Eg 

(eV) 

PS  

(nm) 

SSA  

(m
2
/g) 

PDI TEM 

(nm) 

EU 

(eV) 

RI  σ 

(10
-5

) 

Ee-p 

 (10
-5

) 

Reaction with 04 hours stirring 

SMO5 5:5 6.33 4.79 79.8 29.89 0.26  0.29 2.8 2.73 1.82 

SMO7 3:7 2.01 4.64 27.1 79.08 0.10 12.30 0.50 5.22 4.66 3.11 

SMO9 1:9 5.08 4.77 37.8 53.57 0.04  0.30 2.22 2.8 1.87 

Reaction with 10 hours stirring 

SMO5 5:5 5.39 4.79 41 39.8 0.14  0.25 12.63 2.34 1.56 

SMO7 3:7 4.24 4.76 36.6 55.41 0.04 18.59 0.41 2.02 3.82 2.55 

SMO9 1:9 6.88 4.77 59 34.43 0.02  0.29 0.62 2.73 1.82 

Reaction with 24 hours stirring 

SMO5 5:5 6.03 4.87 48.6 41.56 0.03 14.02 1.18 3.86 10.8 7.2 

SMO7 3:7 5.81 4.68 38 61.97 0.21 13.61 1.37 1.60 12.6 8.39 

SMO9 1:9 6.88 4.92 59 34.43 0.02 30.19 0.31 0.74 2.86 1.91 
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4.4.  Lanthanides doped strontium molybdate (Ln-SrMoO4) 

nanocomposites  

4.4.1. Fourier transform infrared spectroscopy (FTIR) 

Figure 4.62 indicates the spectrum of SrMoO4 synthesized using sol-gel method with reaction 

time of 10 hours (SMO7-10 hr) and gadolinium doped SrMoO4. In Figure 4.62 (a) the strong 

peak at 764 cm
-1

 denotes the presence of stretching vibration of Mo-O[251] and the peaks at 

1667 and 3284 cm
-1

 is due to stretching and bending vibrations of H2O molecule[252].  The 

peak at  2359 cm
-1

 are due to the stretching and conjugated C-O peak due to the presence of 

CO2 in atmosphere[176, 256]. 

 
Figure 4.62  FTIR spectra of (a) strontium molybdate (b) gadolinium doped strontium molybdate 

In the Figure 4.62 (b) peaks are of same vibrations but the values shifted because of doping of 

gadolinium on SrMoO4. The peak of Mo-O present at 764 cm
-1

 in SrMoO4 is shifted to 791 

cm
-1

 and weak peak at 973, 1442 and 2975 cm-1 appears  due to vibration mode of Mo-O 

[220, 255], and O-H[269]. 
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Figure 4.63  FTIR spectra of (a) strontium molybdate (b) lanthanum doped strontium molybdate 

Figure 4.63 indicates the spectrum of SrMoO4 synthesized using sol-gel method with reaction 

time of 10 hours (SMO7-10 hr) and lanthanum doped SrMoO4. In Figure 4.63 (a) the strong 

peak at 764 cm
-1

 denotes the presence of stretching vibration of Mo-O[251] and the peak at 

3284 cm
-1

 is due to stretching and bending vibrations of H2O molecule[252]. The peak at  

2357 cm
-1

 is due to the stretching and conjugated C-O peak due to the presence of CO2 in 

atmosphere[176, 256]. 

In the Figure 4.63 (b) the peaks are of same vibrations but the values shifted because of 

doping of lanthanum on SrMoO4. The peak of Mo-O present at 764 cm
-1

 in SrMoO4 is shifted 

to 668 cm
-1

 and new peaks at 1356 and 1447 cm
-1

  appears  due to bending vibration C-O 

peak due to the presence of CO2 in atmosphere [269] and vibration of Mo-O [220, 255]. 

Table 4.24  Vibrational peak values of SrMoO4 and Ln-SrMoO4 

Sample 

Code 

Peak value (cm
-1

) 

SrMoO4 764,1667, 2359, 3284 

Gd/SrMoO4 791, 973, 1442, 2975 

La/SrMoO4 668, 1356, 1447 

4.4.2. Raman analysis  

 Raman spectra of gadolinium doped SrMoO4 as shown in Figure 4.64 (a) clearly divides into 

three groups. First group is below 200 cm
-1

 where peak at 184 cm
-1

 are in free rotation mode, 
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𝛎f.r(Ag)[253]. Second group indicates the interaction between Sr
+2

 cation and MoO4
-2

 shows 

vibrations at 329 𝛎2 (Ag), 368, 384 𝛎4 (Bg), and 434 cm
-1

 𝛎4 (Bg)[262]. Third group clearly 

indicates the internal vibrations present in MoO4
-2

 indicated by peaks at 793 𝛎3 (Eg), 843 𝛎3 

(Bg), and 884 cm
-1

 𝛎1 (Ag)[263, 264]. The peak of 434 𝛎4 (Bg) is shifted to 417 cm
-1 𝛎4 (Bg) 

due to doping of gadolinium thus the doping effect clearly indicated by raman analysis.  

 
(a) 

 
(b) 

Figure 4.64  Raman Spectra of strontium molybdate with (a) Gd (b) La 
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Raman spectra of lanthanum doped SrMoO4 as shown in Figure 4.64 (b) clearly divides into 

three groups. First group is below 200 cm
-1

 where peak at 184 cm
-1

 are in free rotation mode, 

𝛎f.r(Ag)[253]. Second group indicates the interaction between Sr
+2

 cation and MoO4
-2

 shows 

vibrations at 329 𝛎2 (Ag), 368, 384 𝛎4 (Bg), and 434 cm
-1

 𝛎4 (Bg)[262]. Third group clearly 

indicates the internal vibrations present in MoO4
-2

 indicated by peaks at 793 𝛎3 (Eg), 843 𝛎3 

(Bg), and 884 cm
-1

 𝛎1 (Ag)[263, 264]. The peak of 434 𝛎4 (Bg) is shifted to 417 cm
-1 𝛎4 (Bg) 

due to doping of lanthanum thus the doping effect clearly indicated by raman analysis.  

4.4.3. Scanning electron microscopy-energy dispersive X-ray (SEM-EDX) 

spectroscopy 

Surface morphological changes and elemental composition in the lanthanides doped SrMoO4 

nanocomposites were investigated using scanning electron microscopy-energy dispersive X-

ray spectroscopy.   

Table 4.25  %age of elements 

Sample Code Sr Mo O Gd La 

Gd/SrMoO4 18.46127 15.61028 29.43716 35.7744  

Theoretical % age 21.643 23.7 15.80 38.843   

La/SrMoO4 15.407 9.3822 29.741  44.348 

Theoretical % age 22.67 24.82 16.55  35.94 
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(a) 

 
(b) 

Figure 4.65  (a) and (b) SEM image of gadolinium doped SrMoO4 nanocomposites Inset contains 

EDX graph. 

Figure 4.65 indicates the morphology of gadolinium doped SrMoO4 nanocomposites. It is 

clear from the SEM images that it has amorphous appearance. The fine structure of SrMoO4 

(SMO7-10hr) nanocomposites is completely covered with the amorphous gadolinium. 

Gadolinium presence is justified with the EDX analysis which indicates the experimental 

%age of elements in Gd doped SrMoO4, 35.7744 % (Gadolinium), 29.24371 % (Oxygen), 

15.61028 % (Molybdenum) and 18.46127 % (Strontium) which is close to the theoretical 
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%age of elements, 35.94 % (Gadolinium), 15.80 % (Oxygen), 23.7 % (Mo) and 21.643 % 

(Strontium). 

Figure 4.66 indicates the morphology of lanthanum doped SrMoO4 nanocomposites. It is 

clear from the SEM images that it has rod-like-appearance, a little flake-like structure too. 

Presence of lanthanum is justified with the EDX analysis which indicates the experimental 

%age of elements in La doped SrMoO4, 44.348 % (Lanthanum), 29.741 % (Oxygen), 9.3822 

% (Molybdenum) and 15.407 % (Strontium) which is close to the theoretical %age of 

elements, 38.843 % (Gadolinium), 16.55 % (Oxygen), 24.82 % (Mo) and 22.67 % 

(Strontium). 
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(a) 

 

(b) 

Figure 4.66  (a) and (b) SEM image of lanthanum doped SrMoO4 nanoparticles. Inset contains EDX 

graph  
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4.4.4. Transmission electron microscopy (TEM) analysis  

Transmission electron microscopy (TEM) was used to analyse the average particle of 

nanocomposites which is later compared with hydrodynamic diameter (DLS-PSA) and 

crystallite size in Table 4.28.   

 
 

Figure 4.67  TEM image of gadolinium doped SrMoO4 nanocomposites 

 TEM image in Figure 4.67 clearly indicate the suspended nanoparticles in methanol, which 

have sharp boundaries and have average particle size of 16.38 nm. 



Chapter No. 4  Results & Discussion  
 

  126 
 

 
 

Figure 4.68  TEM image of lanthanum doped SrMoO4 nanocomposites 

TEM image in Figure 4.687 indicates lanthanum doped SrMoO4 nanocomposites having dark 

and light colour particles; more agglomerated indicates average particle size of 41.66 nm. 

4.4.5. Powder X-ray diffraction (XRD) 

Figure 4.69 shows XRD pattern of (a) SrMoO4 and (b) gadolinium doped SrMoO4 

nanocomposites, it is evident from the Figure 4.68 that there is polycrystalline appearance 

with the crystal phase of monoclinic (JCPDS: 00-048-0678), tetragonal (JCPDS: 00-008-

0482) as the case of strontium molybdate and also tetragonal (JCPDS: 00-019-0475) for 

gadolinium doped nanocomposites. 
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Figure 4.69  XRD pattern of (a) strontium molybdate (b) Gd doped SrMoO4 nanocomposites 

In Figure 4.69 (a) XRD pattern indicates the relative intensity 2θ= 25.220°, 25.873°, 27.740°, 

29.713°, 30.953°,33.260°, 35.190°, 36.645°, 38.180°, 41.630°, 44.300°, 45.320°, 46.641°, 

47.690°, 49.974°, 51.531°, and 55.095° which attributes to 002, 121, 220, 310, 130, 221, 122, 

202, 040, 104, 113, 312, 411, 430, 142, 150 and 242 crystal planes corresponds to monoclinic 

structure (JCPDS: 00-048-0678) along with that 02 peaks with the intensity 2θ=56.152° and 

57.320° attributed to 312 and 224 crystal planes of tetragonal (JCPDS: 00-008-0482) with 

space group I41/a (space group no. 88) are also present. 

In Figure 4.69 (b) XRD pattern indicates the relative intensity 2θ= 25.176°, 25.838°, 27.710°, 

29.691°, 32.930°,  and 45.142°, attributed to the 003, 201, 210, 202, 004, and 303 crystal 

planes of tetragonal (JCPDS: 00-019-0475), remaining peaks in Figure 4.69 (b) 2θ=   

38.043°, 47.667° and 51.463° attributed to 040, 430 and 150 crystal planes of monoclinic 

(JCPDS: 00-048-0678) along with that 02 peaks with the intensity 2θ=56.019° and 57.153° 

attributed to 312 and 224 crystal planes of tetragonal (JCPDS: 00-008-0482) with space 

group I41/a (space group no. 88).  
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It is observed that gadolinium (Gd
+3

) interacts with SrMoO4 and rather than doping try to 

replace Sr
+2

 ion which is indicated by the formation Gd2Mo3O12 or (Gd2 (MoO4)2) indicated 

in JCPDS: 00-019-0475.  

Figure 4.70 shows XRD pattern of (a) SrMoO4 and (b) lanthanum doped SrMoO4 

nanocomposites, it is evident from the Figure 4.70 that there is polycrystalline appearance 

with the crystal phase of monoclinic (JCPDS: 00-048-0678), tetragonal (JCPDS: 00-008-

0482) as the case of SrMoO4 (SMO7) and also monoclinic (JCPDS: 01-089-4711) and cubic 

(JCPDS: 00-002-0607) for lanthanum doped nanocomposites. 

In Figure 4.70 (b) XRD pattern indicates the relative intensity 2θ= 22.910°, 25.200°, 25.850°, 

38.093°, 56.062° and 57.260°, attributed to the 120, 200, 121, 300, 340 and 411 crystal 

planes of monoclinic (JCPDS: 01-089-4711), along with relative intensity 2θ= 27.710°, 

29.704°, 33.233°,45.170°, 47.724°, and 51.560°, attributed to 220, 310, 221, 312, 430, and 

150 crystal planes of monoclinic (JCPDS: 00-048-0678). 

It is observed that additional overlapping of peaks are observed on relative intensity 29.704°, 

33.233°, and 47.724°, attributed to 111, 200, and 220 crystal planes of cubic (JCPDS: 00-

002-0607) with space group Fm
-3

m (space group no. 225). 

In the case scenario of lanthanum doped SrMoO4, it is observed that “La” is present as 

indicated by JCPDS: 00-002-0607 on SrMoO4 but along with that peak of composite 

“La0.889Mo5O8Sr0.111” is also found as confirmed by JCPDS: 01-089-4711. 
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Figure 4.70  XRD pattern of (a) strontium molybdate (b) La doped SrMoO4 nanocomposites 

Table 4.26  XRD parameters of SrMoO4, La and Gd doped SrMoO4 nanocomposites 

Sample No. Crystallite size (nm) Strain Dislocation 

density  

Bond length (A⁰)  

Scherer W-H 

SrMoO4 4.24 40.83 0.36 0.05 1.70 

Gd/SrMoO4 2.63 4.75 0.48 0.14 1.53 

La/SrMoO4 6.36 58.84 0.33 0.02 2.06 

Table 4.26 indicates the XRD parameters of SMO7-10hours along with Lanthanum and 

Gadolinium doped nanocomposites, calculated using Scherer (Eq. 4.3) and Williamson-Hall 

equations (Eq. 4.4). The other parameters like strain (Eq. 4.20), dislocation density (Eq. 4.21) 

and bond length (Eq. 4.22) were also calculated using relative positional intensity. It is clear 

that by doping gadolinium and lanthanum on strontium molybdate (SMO7), different effect is 

observed. Gadolinium doping cause decrease in crystallite size, increase in strain, dislocation 
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density and bond length, due to replacement of Sr
+2

-ion with Gd
+3

-ion  and formation of 

Gd2Mo3O12 or (Gd2 (MoO4)2) as indicated by JCPDS: 00-019-0475. Lanthanum doping 

increases crystallite size, decreases strain, dislocation density and bond length, due to 

formation of nanocomposite “La0.889Mo5O8Sr0.111” which is also found as confirmed by 

JCPDS: 01-089-4711. 

 
(a) 

 
(b) 

Figure 4.71  Rietveld refine pattern using DICVOL software (a) Gd doped (b) La doped SrMoO4 

nanocomposites 
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(a) 

 
(b) 

Figure 4.72  Rietveld refine pattern using PROFEX software (a) Gd doped (b) La doped SrMoO4 

nanocomposites 
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Table 4.27  Peak profile analysis of cell parameters of SrMoO4, La and Gd doped SrMoO4 

Samples SrMoO4 Gd/SrMoO4 La/SrMoO4 

DICVOL REFINEMENT 

Rp (%) 28.7 16.9 78.1 

Rwp (%) 35.3 22.6 87.9 

Rexp (%) 2.12 1.82 4.13 

χ
2
 276 154 454 

c/a 0.87 0.73 0.97 

S 16.6 12.4 21.3 

N (10
7
) 1.28 0 7.45 

PROFEX 

Rwp (%) 36 25.3 33.8 

Rp (%) 25.4 15.8 23.5 

Rexp (%) 2.24 1.91 2.3 

χ
2
 258 175 216 

GOF 16.1 13.2 14.7 

RBragg (%) 0.5 0.5 0.4 

 

Figure 4.71 and 4.72 indicates the rietveld refinement results of gadolinium and lanthanum 

doped nanocomposites and their comparison with SrMoO4 is indicated in Table 4.27.  It is 

clear from the Table that all the refinement parameters Rp, Rwp, Rexp, RBragg and χ2 

correlates with the crystallite size indicated in Table 4.26. All the refinement results decrease 

with crystallite size thus indicates better refinement.  

4.4.6. Dynamic laser scattering-particle size analyser (DLS-PSA)  

The particle size was also measured by using dynamic laser scattering-particle size analyser 

(DLS-PSA) involving light scattering principle. The particle size was calculated after 

completion of reaction as in hydrothermal synthesis it is not possible to do it. The final result 

for the gadolinium and lanthanum doped SrMoO4 is mentioned in Table 4.28. 

 The relationship given in the Table 4.28 correlates with the crystallite size calculated in XRD 

and particle size observed in TEM analysis. 

4.4.7. Optical properties  

4.4.7.1.   Band gap energy 

Equation 4.6 (Wood and Tauc relation) is used to calculate the band gap of gadolinium and 

lanthanum doped SrMoO4 nanocomposites. Figure 4.73 indicates that gadolinium doping 

shifted the band gap of SMO7 to 3.49 and lanthanum doping shifted to 3.90 eV.  
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(a) 

 
(b) 

Figure 4.73  Tauc plot for (a) gadolinium (b) lanthanum doped SrMoO4 nanocomposites. 

4.4.7.2.   Extinction coefficient (K), refractive index (n) and optical conductivity (ρ)  

Figure 4.74 indicates the relationship of extinction coefficient (K), refractive index (n) and 

optical conductivity with wavelength and band gap (inset) of gadolinium doped (Figure 4.74 

(a)) and lanthanum doped (Figure 4.74 (b)) SrMoO4 nanocomposites calculated using 
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equation 4.10, 4.11 and 4.12, respectively. The values of refractive index are indicated in 

Table 4.28 and decrease in value refractive index as compared to the parent compound SMO7 

is observed.  

 
(a) 

 
(b) 

Figure 4.74  Extinction coefficient, refractive index and optical conductivity as a function of 

wavelength for (a) gadolinium (b) lanthanum doped SrMoO4 nanocomposites. The inset shows their 

respective relationship between the extinction coefficient, refractive index and optical conductivity 

index and photon energy 

4.4.7.3.   Optical dielectric function 

The change in dielectric values is the response of the material to the electric functioning, 

Figure 4.75 indicates the real and imaginary dielectric constant values of (a) gadolinium and 

(b) lanthanum doped SrMoO4 nanocomposites calculated using equation 4.13 and 4.14. 
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(a) 

 
(b) 

Figure 4.75  Real and Imaginary part of the dielectric constant as a function of frequency for (a) 

gadolinium (b) lanthanum doped SrMoO4 nanocomposites 

4.4.7.4.   Urbach energy (EU) 

Figure 4.76 indicates the relationship between optical band gap and Urbach energy calculated 

using equation 4.15, the linear fitting value is also give in the graph which is used to calculate 

the steepness (ζ) and electron-phonon (Ee-p) value.  
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Figure 4.76  Relationship between bandgap energy (Eg) and the width of Urbach tail (EU) of 

lanthanides doped SrMoO4 nanocomposites 

Table 4.28  Relationship of optical and structural properties of strontium molybdate (SMO7) and 

lanthanides (La & Gd) doped strontium molybdate (Ln/SrMoO4) nanocomposites 

Sample Crystallite 

Size (nm)  

Eg 

(eV) 

PS  

(nm) 

SSA  

(m
2
/g) 

PDI TEM 

(nm) 

EU 

(eV) 

RI  σ 

(10
-5

) 

Ee-p 

 (10
-5

) 

SrMoO4 4.24 4.76 36.6 55.41 0.042 18.59 0.41 2.02 3.82 2.55 

Gd/SrMoO4 2.63 3.49 5.72 351.2 0.016 16.38 4.13 0.67 37.8 25.2 

La/SrMoO4 6.36 3.90 32.6 75.34 0.257 41.66 2.89 0.62 26.5 17.7 

It is clear from the Table 4.28 that crystallite size decreases by doping of gadolinium and 

increase by doping of lanthanum and the relation is like-wise with band gap, Urbach energy, 

RI and steepness and electron-phonon values. 

  



Chapter No. 4  Results & Discussion  
 

  137 
 

4.5. Computational Analysis 

4.5.1. ADF-BAND 

ADF-BAND is the software under SCM which operates using the Density Functional theory 

in the Kohn-Sham approach. It has same basic algorithms as ADF but with particular 

differences of atomic and molecular orbitals. The BAND was used to calculate the band gap 

of MoO3 nanoparticles with respect to the crystal symmetry and the variations possible in the 

ADF-BAND software.  

The variation was done to study the best possible situation for finding the parameters of 

MoO3 nanoparticles closely related to the experimental one, for this purpose the variation is 

done by changing the basis set (SZ, DZ, DZP, TZP, TZ2P and QZAP), Hubbard value 

variation (0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1.0,1.3,1.5,2.0,2.3 and 2.5), XC-functional 

variation (LDA, GGA (GGA-BLYP, GGA-OLYP, GGA-OPBE, GGA-PBEsol, GGA-PW91, 

GGA-revPBE, GGA-RPBE, GGA-BP, GGA-GAM, GGA-HTBS, GGA-mPW, GGA-mPBE, 

GGA-N12), GGA-D (GGA-BLYP-D, GGA-BP86-D, GGA-PBE-D, GGA-BLYP-D3, GGA-

BP86-D, GGA-PBE-D3, GGA-PBEsol-D3, GGA-revPBE-D3, GGA-RPBE-D3, GGA-S12g-

D3, GGA-BLYP-D3-BJ, GGA-BP-D3-BJ, GGA-PBE-D3-BJ, GGA-PBEsol-D3-BJ, GGA-

revPBE-D3-BJ, GGA-PW91-duff and GGA-PBE-duff), XC-meta functional variation 

(MetaGGA-TPSS-D3BJ, MetaGGA-TPSS-D3, MetaGGA-TPSS, MetaGGA-SCAN, 

MetaGGA-revTPSS, MetaGGA-MVS, MetaGGA-M06L and MetaGGA-MN15L), and 

Model functional variation (Model-LB94, Model-TB-mBJ, Model-KTB-mBJ, and Model-

JTS-mTB-mBJ). 

The first step was to select a suitable basis set and with the basis set variations TZ2P was 

considered as the best basis set and after that other variations were done keeping it constant. 

In case of U-potential of Hubbard 0.5 shows the best result which then kept constant and next 

variations was done keeping these both parameters constant. The result is given in Table 4.29 

and 4.30. The values of other parameters were observed in the similar manner and the 

theoretical and experimental band gap’s comparison was made. The best results were given 

by the basis set TZ2P having 0.5 Hubbard potential values with the XC-model functional 

(Model-TB-mBJ) given in Table 4.31. 
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Table 4.29 Effect of basis set on different properties of MoO3 nanoparticles calcine at 250 °C for with 

reaction time of 10 hours with cubic crystallite phase  

Basis Set Variation 

Basis Set Band Gap (EV) Fermi Energy 

(EV) 

Energy of 

Formation 

(KCAL/MOL) 

EM 

0.001 0.002 

SZ 0.8 -6.7 -538.7 0.22 0.46 

DZ 1.3 -6.94 -623 0.3 0.62 

DZP 1.3 -6.85 -666.1 0.97 1.92 

TZP 1.3 -6.86 -666.7 0.91 1.8 

TZ2P 1.4 -6.5 -684 0.12 0.26 

QZAP 1.4 -6.63 -686.8 0.13 0.26 

 

Table 4.30  Effect of Hubbard potential value (U) on different properties of MoO3 nanoparticles 

calcine at 250 °C for with reaction time of 10 hours with cubic crystallite phase 

Hubbard Variation (TZ2P) 

Hubbard 

Value 

Band Gap (EV) Fermi Energy 

(EV) 

Energy of 

Formation 

(KCAL/MOL) 

EM 

0.001 0.002 

0.1 1.54 -6.47 -609 5.7 5.71 

0.2 1.71 -6.47 -535 5.25 5.23 

0.3 2 -6.47 -463 4.72 4.72 

0.4 2.32 -6.18 -393 4.25 4.27 

0.5 2.36 -6.2 -331 0.13 0.23 

0.6 1.85 -6.28 -268 3.67 3.67 

0.7 2 -5.91 -234 3.61 3.6 

0.8 1.92 -5.91 -195 3.5 3.5 

0.9 1.77 -5.91 -160 278 267 

1 1.64 -5.92 -128 222 219 

1.3 1.37 -6.05 -42.6 147 149 

1.5 1.25 -6.34 -4.89 129 132 

2 1.02 -6.71 83.74 98.8 99.2 

2.3 0.92 -6.85 121.2 88.3 89.7 

2.5 1.71 -5.94 328.2 120 125 
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Table 4.31  Relationship between theoretical and experimental band gap of MoO3 nanoparticles and 

SrMoO4 nanocomposites  

Samples Theoretical band gap (eV) Experimental band gap (eV) 

molybdenum oxide (MoO3) nanoparticles 

M-1  4.23 3.89 

M-2 4.13 3.38 

M-3 4.33 3.94 

M-4 4.27 4.42 

M-5 4.38 4.18 

M-6 4.33 4.48 

Strontium molybdate (SrMoO4) nanocomposites 

SMO5 4.79 4.42 

SMO7 4.76 3.62 

SMO9 4.77 4.51 

The results for the nanocomposites and nanoparticles were quite different; it was easier to 

compute nanoparticles as compared to nanocomposites. The geometric optimization of 

nanocomposites was difficult and only the best possible results were noticed. In the case of 

MoO3 nanoparticles, best basis set was TZ2P, it has normal size and can give good result in 

normal time but in case of nanocomposites Sr, Mo and O add up the size and slow down the 

processing time so in this case smaller basis set like “SZ” is useful as compare to the bulkier 

basis sets. The orbital involvement and explanation of band structure with Brillouin zone and 

k-path values is indicated in Figure 4.77. Figure 4.77 (a) is the band structure representation 

of M-1 (Cubic), Figure 4.77 (b) is the band structure representation with Brillouin zone, 

structure and DOS graph of M-1 (cubic) and Figure 4.77 (c) is the band structure 

representation with Brillouin zone, structure and DOS graph of M-1 (hexa).   
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(a) 

 

(b) 
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(c) 

Figure 4.77  MoO3 nanoparticles calcine at 250 °C for with reaction time of 10 hours (a) Band 

structure representation with orbital details (b) cubic crystallite phase (c) Hexagonal crystallite phase 

with Brillouin zone, structure and DOS graph 

4.5.2. Density of state (DOS) 

Large number of electrons and holes will produce a large number of density of states results 

in increase conductivity which also depends on the applied potential. 

Large contribution of metal to oxygen ratio clearly indicates covalent bonding present 

between metal and oxygen. If the peak is highest at Fermi level (Ef) it indicates the presence 

of metallic bonding but if pseudo-gap is present at Fermi level (Ef), it indicates the presence 

of strong covalent bonding between the atoms. The presence of covalent bonding is due to 

hybridization present between d-orbital of transition metal and p-orbital of oxygen, a deeper 

pseudo-gap indicates stronger hybridization and covalent bonding[270]. 

The part below zero is valence band region and above is conduction band region if peaks split 

in the conduction band regions then due to presence of crystal field splitting it splits into two 

sets t2g and eg.  The change in shifts of values in conduction and valence band was 

observed[271].  

PDOS graph indicates that the “Mo” have more contribution than “O” as Mo-atoms 

surrounds O-atoms causing additional defect states and produce oxygen vacancies.   

In TDOS graphs of the variation in Hubbard potential, the change in “Mo” which results in a 

change in the band as indicated in Table 4.30. 



Chapter No. 4  Results & Discussion  
 

  142 
 

Electronic and optical properties of MoO3 nanoparticles have been studied using first-

principle density functional theory calculations. The value of band gap and change in density 

of state (DOS) was observed by changing different parameters like basis sets, Hubbard 

potential (U), XC functional using GGA, LDA, Model, Meta and GGA-D.  

The best suited parameters were selected and used in further analysis of MoO3 nanoparticles. 

There is always variation in theoretical and actual band gap which was overcome by the 

change in Hubbard potential with respect to Mo (d-orbital) and O (p-orbital). The lattice 

parameters and space group identification of synthesized nanoparticles were observed using 

DICVOL-FULLPROF software. The contribution of Mo (d-orbital and O (p-orbital) with the 

total density of state (TDOS) value of respective compounds is indicated in Figure 4.78 & 

4.79. It is clear that with change in periodic (crystal) system, the contribution of Mo and O 

ratio is changing which in the end influences the electronic properties of compounds.    
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(a) 

 

(b) 

Figure 4.78  (a) TDOS (b) PDOS spectra of MoO3 nanoparticles with calcine at 250 °C for with 

reaction time of 10 hours and cubic crystallite phase (M-1) 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Figure 4.79  Total DOS graphs of MoO3 nanoparticles with variation in reaction time and calcination 

temperature (a) 10 hours and 250 °C with hexagonal phase (M-1) (b) 24 hours and 250 °C with 

hexagonal phase (M-2) (c) 10 hours and 350 °C with hexagonal phase( M-3) (d) 24 hours and 350 °C 

with hexagonal phase( M-4) (e) 10 hours and 450 °C with orthorhombic phase (M-5) (f) 24 hours and 

250 °C with orthorhombic phase (M-6) 
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TDOS indicates different levels, multi-peaks below -6.2 eV is of valence band and in all the 

graphs it is clear that below -6.2 eV oxygen is dominant than molybdenum. It is also clear 

from the graph that HOMO region is above -6.2 eV and dominated by “molybdenum”. 

Mullikan population analysis clear indicates the dominance of 4d-orbital in case of “Mo” and 

sp-orbital in case of “O”. There is more Mo-impact which creates additional defect states and 

produces oxygen vacancies [272-274].  

 

 

(a) (b) 

 

(c) 

Figure 4.80  Total DOS graphs SrMoO4 nanocomposites with change in concertation (a) SMO5 (b) 

SMO7 (c) SMO9 TDOS graphs 

Figure 4.80 indicates the graph of SrMoO4 nanocomposites and from the graphs it’s clear that 

in HOMO region (above -6.2 eV) there is strontium dominance and from SMO5 to SMO9 the 

contribution of “Sr” is increasing and “Mo” is decreasing. 
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4.5.3. VESTA  

VESTA (Visualization for Electronic and Structural Analysis) is the 3D-software for the 

electronic and structural characterization[275]. The lattice group, parameters, unit cell 

volume, and structural parameter along with unit cell diagram were done using this software.  

The results obtained were close to the experimental results concluded in powder-XRD data, 

nanoparticles and nanocomposites have same crystal system as mentioned before in XRD 

data and in Figure 4.81, 4.82 and 4.83.   

 

(a) 

 

(b) 



Chapter No. 4  Results & Discussion  
 

  147 
 

 

(c) 

 

(d) 
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(e) 

 

(f) 
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(g) 

 

(h) 
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(i) 

Figure 4.81  Unit cell representation of MoO3 nanoparticles with variation in reaction time 

and calcination temperature (a) 10 hours and 250 °C with cubic phase (M-1) (b) 10 hours and 

250 °C with hexagonal phase (M-1) (c) 10 hours and 250 °C with orthorhombic phase (M-1) 

(d) 24 hours and 250 °C with hexagonal phase (M-2)(e) 24 hours and 250 °C with 

orthorhombic phase (M-2) (f) 10 hours and 350 °C with hexagonal phase( M-3) (g) 24 hours 

and 350 °C with hexagonal phase( M-4) (h) 10 hours and 450 °C with orthorhombic phase 

(M-5)(i) 24 hours and 250 °C with orthorhombic phase (M-6) 

Unit cell parameters and structural representations are explained in Figure 4.81, the change in 

crystal system with respect to change in calcination temperature is confirmed by VESTA. 
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(a) 

 

(b) 
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(c) 

Figure 4.82  Unit cell representation of SrMoO4 nanocomposites with change in concertation 

(a) SMO5 (b) SMO7 (c) SMO9 

Unit cell parameters and structural representation of SrMoO4 are explained in Figure 4.82, 

the change in crystal system with respect to change concentration of Sr, Mo and O from 

tetragonal to monoclinic are confirmed by VESTA. 

 

 

(a) 
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(b) 

Figure 4.83  Unit cell representation of (a) gadolinium doped strontium molybdate (GSMO) 

(b) lanthanum doped strontium molybdate (LSMO) 

Unit cell parameters and structural representation of gadolinium doped SrMoO4 and 

lanthanum doped SrMoO4 nanocomposite are explained in Figure 4.83, unit cell 

representation is similar with the experimental data and also a confirmation of novel 

compounds. 

4.5.4. MOPAC 

The quantum precision of molecules with respect to their crystal system is done using 

MOPAC, it is the fastest and most accurate way to get the parameters from the experimental 

data. MOPAC uses semi-empirical Hamiltonians calculations with PM7 code is used to 

calculate the molecular orbitals, vibrational frequencies and other parameters.  

4.5.4.1. Frequency optimization 

4.5.4.1.1. Relationship between rotational constant and moment of inertia  

In the vibrational system, the main rotational property is inertia which also store kinetic 

energy of rigid body. The relationship between rotational constant and moment of inertia is 

very interesting and it varies from sample to sample with respect to change in structure. 
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The relationship between rotational constant and moment of Inertia determines the geometry 

of molecule, rotational constants (A, B and C) along the three principal axes (a, b and c) have 

the inverse relationship with moment of Inertia[276]. In the abc- axes system, the rotational 

constant “A” is to the largest extent and “C” to the smallest (Table 4.32)[277].  The structure 

and shape of a molecule is determined by the relationship between the rotational constants.  

The asymmetry of a molecule is determined by the Ray’s asymmetric parameter (κ, Eq. 4.30), 

there are two symmetric limits 1) symmetric prolate limit (A>B=C, κ=-1) and 2) symmetric 

oblate limit (A=B>C, κ=+1). 

  
        

   
 

Eq. 4.34 

Most of the naturally occurring polyatomic molecules falls under asymmetric category 

having value of κ=-1[278].  

Table 4.32  Relationship of rotational constant, principal moment of inertia and κ-values  

Sample Rotational Constant (cm
-1

) Principal moments of inertia 10
-40

 gram-

cm
2
 

κ 

A B C A B C 

M-1 (Cubic) 0.22 0.22 0.15 125.8 125.96 187.4 0.2 

M-1 (Hexa) 0.22 0.22 0.15 125.9 126.12 187.4 0.2 

M-1 (Ortho) 0.38 0.15 0.11 72.73 182.32 255.1 8.61 

M-2 (Hexa) 0.24 0.23 0.12 118.7 119.44 238.1 0.34 

M-2 (Ortho) 0.37 0.15 0.11 76.52 186.08 262.6 6.22 

M-3 (Hexa) 0.22 0.22 0.15 125.7 126.49 187.1 0.2 

M-4 (Hexa) 0.24 0.23 0.12 118.7 119.45 238.2 0.34 

SMO5 0.13 0 0 218.8 5810 5844 -1.08 

SMO7 0.1 0.01 0.01 270.4 2327.1 2377 -1.36 

SMO9 0.07 0.02 0.02 391.5 1416.5 1574 -3.79 

GSMO 0.05 0.01 0.01 608.6 4074 4320 -1.53 

LSMO 0.07 0 0 374.8 5749.4 5972 -1.16 

 

The relationship for MoO3 nanoparticles, SrMoO4 nanocomposites and lanthanum doped 

nanocomposites are different due to different composition and structural representation. 

Table 4.32 indicates that all the samples have asymmetric rotation (near prolate and prolate 

symmetry) except for the M-1 and M-2 having orthogonal crystal system indicates oblate 
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symmetry. In case of SrMoO4 nanocomposites it is clear that by decreasing the concentration 

of Mo the prolatic symmetrical rotation increases. 

4.5.4.1.2. Vibrational frequency (ʋ)  

MOPAC results showed the theoretical vibrational frequencies of MoO3, SrMoO4, lanthanum 

and gadolinium doped SrMoO4 nanocomposites as mentioned in Table 4.33. It is clear from 

the table that MoO3 nanoparticles with cubic and hexagonal system have values is in the 

range of 900-980 cm
-1

 and the MoO3 nanoparticles with orthogonal system is in the range of 

600-1200 cm
-1

. This variation is due to presence of variable oxidation state Mo
+4

, Mo
+5

 and 

Mo
+6

 which cause the change in Mo-O bridging from Mo=O, Mo-O and Mo-O-Mo in the 

atomic pair of Mo1-O2, Mo1-O3, Mo1-O4 in the cubic and hexagonal phases of M-1, M-2, 

M-3 and M-4 nanoparticles but in orthorhombic phase an additional O3-O4 atomic pairing is 

present which cause fluctuation in the relation of vibrational frequency and reduced 

mass[87].  

The relationship of force constant (f which is the strength of the chemical bond in a molecule) 

with vibrational frequency is direct and with reduced mass (µ) is indirect as indicated in the 

equation below: 

  
 

    
√
 

 
 

Eq. 4.35 

  
     

     
 Eq. 4.36 

Stronger the chemical bond, smaller the reduced mass effect and higher will be the 

wavenumber or vibrational frequency[276, 279]. 

In case of SrMoO4 nanocomposites there is a change in crystal phase from SMO5 to SMO9 

from tetragonal to monoclinic (also relates to the experimental data) which showed the 

variation in wavenumbers from 700-1100 cm
-1

 in case of SMO5 nanocomposites due to 

atomic pairing of Mo1-O2, Mo1-O3, Mo1-O4 and Mo1-O5 and from 400-1000cm
-1

 in case 

of SMO7 and SMO9 nanocomposites due to atomic pairing of Mo1-O2, Mo1-O3, Mo1-O4, 

Mo1-O5,O3-Sr6, and O2-O4.  
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In case of gadolinium doped SrMoO4 nanocomposites there is change in wavenumber from 

400-1000cm
-1

 due to atomic pairing of Mo1-O2, Mo1-O3, Mo1-O4, O2-Gd7, O3-Gd7, O4-

Gd7 and Sr6-Gd7. 

In case of lanthanum doped SrMoO4 nanocomposites there is a change in wavenumber from 

400-1050cm
-1

 due to atomic pairing of Mo1-O2, Mo1-O3, Mo1-O4, Mo1-O5, Mo1-Sr6, 

Mo1-La7, O5-Sr6, and O2-La7. 

In the Table 4.33 the T-dipole indicates the value of transition dipole moment between the 

ground and excited state and Debye are its units. In MOPAC, transition dipole moment is run 

with Hessian matrix and derivative of dipole atoms, dD/dXA, dD/dYA, and dD/dZA, can readily 

be calculated: 

              
        

        
  

 
 ⁄  Eq. 4.37 

 

The values of T-dipole moment fluctuates due to involvement of atomic pairs of oxygen like 

O3-O4, decrease in percentage radial motion decreases the T-dipole moment values.  

In Table 4.33, Travel is the distance of atoms by which it moves through the system and is 

represented by (x): 

  √
                                  

  
 

Eq. 4.38 

 

 

Here, 1.196266x10
8 

(constant which converts cm
-1

 to ergs), 1000 (millidynes to dynes, 

10
8
 (cm to Å), and N (moles to molecules). 
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Table 4.33 Relationship of vibrational frequency, reduced, effective mass, T-Dipole and Travel of 

nanoparticles and nanocomposites   

Sample Vibrational Frequency 

(cm
-1

) 

Reduced Mass Effective Mass T-Dipole Travel 

M-1 (Cubic) 959.6 8.08 24.4 2.66 0.05 

961.2 7.82 24.3 2.6 0.05 

989.5 5.12 19.7 0.33 0.06 

M-1 (Hexa) 955.2 8.2 24.4 2.8 0.05 

960.5 7.17 24.5 2.5 0.05 

988.7 5.32 19.9 0.22 0.06 

M-1 (Ortho) 614.7 8 16 0.06 0.08 

656.5 8.03 20.7 2.06 0.07 

692.7 6.31 26.2 2.75 0.06 

876.4 7.3 19.2 2.29 0.06 

974.3 11.9 22.4 2.61 0.06 

1174 6.99 19.8 3.34 0.05 

M-2 (Hexa) 904.2 5.33 16 0.02 0.07 

972.9 9.06 26.9 2.39 0.05 

973.8 9.06 26.9 2.42 0.05 

M-2 (Ortho) 610.9 7.99 16 0.08 0.08 

626.2 6.22 21.5 2.27 0.07 

666.2 6.63 25.8 2.47 0.06 

825 7.49 18.9 2.01 0.07 

964.7 11.3 21.7 2.63 0.06 

1116 6.83 20.3 3.29 0.05 

M-3 (Hexa) 956.3 8.17 24.4 2.65 0.05 

959.1 8 24.5 2.65 0.05 

988.4 5.12 19.8 0.2 0.06 

M-4 (Hexa) 903.9 5.34 19 0.06 0.07 

972.3 8.81 26.9 2.41 0.05 

973.9 9.05 26.9 2.39 0.05 

SMO5 749.9 12 24.5 7.47 0.06 

776.3 13.5 25.7 8.02 0.06 

794.2 12.9 26.3 3.37 0.06 

990.7 13.5 23.5 5.69 0.05 

SMO7 405.3 6.9 25 1.22 0.08 

544.2 5.5 21.7 2.43 0.08 

599.5 11.3 22.2 0.96 0.07 

645.4 6.39 17.3 2.34 0.08 

680.2 7.73 24.2 1.98 0.06 

817.2 5.36 16.3 2.39 0.07 

899.3 8.98 30.2 3.28 0.05 

1077 8.17 20.9 5.03 0.05 

SMO9 453.8 9.22 32.8 2.89 0.07 

660.2 5.87 23.8 3.76 0.07 

689.9 7.52 19 0.74 0.07 

814.5 6.41 21.4 2.49 0.06 

964.7 9.99 22.4 3.48 0.06 

999.9 12.7 24.5 3.55 0.05 

GSMO 401 6.91 30.2 3.43 0.07 

496.5 16 59.5 5.83 0.05 

508.9 6.48 19.8 2.57 0.08 

657.8 5.81 25.7 4.75 0.06 

822.4 9.84 21.1 2.94 0.06 
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986.5 13.2 19.4 0.3 0.06 

LSMO 406.8 7.14 33.4 3.03 0.07 

615.6 7.28 19.4 6.43 0.08 

802.8 5.73 22.5 5.98 0.06 

809.4 6.45 23.2 3.3 0.06 

889.6 6.42 22.6 1.86 0.06 

963.2 12.9 25.1 5.05 0.05 

1033 11.1 20.4 2.45 0.06 

4.5.4.1.3. Force constant (f) 

Force constant (f) is considered to be as strength of molecule, shorter bonds are stronger one 

and have higher force constant values, in some literature it is also represented by “k” [280]. 

According to a recent survey, change in vibrational frequency in small cations is due to force 

constant not reduced mass but the case is opposite in larger cations [281, 282]. 

The unite cell parameters which is the main cause of change in crystallite size (also particle 

size) and change in crystal symmetry have influence on the force constant. In the metal-

oxygen bond linkage increase in cation size  cause increase in force constant value but in 

correspondence increases the interatomic distance of metal-oxygen which decrease in force 

constant values of anions. The addition of anionic species which cause increase in 

electronegativity will eventually increases the force constant values [283].  

Table 4.34  Force constant values of Mo, O2, O3 and O4 along x-axis in all synthesized 

nanoparticles and nanocomposites   

Sample Force Constant 

(X) of Mo  

Force Constant 

(X) of O2 

Force Constant 

(X) of O3 

Force Constant 

(X) of O4 
M-1 (Cubic) 8.84 3.32 5.85 1.04 

M-1 (Hexa) 8.23 0.64 0.8 7.63 

M-1 (Ortho) 15.4 7.65 4.98 4.78 

M-2 (Hexa) 11.3 1.13 7.12 3.16 

M-2 (Ortho) 14.4 4.26 7.48 4.56 

M-3 (Hexa) 8.91 0.75 5.41 4.05 

M-4 (Hexa) 11.3 0.42 6.25 4.05 

SMO5 8.83 1.79 0.29 4.41 

SMO7 5.48 0.74 1.42 4.2 

SMO9 5.9 4.03 2.01 -17 

GSMO 6.69 1.12 1.37 5.8 

LSMO 12.6 4.13 2.65 -0.1 
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In the Table 4.34 the values of force constant of X-coordinate of Mo, shows a comparative 

results with TEM as for SMO5, SMO7,SMO9, GSMO and LSMO the TEM size was 14.02, 

13.61, and 30.19, 16.38 and 41.33 nm, respectively.  

4.5.4.2. Geometric optimization  

4.5.4.2.1.Parameters 

Different physical parameters can be calculated using geometric optimization in MOPAC few 

are indicated in Table 4.35 including heat of formation, total energy, electronic energy, core-

core energy and ionization potential.  

Electronic energy is the interaction between electron-electron, electron-nucleus and nucleus-

nucleus which can be calculated in MOPAC using SCF-formula: 

       
 

 
∑∑   

  

          
Eq. 4.39 

Here, P is the density, F is the Fork matrix and H is the one-electron matrix. The core-core 

repulsion energy is the repulsion between the nuclear charges and can be calculated using 

following SCF-MOPAC formula: 

     ∑∑  
    

       Eq. 4.40 

The total energy is the addition of electronic and core-core repulsion energy. In the physical 

parameter analysis of an important parameter is the ionization potential which is the energy 

required to ionize the formed nanoparticle. The ionization potential is also linked with the 

band gap energy as the electron-hole interaction decides the removal of first electron. The 

values of ionization potential of MoO3 is close to values reported in literature 11.08±0.5 

[284] and 9.7 eV [285], Table 4.35 indicates the values of experimental band gap. 

The most important parameter in geometric optimization is heat of formation (ΔHf), the 

amount of heat involved in the formation of a compound. In MOPAC, heat of formation 

(ΔHf) is obtained when energy of valence electron’s ionization and gaseous atoms are added 

electronic and nuclear energy: 

         ∑      
 

    ∑      
 

    Eq. 4.41 
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Here, Etot is the total energy, Eisol is energy of valence electron and Eatom is of gaseous atom. 

Table 4.35 indicates the values of heat of formation for MoO3 nanoparticles, it is to noted that 

the values are less than the reported values for the formation of MoO3 (-744.6 KJ/mol)[286] 

except for one sample (M-5). The values of the SrMoO4 are also less than the calculated 

values reported in the literature (-1582,-1583 and -1543 KJ/mol)[287, 288]. The values of 

doped samples are not reported in literature as these are the novel compounds.    

Table 4.35  Parametric details of all synthesized nanoparticles and nanocomposites  
Sample Heat of 

formation 

(KJ/mol) 

Total 

Energy 

(EV) 

Electronic 

energy (EV) 

Core-Core 

repulsion (EV) 

Ionization 

potential (EV) 

Band 

gap (eV)  

M-1 (Cubic) -424.2 -1087.4 -49143.9 48056.52 10.73 4.23 

M-1 (Hexa) -444.8 -1087.6 -27168.9 26081.26 11.06 

M-1 (Ortho) -475.3 1087.9 -58596.5 57509.56 9.229 

M-2 (Hexa) -255.5 -1085.7 -27139.6 26053.93 11.16 4.13 

M-2 Ortho) -487.8 -1088.1 -58470.3 57382.26 9.257 

M-3 (Hexa) -438.8 -1087.6 -27144.2 26056.65 10.96 4.33 

M-4 (Hexa) -255.3 -1085.6 -27128 26042.31 11.16 4.27 

M-5 (Ortho) -763 -1090.9 -24271.6 23180.72 11.53 4.38 

M-6 (Ortho) -446.3 -1087.6 -11279 10191.32 11.11 4.33 

SMO5 -1334 -1406.9 -136272 134865.3 9.829 4.79 

SMO7 -784.3 -1401.2 -216465 215063.5 5.087 4.76 

SMO9 -1245 -1406 -218123 216716.8 3.494 4.77 

GSMO 353.93 -1432.4 -246591 245158.5 7.219 3.49 

LSMO -1012 -1440.1 -102084 100644.1 7.364 3.9 

4.5.4.2.2. Eigen values  

Eigen is the German word and its literal meaning is proper or characteristic and the Eigen 

values are the proper and characteristic values[289]. These are the values linked with the 

wave-function in the Schrodinger equation[290], so simply Eigen values can be defined as 

energies in eV of the molecular orbitals. Table 4.36 indicates the Eigen values and bonding 

contribution of the MoO3 nanoparticles with respect to its molecular orbitals. Theoretical 

molecular orbital values indicate that different crystal systems have different Eigen values 

and in few crystal systems, empty molecular orbitals are even present. Table 4.37 indicates 

the association of molecular orbitals with Eigen values and bonding contribution of SrMoO4. 

Table 4.38 & 4.39 indicates the association of molecular orbitals of gadolinium and 

lanthanum doped SrMoO4 nanocomposites, respectively with alpha and beta Eigen and 

bonding contribution values due to presence of alpha and beta spin orbitals. 
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 Table 4.36(a)  Relationship of Eigen values and the bonding contribution with the molecular 

orbitals of MoO3 nanoparticles 

Orbitals M-3 (Hexa) M-4 (Hexa) M-5 (Ortho) M-6 (Ortho) 

Eigen 

value 

B.C Eigen 

value 

B.C Eigen 

value 

B.C Eigen 

value 

B.C 

1Mos -29 0.94 -28.6 0.83 -30.6 0.92 -29.1 0.94 

1MoPx -29 0.94 -28.6 0.83 -29.4 0.93 -29.1 0.94 

1MoPy -26.6 0.74 -28.4 0.85 -27.5 0.75 -26.7 0.74 

1MoPz -17.2 1.47 -16.7 1.67 -18.6 1.36 -17.3 1.47 

1Mox
2
-y

2 
-17.1 1.47 -16.7 1.67 -18 1.52 -17.3 1.47 

1Moxz -16.1 1.54 -15.5 0.8 -15.9 1.29 -16.3 1.54 

1Moz
2 

-13.4 0.74 -15.5 0.79 -15.6 1.02 -13.5 0.73 

1Moyz -13.4 0.74 -13.7 0.95 -14 0.78 -13.5 0.73 

1Moxy -11.9 0.74 -11.7 0.62 -12.8 0.4 -12 0.73 

2Os -11.1 0.94 -11.7 0.62 -12.4 0.59 -11.3 0.94 

2Opx -11.1 0.95 -11.5 0.52 -11.8 1.1 -11.2 0.95 

2Opy -11 0.78 -11.2 1.3 -11.5 0.81 -11.1 0.79 

2Opz -0.38 -2 -3.22 -1.1 -0.4 -2.4 -0.49 -2 

3Os 0.76 -2.3 -0.58 -2.3 0.247 -2.1 0.625 -2.3 

3Opx 0.79 -2.3 -0.57 -2.3 0.784 -2.3 0.662 -2.3 

3Opy 1.78 -1.1 2.499 -1.2 2.16 -2 1.647 -1.1 

3Opz 2.42 -2.1 2.747 -2.2 2.266 -1.9 2.281 -2 

4Os 2.44 -2.1 2.756 -2.2 4.625 -0.8 2.299 -2 

4Opx 80.8 -0   -0 74.66 -0 80.71 -0 

4Opy 81 -0   -0 82.49 -0 80.86 -0 

4Opz 81 -0   -0 82.57 -0 80.86 -0 
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Table 4.36(b)  Relationship of Eigen values and the bonding contribution with the molecular 

orbitals of MoO3 nanoparticles 
Orbitals M-1 (Cubic) M-1 (Hexa) M-1 (Ortho) M-2 (Hexa) M-2 (Ortho) 

Eigen 

value 

B.C Eigen 

value 

B.C Eigen 

value 

B.C Eigen 

value 

B.C Eigen 

value 

B.C 

1Mos 
-28.81 0.94 -29.1 0.94 -31.37 0.84 -28.6 0.83 -31.12 0.84 

1MoPx 
-28.78 0.94 -29 0.94 -28.61 0.56 -28.6 0.83 -28.54 0.54 

1MoPy 
-26.44 0.74 -26.7 0.737 -27.97 0.55 -28.4 0.85 -27.63 0.51 

1MoPz 
-16.97 1.47 -17.2 1.471 -21.91 1.83 -16.7 1.67 -21.53 1.84 

1Mox
2
-y

2 
-16.94 1.47 -17.2 1.471 -17.3 1.31 -16.7 1.67 -16.95 1.31 

1Moxz 
-15.86 1.54 -16.2 1.536 -16.83 0.92 -15.5 0.8 -16.78 1 

1Moz
2 

-13.15 0.75 -13.5 0.73 -16.1 0.75 -15.5 0.79 -16 0.7 

1Moyz 
-13.13 0.75 -13.4 0.738 -13.56 0.77 -13.7 0.95 -13.5 0.77 

1Moxy 
-11.62 0.75 -12 0.732 -13.2 0.55 -11.7 0.62 -13.19 0.58 

2Os 
-10.87 0.95 -11.2 0.94 -11.04 1.04 -11.7 0.62 -10.96 0.39 

2Opx 
-10.87 0.94 -11.2 0.939 -11.01 0.39 -11.5 0.52 -10.93 1.03 

2Opy 
-10.73 0.78 -11.1 0.783 -9.229 0.16 -11.2 1.3 -9.257 0.17 

2Opz 
-0.238 -1.97 -0.47 -1.97 0.492 -1.8 -3.23 -1.1 0.3192 -1.8 

3Os 
0.953 -2.34 0.68 -2.33 1.495 -1.1 -0.58 -2.3 1.2911 -1.1 

3Opx 
0.994 -2.34 0.7 -2.33 1.59 -2.1 -0.56 -2.3 1.4563 -2.1 

3Opy 
2.022 -1.16 1.71 -1.14 1.995 -1.9 2.5 -1.2 1.8911 -1.9 

3Opz 
2.642 -2.07 2.35 -2.05 5.955 -1.7 2.75 -2.2 5.7058 -1.7 

4Os 
2.666 -2.06 2.35 -2.05 7.164 -1.1 2.76 -2.2 6.943 -1.1 

4Opx 
80.94 -0.02 80.8 -0.02 75.31 -0   -0   -0 

4Opy 
80.97 -0.03 80.9 -0.03 83.8 -0.1   -0   -0.1 

4Opz 
80.99 -0.03 80.9 -0.03 83.89 -0   -0   -0 
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Table 4.37  Relationship of Eigen values and the bonding contribution with the molecular orbitals of 

SrMoO4 nanocomposites 

Orbitals SMO5 SMO7 SMO9 

Eigen value B.C Eigen value B.C Eigen value B.C 

1Mos -26.99 0.96 -30.05 0.7 -24.7 0.82 

1MoPx -25.42 0.85 -28.02 0.49 -23.5 0.72 

1MoPy -24.88 0.81 -27.33 0.63 -20 0.43 

1MoPz -24.08 0.71 -23.57 0.23 -16.1 0.74 

1Mox2-y2 -15.72 1.33 -19.06 1.39 -13.3 0.94 

1Moxz -15.63 1.35 -18.11 1.67 -11.5 1.5 

1Moz2 -13.71 0.84 -15.93 1.04 -10.7 1.2 

1Moyz -13.42 0.78 -14.97 1.1 -9.26 1.22 

1Moxy -12.96 0.88 -13.1 1.27 -8.71 1.59 

2Os -11.57 0.82 -12.09 0.72 -7.09 0.59 

2Opx -10.48 0.6 -11.18 1.2 -6.22 0.82 

2Opy -10.43 0.6 -10.34 0.47 -5.62 0.73 

2Opz -10.31 0.54 -10.07 0.6 -5.41 0.62 

3Os -10.14 0.48 -9.512 0.65 -5.03 0.46 

3Opx -9.84 0.68 -7.685 0.9 -4.84 0.07 

3Opy -9.829 0.72 -5.087 0.27 -3.49 0.6 

3Opz 2.44 -2.28 -1.024 -0 4.673 -2.1 

4Os 2.503 -1.12 -0.957 -0 4.869 -1 

4Opx 2.577 -2.28 -0.914 -0.05 6.431 -1.5 

4Opy 2.829 -0.03 0.9335 -1.96 6.664 -1.3 

4Opz 3.138 -0.32 2.0533 -1.97 6.755 -1.4 

5Os 3.158 -0.55 2.8639 -2.02 7.399 -0.6 

5Opx 3.851 -1.08 3.0644 -2.45 8.076 -1 

5Opy 4.102 -1.55 4.2218 -2.29 8.214 -1.6 

5Opz 4.198 -1.85 6.4001 -1.74 9.35 -1.7 

4Os 4.684 -1.79 11.238 -0.77 16.01 -0.7 

4Opx 81.22 -0.03 76.579 -0.01 82.07 -0 

4Opy 81.36 -0.04 77.569 -0.02 82.59 -0 

4Opz 81.74 -0.03 86.295 -0.05 93.19 -0 
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Table 4.38  Relationship of Eigen values and the bonding contribution with the molecular orbitals of 

Gd doped SrMoO4   

Orbitals GSMO 

α-Eigen 

values 

B.C β- Eigen 

values 

B.C 

1Mos -29.09 0.38 -29.1 0.39 

1MoPx -28.54 0 -25.3 0.31 

1MoPy -26.83 0.27 -24.7 0.11 

1MoPz -24.8 0.1 -18.8 0.55 

1Mox2-y2 -19.02 0.47 -18.5 0 

1Moxz -18.69 0.1 -17.4 0.1 

1Moz2 -17.66 0.05 -16.6 0.6 

1Moyz -16.55 0.34 -16.3 0.46 

1Moxy -15.07 0.23 -14.8 0.24 

2Os -14.16 0.09 -14 0.19 

2Opx -13.74 0.1 -13.5 0.18 

2Opy -13.48 0.47 -13.2 0.39 

2Opz -12.87 0.22 -12.5 0.26 

3Os -12.18 0.17 -12 0.19 

3Opx -11.02 0 -11.8 0 

3Opy -11 0 -9.12 0 

3Opz -10.22 0.04 -7.22 0 

4Os -9.123 0 -4.19 0 

4Opx -5.489 0 -4.18 0 

4Opy -4.264 0 -1.58 -1 

4Opz -3.875 0 -0.42 -1 

5Os -3.85 0 2.337 -0 

5Opx -0.664 -1 2.352 -0 

5Opy 2.6225 -0.9 2.997 -0.8 

5Opz 3.3519 -0.7 3.787 -0.7 

4Os 7.3681 -0.4 7.456 -0.4 

4Opx 79.059 -0 79.49 -0 

4Opy 81.123 -0 81.93 -0 

4Opz 84.381 -0 84.76 -0 
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Table 4.39  Relationship of Eigen values and the bonding contribution with the molecular orbitals of 

La doped SrMoO4   
Orbitals LSMO 

α-Eigen values B.C β- Eigen values B.C 

1Mos -32.7 0.45 -31.1 0.52 

1MoPx -28.1 0.34 -27 0.42 

1MoPy -27.55 0.2 -24.8 0.26 

1MoPz -24.63 0.28 -23.7 0.26 

1Mox2-y2 -19.3 0.53 -17.9 0.87 

1Moxz -17.59 0.65 -17.1 0.66 

1Moz2 -16.14 0.57 -15.9 0.58 

1Moyz -14.74 0.58 -14.3 0.65 

1Moxy -14.27 0.36 -13.4 0.46 

2Os -12.68 0.24 -11.9 0.35 

2Opx -12.2 0.3 -11.6 0.45 

2Opy -11.64 0.31 -10.8 0.5 

2Opz -11.22 0.34 -10.7 0.5 

3Os -11.13 0.35 -10.2 0.1 

3Opx -10.71 0.4 -10.1 0.42 

3Opy -9.941 0.27 -9.28 0.46 

3Opz -8.51 0.22 -8.11 0.16 

4Os -7.364 0.12 -1.97 -0.72 

4Opx -1.364 -0 -1.54 -0.6 

4Opy -1.324 -0.01 -1.14 -0.01 

4Opz -0.378 -0.12 -1.07 -0.05 

5Os 0.123 -0.88 -0.8 -0.14 

5Opx 0.461 -0.21 -0.01 -0.07 

5Opy 0.836 -0.1 0.629 -0.11 

5Opz 1.138 -0.18 0.732 -0.15 

6Os 1.307 -0.14 1.087 -0.81 

6Opx 1.819 -0.91 1.838 -0.98 

6Opy 2.672 -0.93 2.688 -0.97 

6Opz 3.44 -0.73 3.396 -0.43 

7Las 4.07 -0.73 4.422 -0.95 

7LaPx 5.238 -0.99 5.448 -1.04 

7LaPy 7.243 -0.49 7.323 -0.5 

7LaPz 71.06 -0 70.08 -0 

7Lax2-y2 72.51 -0.05 72.25 -0.04 

7Laxz 73.34 -0 73.14 -0 

7Laz2 82.08 -0.02 81.82 -0.02 

7Layz 83.3 -0.03 83.21 -0.03 

7Laxy 94.26 -0 91.91 -0 
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4.5.4.2.3. Atomic and dipole contribution  

In MOPAC, net atomic and dipole contribution of each element can be calculated which 

involves the value of charges, number of electrons and population of each orbital involves as 

given in Table 4.40, 4.41, 4.42, 4.43, 4.44, 4.45 and 4.46 of elements Mo, O2, O3, O4, O5, 

Sr6 and Lanthanides.  

Table 4.40  Net atomic and dipole contribution of Mo-atom in all synthesized nanoparticles and 

nanocomposites   

Sample Net Atomic and Dipole Contributions of Mo-atom 

Charge No. of electrons s-pop p-pop d-pop 

M-1 (Cubic) 1.48 4.52 0.25 0.02 4.26 

M-1 (Hexa) 1.52 4.48 0.24 0.02 4.22 

M-1 (Ortho) 1.34 4.66 0.34 0.02 4.3 

M-2 (Hexa) 1.71 4.29 0.12 0.02 4.15 

M-2 Ortho) 1.34 4.66 0.34 0.02 4.31 

M-3 (Hexa) 1.51 4.49 0.24 0.02 4.23 

M-4 (Hexa) 1.71 4.29 0.12 0.02 4.15 

M-5 (Ortho) 1.71 4.29 0.19 0.02 4.08 

M-6 (Ortho) 1.53 4.47 0.24 0.02 4.21 

SMO5 1.88 4.12 0.27 0.03 3.83 

SMO7 1.58 4.42 0.18 0.02 4.22 

SMO9 1.68 4.32 0.17 0.01 4.14 

GSMO 0.48 5.52 0.54 0.03 4.95 

LSMO 1.73 4.27 0.22 0.02 4.02 
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Table 4.41  Net atomic and dipole contribution of O2-atom in all synthesized nanoparticles and 

nanocomposites   

Sample Net Atomic and Dipole Contributions of O2-atom  

Charge No. of electrons s-pop p-pop d-pop 

M-1 (Cubic) -0.49 6.49 1.83 4.66   

M-1 (Hexa) -0.52 6.52 1.83 4.69  

M-1 (Ortho) -0.72 6.72 1.85 4.86   

M-2 (Hexa) -0.57 6.57 1.84 4.73   

M-2 Ortho) -0.37 6.37 1.89 4.48   

M-3 (Hexa) -0.5 6.5 1.83 4.68   

M-4 (Hexa) -0.57 6.57 1.84 4.73   

M-5 (Ortho) -0.56 6.56 1.82 4.74  

M-6 (Ortho) -0.51 6.51 1.83 4.68  

SMO5 -0.99 6.99 1.83 5.16   

SMO7 -0.01 6.01 1.94 4.07   

SMO9 -0.54 6.54 1.88 4.66   

GSMO -1.28 7.28 1.88 5.4   

LSMO -1.13 7.13 1.84 5.29   

Table 4.42  Net atomic and dipole contribution of O3-atom in all synthesized nanoparticles and 

nanocomposites   

Sample Net Atomic and Dipole Contributions of O3-atom  

Charge No. of 

electrons 

s-pop p-pop d-pop 

M-1 (Cubic) -0.48 6.48 1.83 4.66   

M-1 (Hexa) -0.49 6.49 1.83 4.66   

M-1 (Ortho) -0.35 6.35 1.88 4.47   

M-2 (Hexa) -0.57 6.57 1.84 4.72   

M-2 Ortho) -0.71 6.71 1.85 4.86   

M-3 (Hexa) -0.5 6.5 1.83 4.67   

M-4 (Hexa) -0.57 6.57 1.84 4.73   

M-5 (Ortho) -0.61 6.61 1.85 4.76  

M-6 (Ortho) -0.5 6.5 1.83 4.67  

SMO5 -0.6 6.6 1.82 4.78   

SMO7 -0.2 6.2 1.9 4.31   

SMO9 -0.6 6.6 1.88 4.72   

GSMO -1.74 7.74 1.95 5.79   

LSMO -0.31 6.31 1.9 4.42   
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Table 4.43  Net atomic and dipole contribution of O4-atom in all synthesized nanoparticles 

and nanocomposites   

Sample Net Atomic and Dipole Contributions of O4-atom  

Charge No. of electrons s-pop p-pop d-pop 

M-1 (Cubic) -0.51 6.51 1.83 4.68   

M-1 (Hexa) -0.52 6.52 1.83 4.69   

M-1 (Ortho) -0.27 6.27 1.88 4.39   

M-2 (Hexa) -0.57 6.57 1.84 4.73   

M-2 Ortho) -0.26 6.26 1.89 4.37   

M-3 (Hexa) -0.5 6.5 1.83 4.68   

M-4 (Hexa) -0.57 6.57 1.84 4.73   

M-5 (Ortho) -0.54 6.54 1.82 4.72  

M-6 (Ortho) -0.52 6.52 1.83 4.69  

SMO5 -0.97 6.97 1.83 5.14   

SMO7 -0.63 6.63 1.93 4.71   

SMO9 -1.46 7.46 1.83 5.63   

GSMO -0.46 6.46 1.85 4.61   

LSMO -0.44 6.44 1.85 4.58   

 

Table 4.44  Net atomic and dipole contribution of O5-atom in all synthesized nanocomposites   

Sample Net Atomic and Dipole Contributions of O5-atom 

Charge No. of 

electrons 

s-pop p-pop d-pop 

SMO5 -1.03 7.03 1.84 5.2  

SMO7 -0.81 6.81 1.88 4.93  

SMO9 -0.51 6.51 1.9 4.62  

GSMO 3E-05 6 2 4  

LSMO -0.35 6.35 1.83 4.52  

 

Table 4.45  Net atomic and dipole contribution of Sr6-atom in all synthesized nanocomposites 

Sample Net Atomic and Dipole Contributions of Sr6-atom 

Charge No. of 

electrons 

s-pop p-pop d-pop 

SMO5 1.71 0.29 0.25 0.04  

SMO7 0.08 1.92 1.91 0.01  

SMO9 1.44 0.56 0.38 0.18  

GSMO ----- 2 1 1  

LSMO -1.17 3.17 1.46 1.71  
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Table 4.46  Net atomic and dipole contribution of Ln7-atom in all synthesized 

nanocomposites 

Sample Net Atomic and Dipole Contributions of Ln7-atom 

Charge No. of 

electrons 

s-pop p-pop d-pop 

GSMO 3 0       

LSMO 1.67 1.33 0.25 0.02 1.06 
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4.6. Photo-catalytic application  

The photocatalytic activity of MoO3 nanoparticles, SrMoO4 nanocomposites and lanthanide 

doped SrMoO4 nanocomposites was examined by degradation of explosive-organic pollutant 

2-methyl-4-nitrophenol and 2-methyl-4,6-dinitrophenol. 30 ppm solutions of both organo-

pollutants were made and λmax was noted which was 415 and 370 nm for 2-methyl-4-

nitrophenol and 2-methyl-4,6-dinitrophenol, respectively. Firstly, the absorbance of the blank 

organo-pollutants (without catalyst) was taken under different conditions room temperature, 

sunlight and under UV-radiation to notice any change or effect of these conditions. This 

observation was continuing for whole day but no noticeable change in absorbance indicates 

the stability of organo-pollutant.  

Degradation data of each sample was obtained by adding 05 mg of nano-catalyst in 30 ml of 

30 ppm organo-pollutants, the change and variation in absorbance were noted and percentage 

degradation was observed for each sample. The condition for each sample varies as per 

sample type, absorbance change of every sample firstly observed in room temperature, 

sunlight and in UV-radiation. 

4.6.1. Catalysis of MoO3 nanoparticles with reaction time of 04 hours 

MoO3 nanoparticles synthesized using sonication and sol-gel method for 04 hours and 

calcined at 450°C were subjected to degrade organo-pollutant (2-Methyl-4-nitrophenol). The 

absorbance was taken at room temperature stirred for 01 hour and after every 01 minute; 

decrease in absorbance is given in Figure 4.85. The observed absorbance was used to make 

percentage degradation (Table 4.47 & 4.48) and first order graph (Figure 4.84 & 4.86) and 

finding the k-values as mentioned in Table 4.65. 
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Table 4.47  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles synthesized with 

sonication method 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

 
0 1.15 1.0 -6.7 0.14 0.47 -0.7 

1 1.06 0.92 7.7 0.06 0.39 -1 

2 1 0.86 13.6 -0 0.32 -1.1 

3 0.94 0.82 18.4 -0.06 0.26 -1.3 

4 0.9 0.78 21.9 -0.1 0.22 -1.5 

5 0.86 0.75 25.3 -0.15 0.18 -1.7 

6 0.83 0.72 28.2 -0.19 0.15 -1.9 

7 0.8 0.69 30.7 -0.22 0.12 -2.1 

8 0.78 0.68 32.5 -0.25 0.1 -2.3 

9 0.76 0.66 34 -0.27 0.08 -2.5 

10 0.75 0.65 34.8 -0.28 0.07 -2.6 

11 0.74 0.64 36 -0.3 0.06 -2.8 

12 0.73 0.64 36.4 -0.31 0.05 -2.9 

13 0.73 0.63 37.2 -0.32 0.05 -3.1 

14 0.72 0.63 37.4 -0.33 0.04 -3.1 

15 0.71 0.62 38.4 -0.34 0.03 -3.4 

16 0.71 0.61 38.8 -0.35 0.03 -3.6 

17 0.71 0.61 38.8 -0.35 0.03 -3.6 

18 0.71 0.61 38.8 -0.35 0.03 -3.6 

19 0.7 0.61 38.9 -0.35 0.03 -3.7 

20 0.7 0.61 38.9 -0.35 0.03 -3.7 

21 0.7 0.61 38.9 -0.35 0.03 -3.7 

22 0.7 0.61 38.9 -0.35 0.03 -3.7 

23 0.7 0.61 38.9 -0.35 0.03 -3.7 

24 0.7 0.61 38.9 -0.35 0.03 -3.7 

25 0.69 0.6 39.9 -0.37 0.01 -4.3 

26 0.68 0.59 40.8 -0.38 0 -5.4 

27 0.68 0.59 40.7 -0.38 0.01 -5.2 

28 0.68 0.59 40.7 -0.38 0.01 ______ 

29 0.68 0.59 40.7 -0.38 0.01 ______ 

30 0.68 0.59 40.7 -0.38 0.01 ______ 

31 0.68 0.59 40.7 -0.38 0.01 ______ 

32 0.68 0.59 40.7 -0.38 0.01 ______ 
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(a) (b) 

  

(c) (d) 

Figure 4.84  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) MoO3 nanoparticles synthesized with sonication 

method 

 
Figure 4.85  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4-nitrophenol using MoO3 nanoparticles synthesized via sonication method 
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Table 4.48  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles synthesized with sol-

gel method 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 2.33 1 ----------------- 0.84 1.79 0.58 

1 1.42 0.61 39.05 0.35 0.88 -0.13 

2 1.25 0.54 46.32 0.22 0.71 -0.35 

3 1.13 0.49 51.37 0.12 0.59 -0.53 

4 1.05 0.45 55.04 0.04 0.51 -0.68 

5 0.96 0.41 58.59 -0.04 0.42 -0.86 

6 0.9 0.39 61.27 -0.1 0.36 -1.02 

7 0.85 0.36 63.59 -0.17 0.31 -1.18 

8 0.8 0.35 65.44 -0.22 0.26 -1.33 

9 0.77 0.33 67.02 -0.26 0.23 -1.48 

10 0.74 0.32 68.28 -0.3 0.2 -1.62 

11 0.72 0.31 69.17 -0.33 0.18 -1.73 

12 0.7 0.3 70.1 -0.36 0.15 -1.87 

13 0.68 0.29 70.9 -0.39 0.14 -1.99 

14 0.66 0.28 71.61 -0.41 0.12 -2.12 

15 0.65 0.28 72.2 -0.44 0.11 -2.24 

16 0.63 0.27 72.74 -0.46 0.09 -2.37 

17 0.62 0.27 73.18 -0.47 0.08 -2.49 

18 0.62 0.26 73.56 -0.49 0.07 -2.6 

19 0.61 0.26 73.91 -0.5 0.07 -2.71 

20 0.59 0.26 74.49 -0.52 0.05 -2.94 

21 0.59 0.25 74.66 -0.53 0.05 -3.02 

22 0.59 0.25 74.69 -0.53 0.05 -3.04 

23 0.59 0.25 74.73 -0.53 0.05 -3.05 

24 0.58 0.25 75.18 -0.55 0.04 -3.31 

25 0.57 0.25 75.45 -0.56 0.03 -3.49 

26 0.57 0.25 75.39 -0.56 0.03 -3.45 

27 0.56 0.24 75.72 -0.57 0.02 -3.72 

28 0.57 0.24 75.68 -0.57 0.03 -3.68 

29 0.56 0.24 75.93 -0.58 0.02 -3.95 

30 0.55 0.24 76.15 -0.59 0.01 -4.26 

33 0.55 0.24 76.36 -0.6 0.01 -4.68 

35 0.55 0.23 76.53 -0.61 0.01 -5.22 

37 0.54 0.23 76.64 -0.61 0 -5.91 

39 0.54 0.23 76.71 -0.61 0 -6.71 

41 0.54 0.23 76.71 -0.61 0 -6.73 

43 0.54 0.23 76.76 -0.61 ----------------- ----------------- 
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Figure 4.86  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) of MoO3 nanoparticles synthesized with sol-gel 

method 

4.6.2. Catalysis of MoO3 nanoparticles with reaction time of 10 hours 

MoO3 nanoparticles synthesized sol-gel method for 10 hours and calcined with variable 

temperature rom 250- 450°C were subjected to degrade organo-pollutant (2-methyl-4-

nitrophenol). The absorbance was taken at room temperature with stirring of 01 hour and 

after every 01 minute. The observed absorbance was used to make percentage degradation 

(Table 4.49-Table 4.51) and first order graph (Figure 4.87-4.89) and finding the k-values as 

mentioned in Table 4.65. 
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Table 4.49  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 250 °C with 

reaction time of 10 hours (M-1) 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 1.57 1 #### 0.45 1.26 0.228 

1 1.3 0.83 17.3 0.26 0.99 -0.01 

2 1.12 0.71 28.8 0.11 0.81 -0.22 

3 0.98 0.63 37.3 -0 0.67 -0.4 

4 0.88 0.56 43.8 -0.1 0.57 -0.56 

5 0.8 0.51 49.2 -0.2 0.48 -0.72 

6 0.72 0.46 53.8 -0.3 0.41 -0.88 

7 0.67 0.42 57.5 -0.4 0.35 -1.04 

8 0.61 0.39 60.9 -0.5 0.3 -1.2 

9 0.57 0.36 63.6 -0.6 0.26 -1.35 

10 0.53 0.34 66 -0.6 0.22 -1.51 

11 0.5 0.32 67.9 -0.7 0.19 -1.65 

12 0.48 0.3 69.7 -0.7 0.16 -1.81 

13 0.45 0.29 71.3 -0.8 0.14 -1.98 

14 0.43 0.28 72.5 -0.8 0.12 -2.13 

15 0.41 0.26 73.6 -0.9 0.1 -2.28 

16 0.4 0.25 74.7 -0.9 0.09 -2.46 

17 0.38 0.25 75.5 -1 0.07 -2.62 

18 0.37 0.24 76.1 -1 0.06 -2.77 

19 0.37 0.23 76.6 -1 0.06 -2.9 

20 0.36 0.23 76.9 -1 0.05 -2.99 

21 0.36 0.23 77.2 -1 0.05 -3.07 

22 0.36 0.23 77.3 -1 0.04 -3.12 

23 0.35 0.22 77.5 -1 0.04 -3.2 

24 0.34 0.22 78.5 -1.1 0.03 -3.67 

25 0.33 0.21 78.8 -1.1 0.02 -3.91 

26 0.33 0.21 78.8 -1.1 0.02 -3.9 

31 0.33 0.21 79.1 -1.1 0.02 -4.14 

36 0.33 0.21 78.8 -1.1 0.02 -3.88 

41 0.32 0.21 79.3 -1.1 0.01 -4.4 

46 0.32 0.21 79.3 -1.1 0.01 -4.35 

51 0.32 0.21 79.5 -1.1 0.01 -4.59 

56 0.32 0.2 79.7 -1.1 0.01 -5.03 

61 0.32 0.2 79.8 -1.1 0.01 -5.23 

66 0.32 0.2 79.8 -1.2 0 -5.39 

71 0.32 0.2 79.9 -1.2 0 -5.6 

76 0.31 0.2 79.9 -1.2 0 -5.78 

81 0.31 0.2 80 -1.2 0 -6.46 

86 0.31 0.2 80 -1.2 0 -6.59 

91 0.31 0.2 80.1 -1.2 0 -7.38 
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Figure 4.86  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 250 °C with 

reaction time of 10 hours (M-1) 

Table 4.49  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 350 °C with 

reaction time of 10 hours (M-3) 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 1.18 1 0 0.17 0.25 -1.39 

1 1.17 0.99 1.48 0.15 0.23 -1.46 

2 1.14 0.96 3.5 0.13 0.21 -1.57 

3 1.13 0.96 4.15 0.13 0.2 -1.61 

4 1.13 0.96 4.42 0.12 0.2 -1.62 

5 1.13 0.95 4.79 0.12 0.19 -1.65 

6 1.12 0.95 5.13 0.12 0.19 -1.67 

7 1.12 0.95 5.17 0.11 0.19 -1.67 

8 1.12 0.95 5.24 0.11 0.19 -1.68 

9 1.12 0.95 5.39 0.11 0.19 -1.69 

10 1.12 0.95 5.42 0.11 0.19 -1.69 
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11 1.12 0.94 5.55 0.11 0.18 -1.7 

12 1.12 0.95 5.5 0.11 0.18 -1.69 

15 1.12 0.94 5.59 0.11 0.18 -1.7 

16 1.12 0.94 5.66 0.11 0.18 -1.7 

17 1.11 0.94 5.76 0.11 0.18 -1.71 

22 1.11 0.94 5.77 0.11 0.18 -1.71 

24 1.11 0.94 5.78 0.11 0.18 -1.71 

25 1.11 0.94 5.8 0.11 0.18 -1.71 

26 1.11 0.94 5.84 0.11 0.18 -1.71 

27 1.11 0.94 5.92 0.11 0.18 -1.72 

28 1.11 0.94 6.05 0.11 0.18 -1.73 

29 1.11 0.94 6.14 0.1 0.18 -1.73 

30 1.11 0.94 6.26 0.1 0.18 -1.74 

31 1.11 0.94 6.3 0.1 0.17 -1.74 

32 1.11 0.94 6.42 0.1 0.17 -1.75 

33 1.1 0.93 6.65 0.1 0.17 -1.77 

34 1.1 0.93 6.88 0.1 0.17 -1.78 

35 1.1 0.93 6.99 0.1 0.17 -1.79 

36 1.1 0.93 6.96 0.1 0.17 -1.79 

37 1.1 0.93 6.99 0.1 0.17 -1.79 

38 1.1 0.93 7.24 0.09 0.16 -1.81 

39 1.09 0.93 7.45 0.09 0.16 -1.83 

40 1.09 0.93 7.48 0.09 0.16 -1.83 

43 1.09 0.92 7.61 0.09 0.16 -1.84 

44 1.09 0.92 7.64 0.09 0.16 -1.84 

45 1.09 0.92 7.67 0.09 0.16 -1.84 

49 1.09 0.92 7.67 0.09 0.16 -1.84 

50 1.09 0.92 7.7 0.09 0.16 -1.84 

52 1.09 0.92 7.7 0.09 0.16 -1.84 

53 1.09 0.92 7.77 0.09 0.16 -1.85 

54 1.09 0.92 7.8 0.09 0.16 -1.85 

56 1.09 0.92 7.9 0.09 0.16 -1.86 

57 1.09 0.92 7.98 0.08 0.15 -1.87 

58 1.09 0.92 8.08 0.08 0.15 -1.87 

59 1.09 0.92 8.15 0.08 0.15 -1.88 

61 1.09 0.92 8.23 0.08 0.15 -1.88 

62 1.08 0.92 8.36 0.08 0.15 -1.89 

63 1.08 0.91 8.5 0.08 0.15 -1.91 

64 1.08 0.91 8.72 0.08 0.15 -1.92 

65 1.08 0.91 8.84 0.08 0.14 -1.93 

66 1.08 0.91 8.94 0.07 0.14 -1.94 

67 1.08 0.91 9.08 0.07 0.14 -1.95 
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68 1.08 0.91 9.1 0.07 0.14 -1.96 

70 1.07 0.91 9.28 0.07 0.14 -1.97 

71 1.07 0.91 9.41 0.07 0.14 -1.98 

72 1.07 0.9 9.55 0.07 0.14 -1.99 

73 1.07 0.9 9.7 0.07 0.13 -2.01 

74 1.07 0.9 9.74 0.07 0.13 -2.01 

75 1.07 0.9 9.89 0.06 0.13 -2.02 

77 1.07 0.9 9.86 0.06 0.13 -2.02 

78 1.06 0.9 10.3 0.06 0.13 -2.06 

79 1.06 0.89 10.6 0.06 0.12 -2.09 

80 1.06 0.89 10.7 0.05 0.12 -2.1 

81 1.05 0.89 10.9 0.05 0.12 -2.11 

82 1.05 0.89 10.9 0.05 0.12 -2.12 

84 1.05 0.89 10.9 0.05 0.12 -2.12 

85 1.05 0.89 11 0.05 0.12 -2.13 

89 1.05 0.89 11.1 0.05 0.12 -2.14 

90 1.05 0.89 11.2 0.05 0.12 -2.15 

91 1.05 0.89 11.4 0.05 0.11 -2.17 

92 1.05 0.88 11.5 0.05 0.11 -2.18 

93 1.05 0.88 11.6 0.04 0.11 -2.19 

98 1.04 0.88 11.7 0.04 0.11 -2.2 

99 1.04 0.88 12 0.04 0.11 -2.23 

100 1.04 0.88 12.1 0.04 0.11 -2.25 

101 1.04 0.88 12.2 0.04 0.1 -2.26 

102 1.04 0.88 12.3 0.04 0.1 -2.27 

103 1.04 0.88 12.4 0.04 0.1 -2.28 

107 1.03 0.87 13 0.03 0.1 -2.35 

108 1.02 0.87 13.5 0.02 0.09 -2.41 

109 1.02 0.86 13.7 0.02 0.09 -2.44 

112 1.02 0.86 13.8 0.02 0.09 -2.46 

110 1.02 0.86 13.8 0.02 0.09 -2.46 

114 1.02 0.86 13.9 0.02 0.08 -2.47 

115 1.02 0.86 13.9 0.02 0.08 -2.47 

119 1.01 0.86 14.3 0.01 0.08 -2.53 

120 1.01 0.85 14.7 0.01 0.08 -2.59 

121 1.01 0.85 15 0.01 0.07 -2.63 

122 1.01 0.85 15 0.01 0.07 -2.63 

126 1 0.85 15 0 0.07 -2.64 

130 1 0.85 15.1 0 0.07 -2.64 

131 1 0.85 15.1 0 0.07 -2.66 

132 1 0.85 15.3 0 0.07 -2.68 

133 1 0.85 15.3 0 0.07 -2.69 
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134 1 0.85 15.4 0 0.07 -2.7 

136 1 0.85 15.5 ### 0.07 -2.71 

137 1 0.84 15.6 -0 0.07 -2.73 

138 1 0.84 15.7 -0 0.06 -2.76 

139 1 0.84 15.8 -0 0.06 -2.77 

140 1 0.84 15.9 -0 0.06 -2.79 

141 0.99 0.84 16.1 -0 0.06 -2.83 

142 0.99 0.84 16.2 -0 0.06 -2.84 

143 0.99 0.84 16.3 -0 0.06 -2.87 

144 0.99 0.84 16.4 -0 0.06 -2.9 

145 0.99 0.83 16.5 -0 0.05 -2.92 

146 0.99 0.83 16.6 -0 0.05 -2.94 

147 0.99 0.83 16.6 -0 0.05 -2.95 

149 0.98 0.83 16.8 -0 0.05 -2.99 

150 0.98 0.83 17 -0 0.05 -3.04 

151 0.98 0.83 17.2 -0 0.05 -3.09 

152 0.98 0.83 17.3 -0 0.04 -3.12 

153 0.98 0.83 17.5 -0 0.04 -3.16 

154 0.97 0.82 17.6 -0 0.04 -3.2 

155 0.97 0.82 17.7 -0 0.04 -3.22 

156 0.97 0.82 17.8 -0 0.04 -3.24 

157 0.97 0.82 17.8 -0 0.04 -3.25 

158 0.97 0.82 17.8 -0 0.04 -3.26 

159 0.97 0.82 17.9 -0 0.04 -3.29 

161 0.97 0.82 18.2 -0 0.03 -3.39 

162 0.96 0.81 18.9 -0 0.03 -3.68 

163 0.95 0.81 19.3 -0 0.02 -3.88 

164 0.95 0.8 19.5 -0 0.02 -4.01 

165 0.95 0.8 19.6 -0.1 0.02 -4.08 

166 0.95 0.8 19.7 -0.1 0.02 -4.13 

167 0.95 0.8 19.8 -0.1 0.02 -4.18 

168 0.95 0.8 19.8 -0.1 0.01 -4.22 

169 0.95 0.8 19.9 -0.1 0.01 -4.27 

170 0.95 0.8 19.9 -0.1 0.01 -4.28 

177 0.94 0.79 20.6 -0.1 0.01 -5.1 

178 0.94 0.79 20.9 -0.1 0 -6.12 

179 0.93 0.79 21.1 -0.1 0 #### 
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Figure 4.87  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 350 °C with 

reaction time of 10 hours (M-3) 
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Table 4.50  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 450 °C with 

reaction time of 10 hours (M-5) 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 1.2 1 0 0.2 0.83 -0.19 

1 1 0.83 17.5 0 0.61 -0.49 

2 0.9 0.74 26.4 -0.1 0.5 -0.69 

3 0.8 0.67 32.8 -0.2 0.42 -0.86 

4 0.8 0.62 37.9 -0.3 0.36 -1.03 

5 0.7 0.58 42.3 -0.3 0.3 -1.2 

6 0.7 0.54 45.7 -0.4 0.26 -1.34 

7 0.6 0.52 48.4 -0.4 0.23 -1.48 

8 0.6 0.49 50.7 -0.5 0.2 -1.62 

9 0.6 0.48 52.3 -0.5 0.18 -1.73 

10 0.6 0.46 53.7 -0.5 0.16 -1.83 

11 0.6 0.45 54.9 -0.6 0.15 -1.93 

12 0.6 0.44 55.9 -0.6 0.13 -2.01 

13 0.5 0.43 57.4 -0.6 0.11 -2.17 

14 0.5 0.42 58.1 -0.6 0.11 -2.25 

15 0.5 0.41 59.1 -0.7 0.09 -2.37 

16 0.5 0.41 59.5 -0.7 0.09 -2.43 

17 0.5 0.4 60.5 -0.7 0.08 -2.58 

18 0.5 0.39 60.6 -0.7 0.07 -2.6 

19 0.5 0.39 61.4 -0.7 0.06 -2.75 

20 0.5 0.38 62.1 -0.7 0.06 -2.9 

21 0.5 0.37 62.5 -0.8 0.05 -2.99 

22 0.5 0.37 62.7 -0.8 0.05 -3.02 

23 0.5 0.37 62.7 -0.8 0.05 -3.03 

24 0.5 0.36 63.7 -0.8 0.04 -3.32 

25 0.4 0.36 64.2 -0.8 0.03 -3.53 

26 0.4 0.36 64 -0.8 0.03 -3.45 

27 0.4 0.34 65.6 -0.8 0.01 -4.44 

28 0.4 0.34 65.9 -0.9 0.01 -4.74 

29 0.4 0.33 66.6 -0.9 0 #### 
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Figure 4.88  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 450 °C with 

reaction time of 10 hours (M-5) 

4.6.3. Catalysis of MoO3 nanoparticles with reaction time of 24 hours 

MoO3 nanoparticles synthesized sol-gel method for 24 hours and calcined with variable 

temperature rom 250- 450°C were subjected to degrade organo-pollutant (2-methyl-4-

nitrophenol). The absorbance was taken at room temperature with stirring of 01 hour and 

after every 01 minute. The observed absorbance was used to make percentage degradation 

(Table 4.52 to 4.54) and first order graph (Figure 4.90-4.92) and finding the k-values as 

mentioned in Table 4.65. 
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Table 4.51  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 250 °C with 

reaction time of 24 hours (M-2) 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 2.04 1 ### 0.71 1.56 0.442 

1 1.25 0.61 38.8 0.22 0.76 -0.27 

2 1.08 0.53 46.7 0.08 0.6 -0.5 

3 0.98 0.48 52 -0 0.5 -0.7 

4 0.88 0.43 56.6 -0.1 0.4 -0.91 

5 0.81 0.4 60.2 -0.2 0.33 -1.11 

6 0.76 0.37 62.9 -0.3 0.27 -1.29 

7 0.71 0.35 65.3 -0.3 0.23 -1.49 

8 0.67 0.33 67.1 -0.4 0.19 -1.67 

9 0.63 0.31 68.9 -0.5 0.15 -1.88 

10 0.61 0.3 70.1 -0.5 0.13 -2.06 

11 0.59 0.29 71.2 -0.5 0.11 -2.24 

12 0.57 0.28 72.1 -0.6 0.09 -2.44 

13 0.55 0.27 72.9 -0.6 0.07 -2.64 

14 0.54 0.26 73.5 -0.6 0.06 -2.85 

15 0.53 0.26 74.1 -0.6 0.05 -3.07 

16 0.52 0.25 74.6 -0.7 0.04 -3.3 

17 0.51 0.25 74.9 -0.7 0.03 -3.51 

18 0.5 0.25 75.2 -0.7 0.02 -3.73 

19 0.5 0.25 75.4 -0.7 0.02 -3.93 

20 0.5 0.24 75.6 -0.7 0.01 -4.2 

21 0.49 0.24 75.8 -0.7 0.01 -4.4 

22 0.49 0.24 76 -0.7 0.01 -4.74 

23 0.49 0.24 76.1 -0.7 0.01 -5.01 

24 0.49 0.24 76.2 -0.7 0 -5.43 

25 0.48 0.24 76.2 -0.7 0 -5.82 

26 0.48 0.24 76.3 -0.7 0 -6.57 

27 0.48 0.24 76.4 -0.7 0 -7.68 

28 0.48 0.24 76.4 -0.7 #### -9.89 

29 0.48 0.24 76.4 -0.7 0 _______ 
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(a) (b) 

 

 

(c) (d) 

Figure 4.89  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 250 °C with 

reaction time of 24 hours (M-2) 
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Table 4.52  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 350 °C with 

reaction time of 24 hours (M-4) 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 1.3 1 0 0.3 0.7 -0.36 

1 1 0.75 24.9 0.01 0.36 -1.01 

2 0.9 0.67 32.8 -0.1 0.26 -1.36 

3 0.8 0.62 38 -0.18 0.19 -1.67 

4 0.8 0.58 41.6 -0.24 0.14 -1.98 

5 0.7 0.56 44.4 -0.29 0.1 -2.29 

6 0.7 0.54 46.4 -0.33 0.07 -2.6 

7 0.7 0.52 47.8 -0.35 0.05 -2.9 

8 0.7 0.51 48.9 -0.37 0.04 -3.22 

9 0.7 0.5 49.8 -0.39 0.03 -3.56 

10 0.7 0.5 50.3 -0.4 0.02 -3.87 

11 0.7 0.49 50.7 -0.41 0.02 -4.11 

12 0.7 0.49 50.8 -0.41 0.01 -4.25 

13 0.7 0.49 50.8 -0.41 0.01 -4.23 

14 0.7 0.49 50.8 -0.41 0.01 -4.23 

15 0.7 0.49 50.8 -0.41 0.01 -4.24 

16 0.7 0.49 50.9 -0.41 0.01 -4.31 

17 0.7 0.49 51 -0.42 0.01 -------------- 

18 0.7 0.49 51.1 -0.42 0.01 -------------- 

19 0.7 0.49 51.1 -0.42 0.01 -------------- 

20 0.7 0.49 51.2 -0.42 0.01 -------------- 

21 0.7 0.49 51.2 -0.42 0.01 -------------- 

22 0.7 0.49 51.2 -0.42 0.01 -------------- 

23 0.7 0.49 51.2 -0.42 0.01 -------------- 

24 0.7 0.49 51.1 -0.42 0.01 -------------- 
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(a) (b) 

 

 

(c) (d) 

Figure 4.90 Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 350 °C with 

reaction time of 24 hours (M-4) 

 

  



Chapter No. 4  Results & Discussion  
 

  187 
 

Table 4.53  Degradation of 2-methyl-4-nitrophenol using MoO3 nanoparticles calcine at 450 °C with 

reaction time of 24 hours (M-6) 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 0.62 1 ### -0.49 0.44 -0.83 

0.5 0.57 0.92 7.64 -0.56 0.39 -0.94 

1.1 0.53 0.86 13.6 -0.63 0.35 -1.04 

1.6 0.5 0.82 18.5 -0.69 0.32 -1.13 

2.1 0.48 0.77 22.8 -0.74 0.3 -1.22 

2.6 0.45 0.73 26.7 -0.8 0.27 -1.3 

3.2 0.43 0.7 30 -0.84 0.25 -1.38 

3.7 0.41 0.67 33 -0.89 0.23 -1.45 

4.2 0.39 0.64 35.9 -0.93 0.22 -1.53 

4.8 0.38 0.62 38.2 -0.97 0.2 -1.6 

5.3 0.37 0.6 40.3 -1 0.19 -1.67 

5.8 0.35 0.57 42.5 -1.04 0.17 -1.74 

6.4 0.34 0.56 44.5 -1.07 0.16 -1.81 

6.9 0.33 0.54 46.4 -1.11 0.15 -1.89 

7.4 0.32 0.52 48.2 -1.14 0.14 -1.97 

7.9 0.31 0.5 49.8 -1.17 0.13 -2.04 

8.5 0.3 0.49 51.3 -1.21 0.12 -2.12 

9 0.29 0.47 52.9 -1.24 0.11 -2.2 

9.5 0.28 0.46 54.2 -1.27 0.1 -2.27 

10 0.27 0.45 55.4 -1.29 0.1 -2.35 

11 0.27 0.43 56.9 -1.33 0.09 -2.45 

11 0.26 0.42 58.1 -1.36 0.08 -2.54 

12 0.25 0.41 59 -1.38 0.07 -2.61 

12 0.25 0.4 60.2 -1.41 0.07 -2.71 

13 0.24 0.39 61.1 -1.43 0.06 -2.81 

13 0.23 0.38 62.1 -1.46 0.05 -2.91 

14 0.23 0.37 63 -1.48 0.05 -3.02 

14 0.22 0.36 63.7 -1.5 0.04 -3.11 

15 0.22 0.35 64.6 -1.52 0.04 -3.24 

15 0.21 0.35 65.3 -1.54 0.03 -3.37 

16 0.21 0.34 66.2 -1.57 0.03 -3.54 

16 0.2 0.33 67.1 -1.6 0.02 -3.75 

17 0.2 0.32 67.9 -1.62 0.02 -3.97 

17 0.19 0.32 68.5 -1.64 0.02 -4.19 

18 0.19 0.31 69.1 -1.66 0.01 -4.48 

19 0.19 0.3 69.8 -1.68 0.01 -4.94 

19 0.18 0.3 70.4 -1.7 0 -5.63 

20 0.18 0.29 70.9 -1.72 0 #### 
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(a) (b) 

 

 

(c) (d) 

Figure 4.91  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using MoO3 nanoparticles calcine at 450 °C with 

reaction time of 24 hours (M-6) 
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4.6.4. Catalysis of strontium molybdate (SrMoO4) nanocomposites 

SrMoO4 nanocomposites synthesized via sol-gel method for 10 hours with change in 

concentration of Sr and Mo from SMO5 to SMO9 used to degrade organo-pollutant (2-

methyl-4-nitrophenol & 2-methyl-4,6-dinitrophenol). The SrMoO4 nanocomposites didn’t 

show any positive result at room temperature and under sunlight, that’s why they were placed 

in UV-radiation for one-hour before taking absorbance and then for every 20 minutes. The 

observed absorbance was used to make percentage degradation (Table 4.55-4.60) and first 

order graphs (Figure 4.93-104) and finding the k-values as mentioned in Table 4.65. 

Table 4.54  Degradation of 2-methyl-4, 6-dinitrophenol using strontium molybdate (SMO5) 

nanocomposites 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 0.52 1 0 -0.66 0.29 -1.25 

20 0.49 0.96 4.26 -0.71 0.27 -1.33 

40 0.47 0.91 9.3 -0.76 0.24 -1.43 

60 0.44 0.86 14 -0.81 0.22 -1.54 

80 0.4 0.78 22.1 -0.91 0.17 -1.75 

100 0.38 0.74 26.2 -0.96 0.15 -1.88 

120 0.37 0.71 28.9 -1 0.14 -1.98 

140 0.35 0.68 32 -1.05 0.12 -2.1 

160 0.33 0.65 35.3 -1.1 0.11 -2.25 

180 0.31 0.6 39.9 -1.17 0.08 -2.51 

200 0.3 0.59 41.3 -1.19 0.07 -2.6 

220 0.29 0.57 43 -1.22 0.07 -2.73 

240 0.29 0.57 43.2 -1.23 0.06 -2.75 

260 0.28 0.55 45.3 -1.27 0.05 -2.94 

280 0.28 0.53 46.7 -1.29 0.05 -3.08 

300 0.23 0.44 55.6 -1.47 0 #### 
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(a) (b) 

 

 

(c) (d) 

Figure 4.92  Plot of degradation of 2-methyl-4,6-dinitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO5) 

nanocomposite 

 

Figure 4.93  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4,6-dinitrophenol using strontium molybdate (SMO5) nanocomposite 



Chapter No. 4  Results & Discussion  
 

  191 
 

Table 4.55  Degradation of 2-methyl-4-dinitrophenol using strontium molybdate (SMO5) 

nanocomposite 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 1.08 1 0 0.073 0.18 -1.72 

20 1.05 0.97 2.77 0.045 0.15 -1.91 

40 0.99 0.92 8.44 -0.01 0.09 -2.43 

60 0.97 0.9 9.71 -0.03 0.07 -2.6 

80 0.97 0.9 10.1 -0.03 0.07 -2.66 

100 0.97 0.9 10.3 -0.03 0.07 -2.69 

120 0.96 0.89 10.5 -0.04 0.07 -2.72 

140 0.96 0.89 10.8 -0.04 0.06 -2.77 

160 0.94 0.88 12.3 -0.06 0.05 -3.07 

180 0.93 0.87 13.3 -0.07 0.04 -3.35 

200 0.93 0.86 13.6 -0.07 0.03 -3.43 

220 0.92 0.86 14.1 -0.08 0.03 -3.62 

240 0.9 0.83 16.6 -0.11 0 #### 

 

 

(a) (b) 

  

(c) (d) 

Figure 4.94 Plot of degradation of 2-methyl-4-dinitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO5) 

nanocomposite 
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Figure 4.95  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4-nitrophenol using strontium molybdate (SMO5) nanocomposite 

Table 4.56 Degradation of 2-methyl-4,6-dinitrophenol using strontium molybdate (SMO7) 

nanocomposite 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 0.66 1 0 -0.41 0.36 -1.02 

20 0.61 0.92 7.59 -0.49 0.31 -1.17 

40 0.45 0.67 32.8 -0.81 0.14 -1.94 

60 0.42 0.63 37.1 -0.87 0.11 -2.16 

80 0.38 0.57 42.9 -0.97 0.08 -2.57 

100 0.35 0.53 46.5 -1.04 0.05 -2.96 

120 0.34 0.51 49.3 -1.09 0.03 -3.39 

140 0.31 0.47 52.5 -1.16 0.01 -4.41 

160 0.31 0.47 52.9 -1.16 0.01 -4.63 

180 0.31 0.47 53.5 -1.18 0.01 -5.12 

200 0.31 0.46 54 -1.19 0 -5.89 

220 0.3 0.46 54.3 -1.19 0 -7.62 

240 0.3 0.46 54.4 -1.2 ### -9.68 

260 0.3 0.46 54.4 -1.2 0 #### 
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(a) (b) 

 

 

(c) (d) 

Figure 4.96  Plot of degradation of 2-methyl-4,6-dinitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO7) 

nanocomposite 

 

Figure 4.97  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4,6-dinitrophenol using strontium molybdate (SMO7) nanocomposite   
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Table 4.57  Degradation of 2-methyl-4-nitrophenol using strontium molybdate (SMO7) 

nanocomposite 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf ln (A-Ainf) 

0 2.43 1 0 0.89 0.05 -2.9 

20 2.42 1 0.39 0.88 0.05 -3.09 

40 2.4 0.99 1.07 0.88 0.03 -3.54 

60 2.4 0.99 1.18 0.88 0.03 -3.64 

80 2.4 0.99 1.18 0.88 0.03 -3.64 

100 2.4 0.99 1.29 0.87 0.02 -3.74 

120 2.39 0.98 1.51 0.87 0.02 -4 

140 2.39 0.98 1.61 0.87 0.02 -4.15 

160 2.39 0.98 1.63 0.87 0.02 -4.18 

180 2.38 0.98 1.93 0.87 0.01 -4.81 

200 2.38 0.98 2.09 0.87 0 -5.47 

220 2.38 0.98 2.11 0.87 0 -5.62 

240 2.38 0.98 2.13 0.87 0 -5.78 

260 2.37 0.98 2.26 0.86 0 #### 

 

 

(a) (b) 

  

(c) (d) 

Figure 4.98  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) difference 

in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO7) 

nanocomposite 
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Figure 4.99  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4-nitrophenol using strontium molybdate (SMO7) nanocomposite 

Table 4.58  Degradation of 2-methyl-4,6-dinitrophenol using strontium molybdate (SMO9) 

nanocomposite 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 1.4 1 0 0.34 0.45 -0.8 

20 1.3 0.92 7.52 0.26 0.34 -1.07 

40 1.21 0.86 13.8 0.19 0.25 -1.37 

60 1.07 0.76 23.9 0.06 0.11 -2.18 

80 1.01 0.72 27.8 0.01 0.06 -2.84 

100 1 0.71 28.9 -0 0.04 -3.15 

120 0.98 0.7 30 -0.02 0.03 -3.61 

140 0.97 0.69 30.8 -0.03 0.02 -4.15 

180 0.97 0.69 31 -0.03 0.01 -4.34 

200 0.96 0.68 31.6 -0.04 0 -5.47 

220 0.96 0.68 31.7 -0.04 0 -5.63 

240 0.96 0.68 31.8 -0.05 0 -6.1 

260 0.95 0.68 31.9 -0.05 0 #### 
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(a) (b) 

 

 

(c) (d) 

Figure 4.100  Plot of degradation of 2-methyl-4,6-dinitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO9) 

nanocomposite 

 

Figure 4.101  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4,6-dinitrophenol using strontium molybdate (SMO9) nanocomposite 
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Table 4.59  Degradation of 2-methyl-4-dinitrophenol using strontium molybdate (SMO9) 

nanocomposite 

Time (min
-1

) ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 3.57 1 0 1.27 0.6 -0.51 

20 3.43 0.96 4.08 1.23 0.45 -0.79 

40 3.42 0.96 4.2 1.23 0.45 -0.8 

80 3.26 0.91 8.76 1.18 0.28 -1.26 

100 3.15 0.88 11.8 1.15 0.18 -1.74 

120 3.11 0.87 12.9 1.14 0.14 -1.99 

140 3.11 0.87 13 1.13 0.13 -2.01 

160 3.1 0.87 13.3 1.13 0.12 -2.1 

180 3.09 0.86 13.6 1.13 0.11 -2.18 

200 3.06 0.86 14.5 1.12 0.08 -2.53 

220 3.05 0.85 14.7 1.11 0.07 -2.62 

240 3.02 0.85 15.4 1.11 0.05 -3.07 

260 2.99 0.84 16.3 1.1 0.02 -4.16 

280 2.99 0.84 16.4 1.09 0.01 -4.36 

300 2.98 0.83 16.7 1.09 0 #### 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 4.102  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using strontium molybdate (SMO9) 

nanocomposite 
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Figure 4.103  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4-nitrophenol using strontium molybdate (SMO9) nanocomposite 

4.6.5. Catalysis of lanthanides (La & Gd) doped strontium molybdate (SrMoO4) 

nanocomposites 

Lanthanides doped SrMoO4 nanoparticles synthesized using hydrothermal method were 

subjected to degrade organo-pollutant (2-methyl-4-nitrophenol and 2-methyl-4,6-

dinitrophenol). The lanthanides doped SrMoO4 nanocomposites didn’t show any positive 

result at room temperature and under sunlight, that’s why they were placed in UV-radiation. 

Firstly for 01 hour and then reading was taken after every 20 minutes. The observed 

absorbance’s were used to make %age degradation (Table 4.61-4.6) and first order graph 

(Figure 4.105-4.112) and finding the k-values as mentioned in Table 4.65. 
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Table 4.60  Degradation of 2-methyl-4,6-dinitrophenol using lanthanum doped strontium molybdate 

(LSMO) nanocomposites 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 2.06 1 0 0.72 0.08 -2.54 

20 2.02 0.98 1.59 0.7 0.05 -3.08 

40 2 0.97 2.55 0.69 0.03 -3.64 

60 1.99 0.97 3.16 0.69 0.01 -4.3 

80 1.99 0.97 3.4 0.69 0.01 -4.74 

100 1.99 0.97 3.41 0.69 0.01 -4.75 

120 1.98 0.96 3.58 0.68 0.01 -5.3 

140 1.98 0.96 3.71 0.68 0 -6.05 

160 1.98 0.96 3.75 0.68 0 -6.48 

180 1.98 0.96 3.75 0.68 0 -6.53 

200 1.98 0.96 3.76 0.68 0 -6.57 

220 1.98 0.96 3.87 0.68 -0 #### 

240 1.98 0.96 3.83 0.68 0 #### 

  

(a) (b) 

 

 

(c) (d) 

Figure 4.104  Plot of degradation of 2-methyl-4,6-dinitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using lanthanum doped strontium 

molybdate (LSMO) nanocomposites 
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Figure 4.105  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4,6-dinitrophenol using lanthanum doped strontium molybdate (LSMO) nanocomposites 

Table 4.61  Degradation of 2-methyl-4-dinitrophenol using lanthanum doped strontium molybdate 

(LSMO) nanocomposites 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 2.58 1 0 0.95 0.71 -0.34 

20 2.43 0.94 5.88 0.89 0.56 -0.59 

40 2.39 0.93 7.43 0.87 0.52 -0.66 

60 2.19 0.85 15.1 0.78 0.32 -1.14 

80 2.13 0.83 17.4 0.76 0.26 -1.35 

100 2.12 0.82 18 0.75 0.24 -1.41 

120 1.99 0.77 22.8 0.69 0.12 -2.11 

140 1.99 0.77 22.9 0.69 0.12 -2.14 

160 1.92 0.75 25.5 0.65 0.05 -2.96 

180 1.9 0.74 26.4 0.64 0.03 -3.64 

200 1.89 0.73 26.6 0.64 0.02 -3.84 

220 1.89 0.73 26.8 0.64 0.02 -4.02 

240 1.89 0.73 26.9 0.63 0.01 -4.3 

260 1.88 0.73 27.1 0.63 0.01 -4.58 

280 1.88 0.73 27.1 0.63 0.01 -4.75 

300 1.88 0.73 27.2 0.63 0.01 -5.18 

320 1.87 0.73 27.5 0.63 0 #### 
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(a) (b) 

 

 

(c) (d) 

Figure 4.106  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using lanthanum doped strontium 

molybdate (LSMO) nanocomposites 
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Figure 4.107  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4-nitrophenol using lanthanum doped strontium molybdate (LSMO) nanocomposites 

Table 4.62  Degradation of 2-methyl-4,6-dinitrophenol using gadolinium doped strontium molybdate 

(GSMO) nanocomposites 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 1.67 1 0 0.51 0.17 -1.76 

20 1.61 0.97 3.47 0.48 0.11 -2.17 

40 1.6 0.96 4.49 0.47 0.1 -2.33 

60 1.58 0.95 5.37 0.46 0.08 -2.5 

80 1.57 0.94 5.85 0.45 0.07 -2.6 

100 1.56 0.94 6.41 0.45 0.06 -2.74 

120 1.55 0.93 7.29 0.44 0.05 -3 

140 1.53 0.92 8.19 0.43 0.04 -3.35 

160 1.52 0.91 9.13 0.42 0.02 -3.94 

180 1.51 0.9 9.61 0.41 0.01 -4.48 

200 1.51 0.9 9.63 0.41 0.01 -4.52 

220 1.51 0.9 9.9 0.41 0.01 -5.05 

240 1.5 0.9 10.1 0.41 0 -5.63 

260 1.5 0.9 10.3 0.4 0 #### 
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(a) (b) 

  
(c) (d) 

Figure 4.108  Plot of degradation of 2-methyl-4,6-nitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using gadolinium doped strontium 

molybdate (GSMO) nanocomposites 

 

Figure 4.109  indicates relationship between wavelength and absorbance during degradation of 2-

methyl-4,6-dinitrophenol using gadolinium doped strontium molybdate (GSMO) nanocomposites 
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Table 4.63  Degradation of 2-methyl-4-nitrophenol using gadolinium doped strontium molybdate 

(GSMO) nanocomposites 

Time 

(min
-1

) 

ABS. Ceq/Co (1-Ceq/Co)x100 lnA A-Ainf. ln (A-Ainf.) 

0 2.68 1 0 0.99 0.79 -0.24 

20 2.28 0.85 15.06 0.82 0.38 -0.96 

40 2.27 0.85 15.45 0.82 0.37 -0.99 

60 2.2 0.82 17.87 0.79 0.31 -1.18 

80 2.2 0.79 20.78 0.75 0.23 -1.47 

100 2.12 0.82 17.87 0.79 0.31 -1.18 

120 2 0.75 25.36 0.69 0.11 -2.24 

140 1.98 0.74 26.23 0.68 0.08 -2.48 

160 1.96 0.73 26.77 0.67 0.07 -2.67 

180 1.96 0.73 26.94 0.67 0.06 -2.74 

200 1.95 0.73 27.31 0.67 0.05 -2.91 

220 1.93 0.72 28.01 0.66 0.04 -3.33 

240 1.93 0.72 28.19 0.66 0.03 -3.47 

260 1.92 0.72 28.28 0.65 0.03 -3.55 

280 1.92 0.72 28.46 0.65 0.02 -3.73 

300 1.91 0.71 28.74 0.65 0.02 -4.11 

320 1.9 0.71 28.98 0.64 0.01 -4.6 

340 1.9 0.71 29.09 0.64 0.01 -4.99 

360 1.89 0.71 29.35 0.64 0 #### 
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(c) (d) 

Figure 4.110  Plot of degradation of 2-methyl-4-nitrophenol w.r.t time vs (a) absorbance (b) 

difference in degradation (c) %age degradation (d) ln (A-Ainf) using gadolinium doped strontium 

molybdate (GSMO) nanocomposites 

 

  

Figure 4.111  indicates relationship between wavelength and absorbance during 

degradation of 2-methyl-4-nitrophenol using gadolinium doped strontium molybdate 

(GSMO) nanocomposites 
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Table 4.64  Overall relationship of % age degradation and k- value with particle size and 

band gap 

 

Samples  %age degradation  k-value  Reaction 

completion time  

(min
-1

) 

PS BG 

MoO3 nanoparticles with reaction time of 04 hours 

M-450sonication 40.68 0.140 32 3.75 4.36 

M-450sol-gel 76.75 0.151 45 3.84 4.17 

MoO3 nanoparticles with reaction time of 10 hours 

M-1 80.11 0.072 96 5.08 4.23 

M-3 21.06 0.010 179 4.81 4.33 

M-5 66.55 0.127 29  3.21 4.38 

MoO3 nanoparticles with reaction time of 24 hours 

M-2 76.38 0.228 29 6.67 4.13 

M-4 51.07 0.249 25 3.96 4.27 

M-6 70.93 0.158 20 3.48 4.33 

Strontium molybdate (SrMoO4) nanocomposites  

SMO5 (2M-4,6-DNP) 55.62 0.006 300  5.39 4.79 

SMO7 (2M-4,6-DNP) 54.08 0.024 260  4.24 4.76 

SMO9 (2M-4,6-DNP) 31.92 0.022 260  6.88 4.77 

SMO5 (2M-4-NP) 16.59 0.007 240   5.39 4.79 

SMO7 (2M-4-NP) 2.261 0.011 260  4.24 4.76 

SMO9 (2M-4-NP) 16.72 0.01 300  6.88 4.77 

 Lanthanides doped strontium molybdate (SrMoO4) nanocomposites  

LSMO (2M-4,6-DNP) 3.825 0.021 240  6.36 3.9 

GSMO (2M-4,6-DNP) 10.28 0.015 260  2.63 3.49 

LSMO (2M-4-NP) 27.45 0.017 320  6.36 3.9 

GSMO (2M-4-NP) 29.35 0.012 360  2.63 3.49 

In Table 4.66 different results obtain due to role of different effects. MoO3 nanoparticles 

synthesized by sol-gel and sonication method for 04 hours and calcined at 450 °C, it is clear 

from the Table 4.66 that sol-gel synthesized sample showed better %age degradation (76.75 

%) and more k-value (0.151) with respect to decrease in band gap[12]. 

MoO3 nanoparticles synthesized via sol-gel method for 10 hours and change in calcination 

temperature from 250 to 450 °C results decrease in particle size and increase in band gap due 

to change in crystal symmetry ended in variation of % age degradation and k-value. M-1 is 

polycrystalline (having cubic, hexa and orthogonal phases) have more % age degradation 

(80.11 %) and less k-values (0.072). In case of M-3 change in calcination temperature to 350 

°C will shift the polycrystalline to monocrystalline hexagonal phase results in decrease in k-

value (0.01) and % age degradation (21.06 %). M-5 by changing the calcination temperature 
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to 450 °C, hexagonal crystalline phase is changes to orthogonal crystalline phase results in 

increase in % age degradation (66.5%) and k-value (0.127) as compared to M-3. 

MoO3 nanoparticles synthesized via sol-gel method for 24 hours and change in calcination 

temperature from 250 to 450 °C results decrease in particle size and increase in band gap due 

to change in crystal symmetry ended in variation of percentage degradation and k-value. M-2 

is multiphase crystalline structure (hexa and orthogonal) have more percentage degradation 

(76.38 %) and k-values (0.228), M-4 and M-6 have pure hexagonal and orthogonal phase, 

respectively which experience sudden  increase and decrease in k-value (from 0.249 to 0.158) 

and opposite case in percentage degradation (51.07 to 70.93).  

Such sudden changes are due to change in calcination temperature, reaction time and 

variation in crystal system which fluctuate the probability of variable oxidation state Mo
+4

, 

Mo
+5

 and Mo
+6

 cause electron trapping and eliminate oxygen vacancies[40]. 

The photo-catalytic activity of SrMoO4 nanocomposites synthesized via sol-gel method for 

10 hours with change in concentration of Sr and Mo from SMO5 to SMO7 which results in 

change in crystal symmetry from tetragonal to monoclininc which affect the particle size and 

band gap results in change in percentage degradation and k-values. 

The degradation of organo-pollutant 2-methyl-4,6-dinitrophenol decreases with drop in Mo-

concentration from 55.62-31.92 % and increase in k-values from 0.006-0.022, slight decrease 

in k-value from SMO7 to SMO9 occurs due to change in band gap.  

The results of SrMoO4 nanocomposite are quite different for other organic pollutant 2-

methyl-4-nitrophenol there is slight increase in k-value (from 0.007 to 0.01) but % age 

degradation (in range of 2.261 and 16.72 %) remain low. 

The photocatalytic activity of doped samples against 2-methyl-4-nitrophenol and 2-methyl-

4,6-dinitrophenol was observed. Doping was done on SrMoO4 synthesized with reaction time 

of 10 hours (SMO7) nanocomposites and it is clear for Table 4.66 that Gd-doping results in 

decrease in particle size and decrease in band gap and lanthanum doping also results in 

decrease in band gap but increase in particle size. The increase in particle size is due to the 

existence of polycrystalline phases of lanthanum doped and existence of La0.889Mo5O8Sr0.111. 

As compared to SMO7 nanocomposites, both lanthanum and gadolinium doped 
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nanocomposites shows decrease in k-values (0.021) against 2-methyl-4,6-dinitrophenol but 

increase in k-values (0.017) against 2-methyl-4-nitrophenol. The slight better result of 

gadolinium doping is due to its formation of Gd2Mo3O12 with k-value of 0.015 for 2-methyl-

4,6-dinitrophenol and 0.012 for 2-methyl-4-nitrophenol with percentage degradation of 10.28 

and 29.35 %, respectively. 
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5. Conclusion 
In this work, metal oxides and mixed metal oxide nanomaterials were synthesized using 

sonication, sol-gel and hydrothermal methods. The synthesized materials were well-

characterized, computed theoretically and used as photo-catalysts against organo-pollutants. 

The result obtained for metal oxides and mixed metal oxides are different with respect to 

synthesis conditions. 

MoO3 nanoparticles were synthesized using sonication and sol-gel methods for 04, 10 and 24 

hours. Formation of nanoparticles were evidenced using different characterization techniques, 

XRD analysis confirmed the crystalline size (3.05-6.67 nm), shape (cubic, hexagonal and 

orthorhombic), bond length and cell parameters of synthesized samples. Peak profile analysis 

was done via rietveld refinement using DICVOLL and PROFEX software. The presence of 

variable oxidation state (Mo
+4

, Mo
+5

, Mo
+6

) with respect to change in crystal symmetry is 

also indicated by FTIR, surface morphological changes and elemental composition is 

confirmed by SEM-EDX. The activation energy of 4.07 KJ/mol was confirmed by using 

TGA-DSC analysis. Particle size was observed using TEM and DLS-PSA. The inverse 

relation of particle size and specific surface area was observed with respect to change in PDI.  

Decrease in hydrodynamic diameter during the reaction synthesis from 440 to 79.7 nm was 

also observed. The band gap calculated using wood-tauc relation was in range of 4.11 to 4.38 

eV (a blue shifting from bulk MoO3) and with respect to change in crystallite size and shape. 

The optical properties give the values of extinction coefficient, refractive index (2.42-9.05), 

optical conductivity, dielectric constants, Urbach energy (0.11-0.94 eV), steepness (1.08-8.06 

x 10
-5

) and electron-phonon interaction value (0.71-5.73 x 10
-5

).  

Strontium molybdate (SrMoO4) were prepared using sol-gel method with variable 

concentration of “Sr” and “Mo” elements and reaction time of 04, 10 and 24 hours. The 

structural representation was confirmed using FTIR, Raman analysis, SEM indicates the 

surface morphology and EDX concludes the elemental compositions. The change in 

morphology with decreasing “Mo”-concentration was also observed. TEM analysis gives the 

particle size in range of 12.30-30.9 nm which was later compared with DLS-PSA (27.1-79.8 

nm) results. Hydrodynamic diameter during synthesis were also compared and showed a 

decrease from 386 to 54.3 nm. XRD data indicates the crystallite size (2.01-6.88), shape 
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(tetragonal and monoclinic), and cell parameters of SrMoO4. DICVOL and PROFEX rietveld 

refinement confirm the lattice distortion with respect to change in crystallite size and shape. 

The fluctuation of band gap (4.64-4.92 eV) and optical properties were observed with respect 

to change in concentration of “Sr” and “Mo”. It was observed that SMO7 have the lowest 

band gap and crystallite size as compared to SMO5 and SMO9 also in relation to crystallite 

shape (tetragonal or monoclinic). The refractive index value observed was 12.63, high value 

as compared to the reported one (1.90-1.92). 

Lanthanides were successfully doped over SrMoO4 using hydrothermal method for 24 hours. 

The doped nanocomposites were characterized using FTIR, Raman (to check the presence, 

interaction and effect of doping on vibrations), SEM-DEX (to confirm the morphology and 

doping) and peak profile analysis of XRD confirm the crystallite size, shape and cell 

parameters. Particle size was confirmed using TEM and later on compared using DLS-PSA. 

It was observed that after doping both lanthanides have different effects on crystallite and 

particle size of nanocomposites but eventually both results in decrease in band gap from 4.76 

to 3.49 and 3.90 eV for “Gd” and “La” doping, respectively. 

Computational analysis of synthesized nanoparticles and nanocomposites was done using 

ADF-BAND, MOPAC and VESTA. ADF-BAND gives the theoretical band gap and density 

of states (DOS) results. The theoretical band gap was obtained by running several commands 

to closely relate experimental results by changing basis sets (SZ, DZ, DZP, TZP, TZ2P and 

QZAP), Hubbard potential values (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.3, 1.5, 2.0, 

2.3 and 2.5), XC-functional (LDA, GGA, Meta and Model). The best basis set for MoO3 

nanoparticles were found to be TZ2P and for nanocomposite (SrMoO4) was SZ. 0.5 Hubbard 

potential value was most suitable for MoO3 and SrMoO4 nanocomposites and XC-functional 

Model (TB-mBJ) was found best for MoO3 and SrMoO4 nanocomposites. The theoretical and 

experimental band gaps were found close but still difference was there. The participation of 

each element in the involvement of crystal symmetry of each sample was analysed using 

DOS, graphs compared the involvement via orbital representation. VESTA gives the details 

of lattice type, space group, lattice and structural parameters. MOPAC analysis with the help 

of geometric and frequency optimization gives detail of rotational constants, moment of 

inertia, vibrational frequency, reduced and effective mass, T-dipole, travel, force constants 

(X-coordinates of Mo, O2, O3 and O4), heat of formation, total energy, electronic energy, 
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core-core repulsion, ionization potential, eigen value with bonding molecular orbital 

contributions, net atomic and dipole contribution if each element (Mo, O2, O3, O4, O5, Sr, 

and Ln). 

All the synthesized nanoparticles and nanocomposites were used as photo-catalyst for 

degradation of 2-methyl-4-nitrophenol and 2-methyl-4,6-dinitrophenol organo-pollutants. 

The %age degradation and k-values suggest that MoO3 nanoparticles synthesized via sol-gel 

method with reaction time of 10 hours at calcination temperature of 250 °C have highest 

%age degradation of 80.11 % with k value of 0.072 due to presence of polycrystalline phases. 

It is also observed that among MoO3 nanoparticles presence of polycrystalline phases yield 

best result than mono crystalline hexagonal and orthorhombic phases. The presence of 

polycrystalline phases result in increase in crystallite size (5.08 and 6.67 nm) and decrease in 

band gap (4.23 and 4.13 eV).  Strontium molybdate was used as catalyst against 02 organo-

pollutants and both shows different results, in case of 2-methyl-4, 6-dinitrophenol SrMoO4 

with highest Mo-concentration (SMO5) shows better catalytic efficiency with %age 

degradation of 55.62 % having k-value 0.006 with 5.39 nm crystallite size and band gap of 

4.79eV. SrMoO4 with lowest concentration SMoO9 shows lowest catalytic efficiency with 

%age degradation of 31.92 % but increase in k-value from 0.006 to 0.022 with respect to 

decrease in band gap (from 4.79 to 4.77 eV) and increase in particle size (from (5.39 to 6.88). 

In case of 2-methyl-4-nitrophenol the degradation is slow with %age degradation is in range 

of 16.59, 2.261 and 16.72 % having k-values of 0.007, 0.011 and 0.01 with respect to 

decrease in Mo-concentration ratio in SrMoO4 nanocomposites. 

Lanthanides doped strontium molybdate also catalysed using 02 organo-pollutants, results 

were opposite as compared to its parent nanocomposites. For 2-methyl-4,6-dinitrophenol the 

catalytic efficiency in SrMoO4 was good with %age degradation of 54.08 % having 0.024 k-

value doping result in decrease in %age degradation to 3.82% and 10.28 %  with 0.021 and 

0.051 k-values for lanthanum and gadolinium doping, respectively. For 2-methyl-4-

nitrophenol the catalytic efficiency is increased by doping with increase in %age degradation 

from 2.26 to 7.45 and 29.35 %, increase in k-value from 0.11 to 0.017 and 0.012 with respect 

to decrease in band gap from 4.76 to 3.9 and 3.49 eV for lanthanum and gadolinium doping, 

respectively.
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