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Synthesis and Characterization of Lanthanide Ions Doped Nanomaterials 

Synopsis 

Nanomaterials or nanostructured materials are the materials with structural features in 

between those of atoms/ molecules and bulk materials, with at least one dimension in the 

range of 1 to 100 nm (1 nm =10-9 m). The exponential growth of nanomaterials stems from 

their unique physical and chemical properties and functionalities that often differ 

significantly from the corresponding bulk counterparts [1]. It has been realized over the last 

two decades that the size and shape of materials play a major role in deciding their properties 

[1-3]. Many of the unique properties of nanomaterials are extremely promising for emerging 

technological applications, including nanoelectronics, nanophotonics, biomedicine, 

information storage, communication, energy conversion, catalysis, environmental protection, 

and space exploration [4]. One of the most fascinating and useful aspects of nanomaterials is 

their optical properties, including linear and non-linear absorption, photoluminescence, 

electroluminescence, and light scattering. The optical or luminescence properties of the 

nanomaterials can arise either due to their inherent property or due to doping of luminescent 

species like lanthanide ions. In the present study, nanomaterials with both types of 

luminescent properties have been investigated. 

Lanthanide ions (Ln3+) are important constituents in many optical materials [5-6]. 

Lanthanides are a group of fourteen elements appearing in the periodic table after lanthanum 

with atomic number ranging from 57 to 71 and electronic configuration [Xe] 4f1-14 5d0-1 6s2. 

The 4f electrons of lanthanide ions are strongly shielded by filled outer shell orbitals. The 

sharp emission lines and long excited state lifetime values from lanthanide ions have been 

attributed to the shielding of 4f electron from the surrounding environment by 5d and 6s 

electrons. They have got wide variety of applications, including phosphors for fluorescent 

lighting, amplifiers for fiber-optic communication, materials for display monitors, X-ray 
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imaging, scintillators, lasers, etc. [7-9]. Lanthanide based luminescent materials are prepared 

either by complexing Ln3+ ions with suitable organic ligands or by doping Ln3+ in an 

appropriate inorganic lattices having different dimensions. The reduced optical scattering of 

nanometer-sized particles facilitates its use as active materials in polymer or glass based 

lasers and amplifiers. Such nanoparticles can be stabilized with suitable ligands during the 

synthesis and can be incorporated in different type of matrices. Composites consisting of 

luminescent nanoparticles dispersed in a polymer matrix are interesting materials. Such 

materials have certain advantages as the polymer lattice offers good processability and 

desirable mechanical properties while the inorganic luminescent material provides high 

luminescence efficiency and long-term chemical stability.  

During the present investigation, a variety of inorganic matrices varying from oxides 

(Ga2O3, Sb2O3), phosphates (SbPO4, BiPO4, GaPO4), gallate (ZnGa2O4) to tungstates 

(CaWO4, SrWO4, BaWO4) have been doped by lanthanide ions. Choice of the materials has 

been made by considering the environment around the cation which would be substituted by 

incoming lanthanide ion, phonon energy of the lattice and luminescent character of the host. 

Some of the materials have been incorporated into sol-gel and polymer films with a view to 

make luminescent films for different applications. The thesis is divided into 7 chapters each 

of which is briefly discussed below.  

General and basic aspects of nanomaterials are discussed in Chapter 1. It contains 

brief introduction about the history of nanomaterials, different types of nanomaterials, their 

properties and applications. Emphasis is given to luminescent properties of different types of 

nanomaterials. Various methods used for the synthesis of nanomaterials are discussed briefly. 

As the present study mainly deals with the lanthanide ions doped nanomaterials, an overview 

of lanthanide ions luminescence in solids and its dependence on concentration in the host, 

particle size of the host, etc. has been given.  
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Chapter 2 deals with the experimental methods and characterization techniques 

employed in the present study. The generalized co-precipitation method used for the 

synthesis of various nanomaterials has been discussed. A brief description regarding various 

instrumental methods, such as powder X-ray diffraction (XRD), transmission electron 

microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), 

nuclear magnetic resonance  (NMR) spectroscopy, Fourier transmission infrared 

spectroscopy (FT-IR), spectro-fluorimetry,  thermo-gravimetry (TG) and differential thermal 

analysis (DTA) used for the characterization has been given. The results of the present 

investigation are given and described in chapters 3-6. 

Chapter 3 describes the synthesis and characterization of nanosized metal oxides 

Ga2O3 and Sb2O3 and is divided into two sections. In the first section results on lanthanide 

ions doped gallium oxide nanocrystals are presented. GaOOH nanorods, used as a precursor 

materials for Ga2O3, were prepared by hydrolysis of Ga(NO3)3.xH2O using  urea at 100°C in 

the presence of different amounts of lanthanide ions like Eu3+, Tb3+ and Dy3+. Based on X-ray 

diffraction (shown in Fig.1) and vibrational studies, it has been inferred that the layered 

structure of GaOOH collapsed even when a small amounts of lanthanide ions (1 atom % and 

more) were present in the reaction medium during the synthesis of GaOOH nanorods. 

Destruction of hydrogen bonding present between the layers of edge-sharing GaO6 octahedra 

in GaOOH phase, brought about by the interaction of OH groups of GaOOH phase with Ln3+ 

ions is responsible for the collapse of the layered structure followed by its amorphisation. 

This process results in to finely mixed hydroxides of lanthanide and gallium.  

The results were further supported by the steady state luminescence and excited state 

lifetime measurements of Ln3+ ions. It has been observed that the aspect ratio (ratio of length 

to width) of GaOOH nanorods can be tuned by varying the urea concentration in the reaction 

medium. These nanorods have been converted into α- and β-Ga2O3 phases with same 
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morphology by heating at 500 and 900°C, respectively. On heat treatment at 900°C, 

amorphous GaOOH containing more than 2 atom % lanthanide ions lead to the formation of 

β-Ga2O3 nanoparticles instead of nanorods. During the heat treatment, the fine dispersion of 

lanthanide with gallium hydroxides helped in diffusion of lanthanide ions into the Ga2O3 

phase as revealed by the existence of strong energy transfer with efficiency more than 90% 

between the host Ga2O3 and lanthanide ions. Strong blue, red and green emissions have been 

observed from undoped, Eu3+ and Tb3+ doped β-Ga2O3, respectively whereas Er3+ doped β-

Ga2O3 nanomaterials showed strong near infrared (NIR) emission (~1535 nm) on host 

excitation.   
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Figure 1. XRD patterns of GaOOH: Eu3+ nanorods 

 

The second section of this chapter deals with the synthesis, characterization of 

undoped, and lanthanide containing Sb2O3 nanomaterials. Both undoped and lanthanide ions 

containing Sb2O3 nanorods were prepared at room temperature by hydrolysis of SbCl3 in 

isopropanol medium and characterized for their structural and luminescent properties. These 
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nanorods have orthorhombic structure with length around 3-4 μm and width around 100-200 

nm, as revealed by TEM (Fig.2). Luminescence around 390 nm has been observed from these 

samples. Morphology induced changes in photoluminescence properties of Sb2O3 nanorods 

both as prepared and the ones annealed at different temperatures have been investigated.  A 

distinct photoluminescence band compared to bulk Sb2O3 has been observed over a region of 

500-600 nm from the nanorods and is arising due to the morphology of Sb2O3 nanorods. 

Changes in the Raman spectrum at ~260 and 445 cm-1, corresponding to the Sb-O-Sb 

stretching and bending modes, respectively. Temperature dependence of these bands further 

confirmed their shape / morphology selective nature. Attempts have been made to dope Ln3+ 

ions in these luminescent nanorods. Based on the detailed XRD, luminescence, Raman and 

infrared studies it has been established that the Eu3+ ions were not incorporated in the lattice 

of Sb2O3 instead interacted with Sb3+ ions in the presence of hydroxyl ions (present in the 

medium) to form an amorphous antimony-europium hydroxide compound. The amorphous 

compound on heating at high temperatures leads to formation of hydrated Sb(V) oxide and 

Eu2O3 as major phases.  

 

 

 

 

 

Figure 2. TEM image of Sb2O3 nanorods 

 

Chapter 4 describes the synthesis and characterization of luminescent phosphate 

nanomaterials and is divided into three sections dealing with GaPO4, SbPO4 and BiPO4 

nanomaterials. In the first section, synthesis, structural and luminescence properties of GaPO4 
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nanoparticles having hexagonal structure with different amounts of Eu3+ doping is discussed. 

Synthesis has been carried out at 130°C in glycerol medium. The interaction between GaPO4 

nanoparticles and Eu3+ ions has been investigated using Eu3+ luminescence and 31P magic 

angle spinning nuclear magnetic resonance (MAS NMR) techniques. Based on the studies it 

has been established that Eu3+ ions up to 2.5 atom % replaces the protons of the hydroxyl 

groups attached on Ga3+ ions present at the surface of the nanoparticles and above this 

concentration, separation of EuPO4 phase has been observed. The anisotropy parameters 

derived from the side band intensities of the 31P MAS NMR patterns form these samples 

confirmed the surface ion exchange at low Eu3+ concentration (2.5 atom % or less) and 

separation of EuPO4 at high Eu3+ concentration (5 atom % and more). The increase in 

anisotropy at high Eu3+ contents has been attributed to the presence of paramagnetic 

europium species in the sample. 

In the second section, synthesis and characterization of both undoped and lanthanide 

ions doped SbPO4 nanomaterial are discussed. Nanoparticles and nanoribbons of SbPO4 

doped with lanthanide ions like Ce3+, Eu3+ and Tb3+ were prepared at 140°C by co-

precipitation method in a solvent mixture of ethylene glycol and glycerol. Nature and relative 

concentration of the solvents used for the synthesis had a pronounced influence on particle 

size, crystallinity and morphology of the nanoparticles/ nanoribbons. TEM studies have 

revealed that the sample prepared in a 2:3 mixture of ethylene glycol-glycerol solvent 

comprised of predominantly nanoribbons together with a small quantity of nanoparticles 

having average size less than 10 nm. The length of nanoribbons was in the range of 500-700 

nm while the width was around 100 nm (Fig. 3). Solvent molecules (ethylene glycol and 

glycerol) assisted in stabilizing these nanomaterials, which was confirmed from IR studies on 

the samples. The SbPO4 host was characterized by absorption at 220 nm and excitation of 

SbPO4: Ln3+ samples at this wavelength resulted in energy transfer from host to lanthanide 
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ions. SbPO4: Eu3+ and SbPO4: Tb3+ nanoribbons/ nanoparticles showed bright red and green 

emissions, respectively after excitation at 220 nm due to energy transfer from host to 

Eu3+/Tb3+ ions. Detailed vibrational and luminescence studies on these samples established 

that these lanthanide ions were incorporated at Sb3+ site of the SbPO4 lattice. Co-doping of 

SbPO4: Tb3+ nanoparticles/nanoribbons with Ce3+, resulted in improved luminescence due to 

energy transfer from Ce3+ to Tb3+ ions.  The excitation spectrum corresponding to the Tb3+ 

emission and the excited state lifetime of the 5D4 level of Tb3+ ions in the sample further 

confirmed energy transfer from Ce3+ to Tb3+ ions in the SbPO4 host. Dispersion of these 

nanomaterials in silica matrix effectively shields the lanthanide ions at the surface of the 

nanoribbons/nanoparticles from vibrations of stabilizing ligands resulting in the reduction in 

extent of vibronic quenching of the excited state. The results showed significant reduction in 

surface contribution to the decay curve corresponding to the 5D4 level of the Tb3+ ions after 

incorporating the nanoribbons/ nanoparticles in silica matrix. 

 

 

 

 

 

 

 

Figure 3.  TEM image SbPO4 nanoparticles and nanoribbons. 

  

In the third section deals with the synthesis, characterization and luminescence 

properties of nanocrystalline lanthanide ions doped hexagonal BiPO4.xH2O, hexagonal BiPO4 

and monoclinic BiPO4. All the three forms of BiPO4 were prepared at room temperature, 
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100°C and 185°C, respectively in ethylene glycol medium. XRD patterns of as synthesized 

samples confirmed the existence of different phases (Fig. 4). Hydrated BiPO4 phase exists as 

nanoparticles having size ~50-80 nm. Unlike this, anhydrous hexagonal and monoclinic 

phases of BiPO4 exist in the form of nanorods.  
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                      Figure 4. XRD patterns of BiPO4 sample prepared at different temperatures 

 

Nanorods of hexagonal BiPO4 and monoclinic BiPO4 were isolated having length / 

width in the ranges of 80-110/ ~ 20-30 nm and ~ 500-2000/ ~ 30-80 nm, respectively. BiPO4 

nanorods showed host absorption ~250 nm and energy transfer from host to lanthanide ions 

was observed in both Eu3+ and Tb3+ doped BiPO4 nanorods. The optimum emission 

characteristics have been observed for 2.5 at % lanthanide ions doped BiPO4. The emission 

intensity systematically increases starting from hydrated hexagonal BiPO4 to anhydrous 

hexagonal BiPO4 and then to monoclinic BiPO4. Strong multi colour emissions have been 

observed from nanorods after doping with Dy3+ (blue, yellow), Tb3+ (green), Sm3+ (orange) 

and Eu3+ (red) ions. Based on the shift in the XRD peak maxima and line shape changes in 
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31P magic angle spinning nuclear magnetic resonance (MAS NMR) patterns, the formation of 

solid solution between BiPO4 and LnPO4 phases has been inferred. Co-doping Eu3+ ions with 

BiPO4:Tb3+ nanorods resulted in strong energy transfer from Tb3+ to Eu3+ ions, as confirmed 

by both steady state and lifetime measurements corresponding to the excited states of Eu3+ 

and Tb3+ ions. 

In Chapter 5, synthesis, characterization of undoped, and lanthanide ions doped 

gallate nanoparticles and their incorporation into polymer matrix is discussed. Bulk ZnGa2O4 

is known to be a weak blue light emitting material with an emission maximum around 427 

nm. Thus, it is of interest to prepare nanoparticles of these materials with true blue emission 

(emission maximum ~ 450 nm), as no bright blue light emitters based on processable 

nanoparticles are available at present, thereby hindering the development of polymer based 

pure white light displays. ZnGa2O4 nanoparticles with different sizes have been prepared by 

co-precipitation method at 120°C in ethylene glycol-water mixture. The emission 

characteristics of these nanoparticles have been studied. It was observed that the emission 

maximum can be tuned from 385 to 455 nm by increasing particle size. However, the 

emission intensity reduces with increasing the particle size. The emission in the visible region 

from ZnGa2O4 has been attributed to the excitation of GaO6 octahedra upon UV excitation 

followed by de-excitation. Hence, it is expected that when Ga-O-Ga linkages are replaced 

Ga-O-In linkages, the energy levels of GaO6 will decrease consequently shifting the emission 

to higher wavelength. In fact, the wavelength corresponding to the emission maximum 

shifted from 430 nm to 465 nm with increasing in In3+ content in ZnGa2O4 nanoparticles as is 

evident from Fig. 5(a). The ZnGa1.5In0.5O4 nanoparticles gave maximum quantum yield of 

blue light emission with a value of ~ 10%. This value is significantly higher than that 

reported for organic luminescent materials (pyrene-based materials) which are conventionally 

used polymer based blue light emitting materials. These nanoparticles have been incorporated 
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into poly methyl methacryllate (PMMA) polymer by a thermal polymerization reaction using 

AIBN as an initiator at 70°C. The viscous polymer solution was then coated on quarts plate 

by spin coating technique. Such films showed bright blue emission on UV excitation (Fig. 

5(b)).  

  

                           (a)           (b) 

Figure 5. 

(a) 

Emission 

spectrum 

from ZnGa2-xInxO4 (0.0≤x≤0.5) nanoparticles 

(excitation   

                wavelength was 285 nm) and (b) The blue light emission up on UV excitation    

                from PMMA film containing the nanoparticles. 

 

Chapter 6 deals with the synthesis and characterization of lanthanide ions doped and 

undoped MWO4 (M = Ca, Sr, Ba) nanoparticles. These nanoparticles have been synthesized 

at room temperature in ethylene glycol medium. Under identical experimental conditions, the 

particle size increases with increasing ionic size of the cations (Fig. 6 (a)). The undoped 

tungstate nanomaterials show strong absorption around 250 nm due to charge transfer in the 

WO4
2- group and exhibit emission in the visible region. For example, CaWO4 nanoparticles 

showed strong blue emission on UV excitation and the emission intensity increases with 

increase in the particle size. In the lanthanide doped CaWO4 nanoparticles, strong energy 

transfer takes place from host to lanthanide ions. Thus when CaWO4 nanoparticles are doped 

with Dy3+, Tb3+, Sm3+ and Eu3+ ions, yellow, green, orange and red emissions, respectively 

350 400 450 500 550 600
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

is
ed

 in
te

ns
ity

 (a
rb

.u
ni

ts
)

Wavelength (nm))

 0 In
 0.05 In
 0.1 In
 0.2 In
 0.5 In



 xxii

(Fig.6 (b)) have been observed on  excitation at 253 nm. Strong near infrared (NIR) emission 

(1535 nm) has also been observed from the Er3+ doped CaWO4 nanoparticles. 
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Figure 6. (a) XRD patterns of different tungstate nanoparticles and (b) Emission spectrum 

from lanthanide ions doped CaWO4 nanoparticles. Samples were excited at 250 nm.  

 

Chapter 7 gives the summary of the results on the luminescence and structural 

aspects of nanomaterials of the present study together with the future scope of this work. 

Possible reasons for the tunability of emission observed from different type of nanomaterials 

has been discussed mainly based on the different experimental parameters involved in their 

synthesis and in their structural aspects. Future scope and main interest involved in the 

development of such materials lies with their applications as active materials in display and 

electro-luminescent devices. Factors that are relevant for employing the above materials for 

such applications have also been discussed in this chapter. 
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CHAPTER 1: Introduction 

1.1 Historical Background of Nanomaterials: Nanomaterials are the materials with 

structural features in between those of atoms/ molecules and bulk materials, with at least one 

dimension in the range of 1 to 100 nm (1 nm =10-9 m) and are known to mankind for a long 

time starting from the Roman period. In earlier days, nanomaterials of metals (also known as 

the colloidal metal particles) were used to dye glass articles and fabrics. For example the age 

old popular dye, “The Purple of Cassius”, is formed on reacting stannic acid with chloroauric 

acid, and made up of tin oxide and Au nanocrystals [1]. The Romans were adept at 

impregnating glass with metal particles to achieve dramatic colour effects. The Lycurgus cup, 

a glass cup of 4th century AD, appears green in reflected light and red in transmitted light 

(Fig.1). This effect is due to the presence of Au and Ag nanocrystals in the walls of the cup. 

Maya blue, a blue dye used by the Mayas around 7th century AD is found to consist of silica, 

metal and oxide nanocrystals [2]. Systematic studies on nanoparticles began to appear as 

early as seventeenth century. In 1612, Antonio Neri, a Florentine glassmaker and priest of 

Italy, described the synthesis of colloidal gold in his treatise L’Arte Vetraria. 

 

 
                                        (a)                (b)                         (c) 
 
Fig.1.The Lycurgus cup appears (a) green in reflected light, (b) red in transmitted light and 

this cup is preserved in the British museum in London, (c) Colloidal dispersion of gold 
preserved in the Royal Institution, London [3, 4]. 

 

 John Knuckel of Germany discovered that addition of small gold particles in glass 

leads to appearance of red colour. Michael Faraday in 1857 [5] carried out groundbreaking 

work on colloidal metals. He called them as divided metals and observed that colloidal metal 
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sols were thermodynamically unstable and they must be stabilized kinetically against 

aggregation. He observed that gold nanoparticles of different colours could be stabilised in 

solvents. Some of the nanoparticles dispersed in solvents are still preserved in the Royal 

Institution, London [Fig. 1(c)].  

Ostwald also carried out extensive work on colloidal particles. His observations, 

results and conclusions were published in a book entitled “The world of neglected 

dimensions” in 1915. During this time, many methods were also discovered to make colloidal 

particles of metals like gold. For example, Bredig [6] prepared gold sols by striking an arc 

between Au electrodes immersed in dilute alkali. Donau [7] suggested that passing CO 

through a solution of chloroauric acid can provide colloidal gold particles. Zsigmondy [8] 

discovered that formaldehyde can be used to make gold sols from the corresponding slats 

under mild alkaline conditions. Zsigmondy has been awarded Nobel Prize in 1925, partly for 

his work on colloidal gold particles. The renewed interest in nanomaterials research started 

after the well known lecture by the Nobel laureate Richard. P. Feynman in 1959   at the 

California Institute of Technology where he stated, “there is a plenty of room at the bottom” 

[9] and indicated the vast potential of materials having small dimensions. In subsequent 

years, number of technological applications were envisaged/ demonstrated for nanomaterials 

leading to development of an area referred as “nanoscience and nanotechnology” [10]. 

Nanotechnology has become a very active area of research encompassing almost all 

disciplines of science and engineering. In the following section, a brief description is given 

regarding the different types of nanomaterials commonly encountered. 

1.2 Classification of nanomaterials: Nanomaterials can be classified based on 

dimensionality namely 0D, 1D, 2D and 3D (Fig.2). Highly symmetric isotropic spheres, 

cubes, decahedra and tetrahedra can be classified as zero-dimensional (0D) nanostructures 

and are the most familiar shapes encountered in the field of nanoscience and nanotechnology. 
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Rods, cylinders, wires and tubes are examples of one-dimensional (1D) nanostructures. One-

dimensional nanostructures of semiconductors and metal oxides exhibit unique optical 

properties due to anisotropic shape [11]. Discs, ribbons and plates with polygon shapes 

belong to two-dimensional (2D) nanostructures, [12].  

 

 
 

Fig.2. Nanomaterials having different dimensions [12]. 
 
 

To explain the formation of nanomaterials with different shapes and 

dimensions, one requires prior understanding of the mechanism involved in their 

formation. However, for generalisation, there are no kinetic and mechanistic studies available 

regarding the formation pathways of compositionally and geometrically well defined 

nanocrystals. Recent studies revealed that factors like the reaction temperature and duration 

of reaction, surfactants/ ligands used for capping and precursor concentrations play a major 

role in deciding the shape and dimensions.  

1.3 Synthesis of nanomaterials: During the past two decades, synthesis of nanostructured 

materials by tailoring the atomic and/ or chemical structures on a nanometer scale has 

become one of the most rapidly growing areas of material science. Synthesis of a desired 

shaped material with the right length scale is as important as understanding its structure and 

composition. Chemistry has played a pivotal role in developing synthetic strategies to prepare 

controlled size and shaped materials required for different applications. 
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There are two approaches generally followed for the synthesis of nanoparticles. They 

are namely the top-down and bottom-up approaches. In top-down approach (physical 

methods), synthesis is accomplished by size reduction of bulk material by different physical 

techniques, whereas in the bottom-up approach (chemical methods), synthesis is carried out 

from atoms or molecules which are added one by one to form bigger particles of desired size. 

Lithography, ball milling, laser ablation, etc. belong to top-down approach, whereas sol-gel 

synthesis, co-precipitation method, micro-emulsion method, hydro-/ solvo-thermal method, 

etc. fall into bottom-up approach. In the present study, bottom-up approach is used for the 

synthesis of nanomaterials of different sizes and shapes. Commonly used methods based on 

the bottom up approach are briefly described below.  

1.3.1 Co-precipitation method: Co-precipitation method involves simultaneous precipitation 

of more than one type of ions from a solution. This synthetic strategy has following 

advantages. 

 Low temperature synthesis,  

 High homogeneity of particles,  

 Composition can be tuned very easily, 

 Does not require expensive equipment, 

 Dispersabilty of the particles can be tuned  

All the co-precipitation techniques involve two steps, namely the nucleation and growth. 

Nucleation involves the formation of nuclei, which is defined as the smallest solid phase 

formed by combination/ aggregation of minimum number of atoms/ ions/ molecules. The 

nuclei are susceptible for spontaneous growth to bigger particles. Thermodynamic processes 

involved in the nucleation and growth are briefly discussed below.  

In a particular solvent, there is a certain solubility limit for a solute, whereby addition 

of any excess solute will cause precipitation. Thus, for nucleation to take place, the solution 
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must be supersaturated either by directly dissolving the solute at higher temperature and then 

cooling to low temperature or by adding the required amounts of reactants to the solution 

during the reaction. Once the solution reaches a critical supersaturation of the particle 

forming species, nucleation occurs. The overall free energy change ΔG for the nucleation 

process is the sum of the free energy due to the formation of a new volume and the free 

energy due to the new surface created (Fig.3) [13].  

 

DG*

DG

r* r

 

Fig.3. Schematic representation of variation of free-energy change as a function of nuclei 
radius during nucleation and growth [13]. 

  
 
For spherical particles, free energy change involved in nucleation can be expressed by 

equation 1 [13] 

3 24 ln( ) 4BG r k T S r
V

π π γΔ = − + ……………………………… (1) 

Where V is the molecular volume of precipitated species, r is the radius of the nuclei, kB is 

the Boltzmann constant, S is the saturation ratio and γ is the surface free energy per unit 

surface area. Saturation ratio S is defined as C/C0, where C and C0 are solute concentration at 

saturation and equilibrium respectively. 

When saturation ratio S >1, ΔG has a positive maximum at a critical size, r*. This 

maximum free energy corresponds to the minimum activation energy required for the 

formation of nuclei with critical radius r*. Nuclei larger than the critical size will further 

decrease their free energy by growth to form particles and nuclei smaller than critical size 
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will get dissolved in the reaction medium. The critical nuclear size, r*, can be obtained from 

equation (1) by applying the condition, ( ) 0
d G

dr
Δ

= , and is given by equation 2. 

( )
2*

3 lnB

Vr
k T S

γ
= …………… (2) 

When concentration of species comes down to the critical supersaturation level, nucleation 

comes to an end. Continuous diffusion of solutes onto the existing nuclei leads to growth of 

particle until the concentration of the solute is just lowered below the solubility level [14]. 

Particles grow by diffusion of monomer towards the surface followed by its reaction 

on the surface. The particle growth will be controlled either by diffusion of the monomer if 

the diffusion coefficient is much smaller than the rate of reaction or by monomer reaction on 

the surface of the particle if the diffusion coefficient is much higher than the rate of the 

reaction. The smaller particles (particles with size just above the critical size) grow more 

rapidly than the larger ones because the driving force for minimum free energy is higher for 

smaller particles than that of the bigger particles. Nearly mono-disperse size distribution can 

be obtained at this stage either by stopping the reaction (nucleation and growth) quickly or by 

supplying reactant source to keep a saturated condition during the reaction period. When the 

reactants are depleted, Ostwald ripening occurs, where the larger particles continue to grow at 

the expense of smaller ones. Because the saturation ratio (S) decreases and corresponding 

critical nuclei size (r*) increases (from equation 2), the particles smaller than this new critical 

size will dissolve in the reaction medium/ solvent. Stopping the reaction at this stage, leads to 

the formation of particles with a broad size distribution.  

Nanoparticles are thermodynamically unstable because of large surface free energy. 

To get stable nanoparticles, they have to be stabilized kinetically during the reaction by 

adding stabilizing agents such as organic/ inorganic ligands or capping agents. Nanocrystals 

dispersed in liquids are either charge-stabilized or sterically stabilized [15]. In the case of 
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charge stabilized nanoparticles, an electric double layer is formed on the surface of the 

particle. This double layer acts as stabiliser due to electrostatic repulsion between layers of 

different particles. In the case of sterically stabilized nanoparticles, capping agent is adsorbed 

on the surface of the particles either by forming chemical bonds or by weak interactions. 

These capping agents act as stabilisers due to repulsion between their tail groups. Both types 

of stabilisation are schematically shown in Fig.4.  
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Fig.4. Schematic representation of nanoparticles stabilization by (a) electrostatic repulsion (b) 
steric repulsion/ interaction [15].  

 

1.3.2 Sol-gel Method: Sol–gel technique is one of the most popular solution processing 

methods for producing metal oxide nanoparticles. In sol–gel processing, a reactive metal 

precursor, such as metal alkoxide is hydrolyzed by water, and the hydrolyzed species are 

allowed to condense with each other to form precipitates of metal hydroxide/ oxide 

nanoparticles. The precipitate is subsequently washed and dried and then calcined at an 

elevated temperature to form crystalline metal oxide nanoparticles [16]. Hydrolysis of metal 

alkoxides involves nucleophilic reaction with water (equation 3). 

M(OR)y + x H2O → M(OR)y-x(OH)x + x ROH …………..(3) 

Condensation occurs when either hydrolyzed species react with each other and release 

a water molecule, or a hydrolyzed species reacts with an unhydrolyzed species and releases 

an alcohol molecule. The rates at which hydrolysis and condensation reactions take place are 

important parameters that affect the properties of the final product. For example, slower and 



 8

more controlled hydrolysis typically leads to smaller particles and base-catalyzed hydrolysis/ 

condensation reactions leads to denser particles. The size of the sol particles depends on the 

solution composition, pH, and temperature. The advantage of this method is that the uniform 

size distribution can be easily obtained. The major disadvantage is that many metal alkoxides 

are highly reactive and susceptible to hydrolysis thus causing problem of their handling.   

1.3.3 Hydro-/ solvo-thermal method: The solvo-thermal method provides a means of using 

solvents at temperatures well above their boiling points, by carrying out the reaction in a 

sealed vessel. The pressure generated in the vessel due to solvent vapours elevates the boiling 

point of the solvent. Typically, solvothermal methods make use of solvents such as ethanol, 

toluene, water, etc. During the synthesis of nanocrystals, parameters such as water pressure, 

temperature, reaction time, precursors, etc. can be modified to maintain a high nucleation rate 

leading to the formation particles with uniform size distribution [16]. The main advantage of 

this method is that high quality nano/ micro crystal can be obtained and main disadvantages 

are the high temperature, high pressure developed during the reaction and lack of flexibility 

for controlling the nucleation and growth processes. 

1.3.4 Combustion method: Combustion synthesis is an important powder processing 

technique generally used to produce complex oxide ceramics. The method is generally 

employed to prepare oxide materials, although the preparation of metal chalcogenides has 

also been reported in the literature. The process involves the exothermic reaction between an 

oxidizer such as metal nitrates and organic fuel, like urea (H2NCONH2), carbohydrazide 

(CO(NHNH2)2), or glycine (C2H5NO2) [17]. The combustion reaction is initiated in a muffle 

furnace or on a hot plate at temperatures of the order of 500°C or less. In a typical reaction, 

the precursor (mixture of water, metal nitrates and fuel) on heating decomposes, dehydrates 

and ruptures into a flame. The resultant product is a voluminous, foamy powder, which 

occupies the entire volume of the reaction vessel. The chemical energy released from the 
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exothermic reaction between the metal nitrates and fuel can rapidly heat the system to high 

temperatures without an external heat source. Nanomaterials synthesized by combustion 

route are generally homogeneous, contain fewer impurities, and have higher surface areas 

than powders prepared by conventional solid-state methods. The parameters that influence 

the reaction are the nature of fuel, fuel to oxidizer ratio, ignition temperature and water 

content of the precursor mixture. The major advantage of this method is that large-scale 

production can be made at relatively low temperatures and disadvantage is that the particles 

obtained are highly agglomerated and can not be dispersed in solvents.  

1.4 Properties of nanomaterials: A number of physical phenomena become noticeably 

pronounced as the size of the material decreases. The electronic properties of solids are 

significantly altered with reduction in particle size. This effect becomes dominant when the 

nanometer size range is reached. Additionally, a number of physical (mechanical, electrical, 

optical, etc.) properties change when compared to macroscopic systems. In the following 

section, electronic and optical properties of materials with nanosize dimensions are discussed. 

1.4.1 Electronic properties: In atoms or molecules, the electronic energy levels are discrete 

and the electronic wave functions of many such atoms/ molecules overlap and give band 

structure in bulk materials. As the particle size decreases the energy level corresponding to 

the charge carriers increases. Further, the energy gap between valance band and conduction 

band also increases when bands become discrete energy levels with decrease in the crystal/ 

particle size. Reduction in particles size not only causes an increase of the energy gap (blue 

shift of the absorption edge) but also changes the density of states (DOS). Density of states is 

defined as the number of energy states available in a unit energy interval in unit volume to be 

occupied. Electronic and optical properties observed for the bulk materials and their 

corresponding low dimensional system can be explained based on their differences in the 

density of states.  
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1.4.2 Optical properties: Existence of vast differences in the optical properties like optical 

absorption, emission, scattering, etc. of bulk and corresponding nanomaterials, prompted 

detailed investigation on the optical properties of nanomaterials during the last few years. As 

materials are generally classified as metals, semiconductors and insulators, materials in 

nanosize dimensions can also be classified similarly. It is expected that their optical 

properties will also be quite different compared to bulk materials.  

Metal nanoparticles are characterised by a phenomenon known as surface plasmon 

resonance. In this process, absorption of light due to coherent oscillations of conduction band 

electrons created by the periodically varying electric field of incident light takes place. This 

phenomenon is observed when the size of the nanoparticle is much smaller than the 

wavelength of the incident light. Surface plasmon frequency of metal particles depends on its 

size, shape and dielectric constant. It also depends on the dielectric constant of the 

surrounding medium [18]. The surface plasmon resonance absorption by noble metal 

nanoparticles, like Ag and Au, is observed in the visible region. As the size of the 

nanoparticle decreases there is a blue shift in the wavelength maximum (λmax) corresponding 

to surface plasmon absorption.  

Semiconductors and insulators are characterised by a gap between their energy levels 

corresponding to valence and conduction bands. The band gap energy for insulators is much 

higher as compared to semiconductors. Many optical properties of semiconductors can be 

explained based on the concept of exciton formation and recombination. Electrons at the 

bottom of the conduction band or a level just below it can have columbic interaction with 

positive charged holes in the valence band leading to the formation of an electron-hole pair, 

which is electrically neutral and are known as excitons. Radiative recombination of exciton is 

known as excitonic emission or band edge emission. Excitons can be considered as hydrogen 

atom and their radius (Bohr radius) can be expressed by equation 4. Where ε is dielectric 
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constant, ħ is h/2π, e is the electron charge, me and mh are effective mass of electron and hole, 

respectively. 
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When the particle size is smaller than the Bohr radius, quantum confinement plays an 

important role in the optical properties of semiconductors. Their absorption spectra show a 

consistent blue shift as the size of the particle decreases. In some cases, up to 10 discrete 

optical transitions between different discrete energy levels of the QDs have been observed in 

the absorption spectrum.  

In insulators, luminescence can arise through different mechanisms. The localised 

centres provided by defects and dopants offer a major contribution to the luminescence in this 

type of materials.  The dopants are also known as activators and they can create states within 

the forbidden zone of the band gap of a material and in the valance and conduction bands 

[19]. Generally, two types of activator ions can be distinguished. In the first case, energy 

levels of the activator ion involved in the emission process show only weak interactions with 

the host lattice. Typical examples are lanthanide ions (Ln3+), where the optical transitions 

take place solely within 4f levels which are well shielded from chemical environment by 

outer electrons. Therefore, characteristic line like emission spectra can be observed from such 

materials. The second type of activator ions strongly interact with the host lattice. This is the 

case when d electrons or ion with s2 configurations are involved. Examples include Mn2+, 

Eu2+, Ce3+, Pb2+, Sb3+, etc. Similar situation is also observed for ions like WO4
2-, MoO4

2-, 

NbO4
3-, VO4

3-, etc. The strong coupling of the electronic states of emitting ion with 

vibrational modes of the lattice leads to broad bands in the emission and absorption/ 

excitation spectra. 
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Organic compounds are one of the important classes of luminescent materials and 

their luminescence is essentially based on localized π-electron systems within individual 

organic molecules. Emission from such materials can be classified into two categories 

namely luminescence from electronically excited singlet (S1) state to the ground state and the 

other from the triplet (T1) excited state to the ground state. Emission from singlet-excited 

states is called as fluorescence, whereas the emission from triplet-excited states is known as 

phosphorescence. Naphthalene, anthracene, pyrene, perylene, p-terphenyl, and p-

quarterphenyl are commonly encountered organic light emitting compounds. Pyrene based 

derivatives are commercially used as blue emitting materials [20]. 

In addition to the organic compounds, metal complexes with organic ligands are 

important class of fluorescent compounds. Some of these compounds exhibit rather broad 

fluorescence spectra similar to those of organic ligands. One such compound is tris(8-

hydroxyquinolinato)aluminium(III) (Alq3), which has been used in organic thin-film 

electroluminescent devices. Complexes of heavy metal ion such as Ir, Pt, Ru and Au with 

ligands such as 2-(imidazol-2-yl)pyridine, metalated 2-phenyl pyridine, 1,3-dipyridylbenzene 

and 2,6-diphenylpyridine, etc. are shown to have intense phosphorescence due to transition 

between the triplet state of the complex (brought about by metal to ligand charge transfer 

(MLCT)) and its ground state. Since MLCT process involves the mixing of singlet and triplet 

excited states, radiative decays are allowed between triplet excited state and singlet ground 

state, leading to intense phosphorescence. In particular, Ir complexes have been extensively 

investigated in recent years for developing bright luminescent materials. For example 

metalated 2-phenyl pyridine complex of iridium, [Ir(NC5H4-C6H4)3] show nearly 100% 

phosphorescence efficiency [21]. Platinum complexes with ligands like 2,3,7,8,12,13,17,18-

octaethyl-21H,23H-porphine (OEP), 2,6-diphenylpyridine has also been used as potential 

candidates for organic light emitting display devices. Photo- and electro-luminescence from 
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these platinum complexes have been reported [22, 23]. Europium and terbium complexes 

with ligands like 2-thenoyltrifluoroacetone (tta), bis(ferrocenyl-ethynyl)-1,10-phenanthroline 

(Fc2phen), 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyloctane-3,5-dione (fod) are well known 

narrow band luminescent materials. In these materials, ligands act as sensitizers and absorb 

light energy which is transferred to the metal ion. The latter, on de-excitation gives a narrow 

band emission. Ligands based on β-diketones are well known sensitizers which can transfer 

energy to lanthanide ions in β-diketone-lanthanide complexes. Several such complexes and 

their luminescence properties have been reviewed recently [24-28]. More than 80% quantum 

yield has been reported for some of these complexes after incorporation in polymers [29, 30]. 

A few representative examples of luminescent metal complexes are given in Fig.5 [31]. 

 

Fig.5.Examples of metal complexes [Alq3(1π−π∗), Eu(tta)3phen(f-f), PtOEP(3π−π∗), 
Ir(ppy)3(3MLCT)] which shows intense photoluminescence [31]. 

 

1.5 Lanthanides and their Luminescence: Lanthanides are silvery-white, relatively soft, 

reactive metals. It took more than 160 years until all of them were discovered, starting from 

1787 when C.A. Arrhenius found a black stone near Ytterby (Sweden) from which several 

lanthanides could be isolated [32].  It became apparent that the dominant oxidation state of 

the lanthanides is +3 and the electronic configuration of a trivalent lanthanide ion can be 

represented as [Xe]4fn [33]. Their popularity in modern technology is due to their exceptional 

luminescence and magnetic properties. The 4f electrons are shielded by the 5s and 5p outer 
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orbitals with filled electronic configuration. As a result, the 4f electrons are only weakly 

affected by the ions surrounding lanthanide ions (ligands) in the crystal. Because of this, all 

trivalent lanthanide ions, except cerium, show atomic-like sharp absorption and emission 

spectra.  

1.5.1 Lanthanide Energy levels: The perturbation of the 4f levels of lanthanide ions caused 

by the crystal field is rather weak as compared to the Coulomb interaction between the 

electrons and spin-orbit coupling [34]. The Coulomb interaction between the electrons within 

the 4f shell has the largest contribution to the energy level splitting and this leads to separated 

energy levels with energy difference of the order of 104 cm−1. Each of these levels split 

further into several levels by the spin-orbit interaction with an energy difference of the order 

of 103 cm−1. All these levels form the 4f configuration of the free lanthanide ions and each 

level can be characterized with the symbol 2S+1LJ, where S is the total spin, L the total orbital 

angular momentum, and J the total angular momentum of the 4f electrons. When the Ln3+ 

ions are put into a host material, the crystal field not only affects the strength of the intra-

configurational f-f transitions but also brings about an additional splitting of the 4f states that 

depends on the site symmetry of the lanthanide ions [34]. Although the 4f electrons are well 

shielded, when lanthanide ion occupies a site with certain symmetry, the crystal filed effects 

can lead to splitting of levels which may range up to several tenths of electron volts [35]. A 

schematic diagram of 4f energy level splitting is given in the Fig.6. Unlike the 4f levels of 

lanthanide ions, their 5d energy levels (like 5d levels of Ce, Tb, etc.) are largely perturbed by 

the crystal field. The magnitude of the splitting of the 5d levels depends strongly on the shape 

and size of the anion polyhedron coordinating the lanthanide ion [36].  The dependence of 

shape of the coordinating polyhedron on the crystal field splitting can be explained 

qualitatively within the point charge electrostatic model. The first energy level diagram 

displaying the 4f levels of the trivalent free Ln3+ ions in aqueous medium in the infra-red 
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(IR), visible and ultra-violet (UV) region of the spectrum was presented by Dieke and 

Crosswhite in 1963 (Fig.7) [37, 38]. Most of the emitting levels are separated from the next 

lower level by an energy value of ~ 2 ×103 cm–1 or more.  

 

 
 
Fig.6. Splitting of 4fn electronic energy levels due to coulomb repulsions, spin-orbit coupling 

and crystal field effect. 
 

The excited states of lanthanide ions relax via two competitive pathways namely by 

light emission and phonon emission processes. The rate of phonon emission, ω, depends on 

the number of phonons emitted simultaneously to bridge the energy gap and is expressed by 

equation 5. 

max

exp k E
h

ω
ν

⎛ ⎞Δ
∝ −⎜ ⎟

⎝ ⎠
…………………… (5) 

Where, ΔE is the energy gap to the nearest lower level and hνmax is the maximum energy of 

phonons coupled to the emitting states. The phonon emission rate, ω, decreases rapidly with 

an increase in ΔE, so that the competitive light emission or radiative process becomes 

dominant [39]. Thus, the well-known high luminescence efficiencies for 5D0 of Eu3+ and 5D4 

of Tb3+ are based on the large energy gap of more than 104 cm–1 that needs to be bridged to 
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the next lower level of these ions. The above formula implies that large values of hνmax also 

quench light emission. This is demonstrated by the fact that luminescence of Eu3+ in aqueous 

solution is almost quenched, but begins to appear if H2O is replaced by D2O [40]. 

 

 
 
Fig.7. Energy levels diagram for the lanthanide aquo ions. The main luminescent levels are 

drawn in red, while the ground state level is indicated in blue [38]. 
 

In the energy region spanned by 4f levels, two additional electronic states (transitions) 

with different characteristics from those of intra 4f levels are also observed for lanthanide 

ions. They are the transition between 4fn–1 → 5d1 states and the charge transfer transitions 

(CT). In the former, one of the 4f electrons is transferred to a 5d orbital while in the latter 

case, electrons in the neighboring anions are transferred to a 4f orbital. Both these processes 

are allowed and result in strong optical absorptions. Unlike intra 4f transitions, transition 

energies involved in the 4fn–1 → 5d1 and CT transitions are strongly dependent on their 

environments. The transition energies corresponding to 4f → 5d and CT transitions for 

different lanthanide ions are shown in Fig.8 [31]. These energies are obtained based on the 

absorption spectra of trivalent lanthanide oxides. As shown in the figure, 4f → 5d transitions 
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in Ce3+, Pr3+, Tb3+ and CT absorptions in Eu3+ and Yb3+ have energies less than ca. 40 × 103 

cm–1. Therefore, they can interact with 4f levels leading to emissions correspondinng to intra 

4f transitions. In case, the energy levels of these states are lower than those of 4f levels, direct 

luminescence transitions from these levels are found, such as 5d → 4f transitions in Ce3+, Pr3+ 

and Eu2+. Luminescence due to charge transfer transitions has also been reported for Yb3+ 

[41]. 

 
 

Fig.8. Energies for 4f →5d and CT transitions of trivalent lanthanide ions [31]. 
  

It can concluded from the above discussion that those ions that are easily oxidized to 

the tetravalent state have lower 4f → 5d transition energies, while those that are easily 

reduced to the divalent state have lower CT transition energies. So far the absorption or 

excitation characteristic of Ln3+ ions is discussed. In the following section, factors affecting 

the emission/ luminescence properties of lanthanide ions are discussed. 

1.5.2 Selection rules: Luminescence originating from electronic transitions between 4f levels 

is predominantly due to electric dipole or magnetic dipole interactions. Electric dipole  f-f 

transitions in free 4f ions are parity-forbidden, but become partially allowed by mixing with 

orbitals having different parity. Typical examples of this mechanism are demonstrated by the 
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luminescence from the 5DJ states of Eu3+. The intensity of these transitions depends strongly 

on the site symmetry in a host crystal. Magnetic dipole allowed f-f transitions are not affected 

much by the site symmetry. The J selection rule in this case is ΔJ = 0, ±1 (except for 0→0). 

For electric dipole transition, the difference in the J values (ΔJ) is ±2.   Oscillator strengths 

are of the order of 10–5 to 10–8 for electric dipole transitions, and 10–8 for magnetic dipole 

transitions [31]. 

1.5.3 Luminescence quenching: Luminescence can be quenched due to the non-radiative 

decay of the excited state. This non-radiative decay is brought about by different mechanisms 

involving energy transfer from the excited state of the donor to different types of acceptors 

like host lattice, organic molecules on the surface, defect levels or nearby ions which may or 

may not act as activator. In the following section different types of non-radiative path ways of 

the excited state is given. 

Multiphonon emission: As discussed in the previous section (equation 5) it is clear that the 

extent of quenching due to phonons depends on the energy gap between the emitting states 

and value of phonon energy. General observation is that if the energy difference is more than 

5 times the phonon energy, then luminescence is the main de-excitation process than the 

multi-phonon quenching [42]. This also explains the quenching of lanthanide ions excited 

state by organic molecules containing functional groups with high phonon energy.  Hence, 

efforts for the development of new efficient luminescent materials based on Ln3+ ions are 

directed towards the search for low effective phonon energy host materials. The general order 

of phonon energy of hosts are fluorides < sulfides < oxides < phosphates.  

Energy transfer: An excited state can also relax to the ground state by non-radiative energy 

transfer to a second nearby state/ center. For energy transfer to take place the energy levels of 

the donor and acceptor should match. However, when there is a mismatch between the energy 

levels/ transitions of the donor and acceptor ions, the energy transfer process needs to be 
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assisted by lattice phonons of appropriate energy, ħΩ, and this is usually known as phonon-

assisted energy transfer process. The interaction Hamiltonian for the energy transfer process 

involves different types of interactions; namely, multipolar (electric and/ or magnetic) 

interactions and/ or quantum mechanical exchange interaction. The dominant interaction is 

strongly dependent on the separation between the donor and acceptor ions and on the nature 

of their wave functions. Exchange interactions only occur if the donor and acceptor ions are 

close enough for direct overlap of their electronic wave functions. Consequently, energy 

transfer due to quantum mechanical exchange interactions between the D and A ions is only 

important at very short distances (nearest neighbor positions). Irrespective of the mechanism 

of energy transfer, the fluorescence lifetime of the donor center, τD, is affected as a result of 

any energy transfer process to an acceptor [42]. Therefore, the lifetime of the donor ions (τD) 

can be expressed by equation 6. 
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where (τD)0 is the radiative lifetime of the donor ion, Anr is the non-radiative rate due to 

multi-phonon relaxation, and Pt is the transfer rate due to energy transfer. Hence the observed 

lifetime of the donor is a measure of extent of energy transfer. In addition to this, variation of 

the emission intensity as a function of time can also give information regarding the 

distribution of donor and acceptor centres in the system.  

Concentration Quenching: In principle, an increase in the concentration of a luminescent 

center in a given material should be accompanied by an increase in the emitted light intensity, 

this being due to the corresponding increase in the absorption efficiency. However, such 

behavior only occurs up to a certain critical concentration of the luminescent centres. Above 

this concentration, the luminescence intensity starts to decrease. This process is known as 

concentration quenching of luminescence. In general, the origin of luminescence 
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concentration quenching lies in very efficient energy transfer among the luminescent centers. 

Two mechanisms are generally invoked to explain the concentration quenching of 

luminescence.   

(i) Due to very efficient energy transfer, the excitation energy can migrate about a large 

number of centers before being emitted. However, even for the purest crystals, always a 

certain concentration of defects or trace ions can act as acceptors, so that the excitation 

energy can finally be transferred to them. These centres can relax to their ground state by 

multiphonon emission or by infrared emission. Thus, they act as an energy sink within the 

transfer chain and so the luminescence becomes quenched, as illustrated in Fig.9 (a) [42]. 

These kinds of centers are called killers or quenching traps. 

 

 
 
Fig.9. Schemes of possible mechanisms for luminescence concentration quenching: (a) 

energy migration among donors (circles) in a chain followed by its migration to a 
killer site (black circle) which acts as non-radiative sink; (b) cross relaxation   
between pairs of centers. (Sinusoidal arrows indicate nonradiative decay) [42]. 

 

(ii) Concentration quenching can also take place without actual migration of the excitation 

energy among the luminescent centers. This occurs when the excitation energy is lost from 

the emitting state via a cross relaxation mechanism. This kind of relaxation mechanism 

occurs by resonant energy transfer between two identical adjacent centers, brought about by 

the particular energy-level structure of these centers (Fig.9 (b)). 

As the concentration quenching results from energy transfer processes, the decay time 

of the emitting ions is reduced along with the luminescence quantum yield. In general, this 
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decay-time reduction is much easier to measure than the reduction in the quantum efficiency. 

The critical concentration is that for which the lifetime starts to be reduced.  

For employing lanthanide luminescence for various applications, two approaches, are 

followed. They are (i) in the form of lanthanide doped bulk inorganic materials and (ii) in the 

form of lanthanide complexes. In the former case, their luminescence efficiency is very high, 

they are chemically stable but their processability is very poor. In the latter case, their 

processability is very good but their luminescence efficiency and chemical stability is poor. If 

one dopes lanthanide ions in processable inorganic nanoparticles then they can have 

advantages of both inorganic bulk materials and complex compounds. Because lanthanide 

ions will be inside the robust inorganic particle which will give the good luminescence 

efficiency and the surface of the nanoparticles will be functionalised with ligand molecules 

which will give good processability. As a result, they can be dispersible in polar/ nonpolar 

solvents and they can be incorporated in inorganic polymers like silica, alumina or organic 

polymers like PMMA, PVA, etc. Reduced scattering and homogeneous composite formation 

capability with polymers make the nanoparticles as better candidates for luminescence 

applications. 

1.6 Recent work on luminescent nanomaterials: The luminescent nanomaterials can be 

broadly classified into two categories. In the fist category of nanomaterials luminescence is 

arsing due to the inherent nature of the material or the type of structural units present in the 

material, whereas in the second category, luminescence is attributed to the dopant ion present 

in the non-luminescent host having nano size dimensions. Oxides like ZrO2, Ga2O3, SnO2, 

ZnO, Sb2O3, ZnGa2O4, BaSnO3, etc. are examples of the first category of materials. Systems 

like Y2O3:Ln, Y3Al5O12:Ln, YPO4:Ln, CePO4:Ln, LaF3:Ln, GdF3:Ln, etc. (where Ln stands 

for the lanthanide ion) are few examples of second category of materials. Some of the 

transition metal ions also act as luminescent centers in different inorganic hosts. In the 



 22

following section, luminescent properties of some of the above-mentioned materials are 

discussed. 

A number of studies have been reported on the luminescence aspects of oxides like 

ZrO2, Ga2O3, SnO2, ZnO, Sb2O3, ZnGa2O4, BaSnO3 etc. ZrO2 nanomaterials are known to 

have host emission in the visible region [43, 44] and emission maximum can be tuned by 

varying the particle size. Zhang, et al. [44] have prepared ZrO2 nanoparticles having narrow 

size distribution by the controlled hydrolysis of zirconium butoxide, followed by annealing 

over the temperature range of 300-500°C. These authors have observed that by changing the 

annealing temperature the emission maximum from ZrO2 nanoparticles can be tuned. Joy et 

al. also observed emission around 390 nm from nanocrystalline ZrO2 films on UV excitation 

and they have attributed this to the defects present in ZrO2 host [45]. Other investigations 

explained luminescence from ZrO2 nanomaterials as a combined effect of the presence of 

impurities as well as defects in the lattice [46, 47].   

Similar to ZrO2, β and γ forms of Ga2O3 nanomaterials are also known to give strong 

emission in the visible region upon UV excitation. β-Ga2O3 is an important wide band gap 

(band gap value is 4.9 eV) transparent semiconductor [48, 49] and is a potential candidate for 

optoelectronic applications [50, 51]. A number of reports are available on the luminescence 

properties of nanoparticles and thin films of β-Ga2O3. [52-56]. Generally GaOOH is used as 

the precursor material for the preparation of different forms of Ga2O3 nanomaterials. Li, et al. 

[56] have prepared β-Ga2O3 nanorods from GaOOH nanorods and observed emission around 

438 nm upon ultraviolet and low voltage electron beam excitations. The blue emission from 

these nanomaterials has been attributed to GaO6 octahedra present in β-Ga2O3 lattice. 

ZnO is a direct band gap semiconductor and has emission in both near UV and visible 

region. Many groups have investigated in detail the different types of luminescence centres 

present in ZnO nanomaterials [57, 58]. A representative emission spectrum from ZnO 
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nanocrystals is shown in Fig.10 [58]. The spectrum is characterised by mainly two peaks, one 

sharp peak around 382 nm and other broad peak around 500 nm. The sharp peak has been 

attributed to the band edge emission and the broad peak to the recombination of electrons 

trapped at the oxygen defect levels and holes in the valance band of ZnO. It is observed that 

the emission maximum is shifted in the visible regions depending on the synthesis conditions 

and annealing temperatures [57].  
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Fig.10. Representative emission spectrum from ZnO nanocrystals obtained after excitation at 
325 nm [58]. 

 

BaSnO3 belongs to the family of cubic perovskite structure and exhibit interesting 

optical and electrical properties. Mizoguchi, et al. [59] observed emission around 590 nm 

from BaSnO3 powder samples at low temperatures with corresponding excited state lifetime 

of ~ 10μs. These authors have also observed emission in the near-infrared region form these 

samples. SnO2 is a direct band gap n-type semiconductor (Eg = 3.6 eV). It is extensively used 

for making sensors and optical devices [60-62]. Many authors have reported synthesis of 

luminescent SnO2 nanoparticles. For example, Gu, et al. [63] have reported the preparation of 

SnO2 nanoparticles by sol-gel method using SnCl4·5H2O and NH4OH followed by heating 

over the temperature range of 400 - 600°C. These particles showed luminescence around 400 

nm characteristic of oxygen vacancies present in the nanoparticles and its intensity decreased 

on increasing heat treatment temperature.   
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Unlike SnO2, Sb2O3 is an indirect band gap semiconducting material with a band gap 

of ~ 3.3 eV. It exists mainly in two crystalline forms, namely, the cubic senarmonite form and 

the orthorhombic valentinite form. Deng, et al. [64, 65] have carried out luminescence studies 

on self-assembled structures of Sb2O3 nanorods and nanowires. They observed broad 

emission peak over the region of 390 to 500 nm, in addition to the band edge emission 

centered around 374 nm. Broad emission over the region of 390 to 500 nm has been 

attributed to the emission from oxygen vacancies related defect centers present in the lattice 

of Sb2O3.   

 ZnGa2O4 is also a transparent semiconducting oxide having spinel structure. It is a 

potential candidate for Field emission and vacuum fluorescent display applications because 

of its high thermal stability. Bae, et al. [66] prepared vertically aligned ZnG2O4 nanowires by 

chemical vapor deposition method and observed strong photoluminescence and cathode-

luminescence in the blue wavelength region. Different types of soft chemical methods [67, 

68] have been reported for the preparation of ultra fine particles of ZnGa2O4, which show 

photoluminescence in the blue region. Their particle size and luminescence properties can be 

tuned by modifying the experimental conditions during its synthesis. 

Lanthanide ions doped luminescent nanomaterials: Lanthanide ions doped in different 

inorganic hosts are extensively used in various display applications. Extensive literature is 

available regarding the luminescence properties of lanthanide doped inorganic nanoparticles. 

In the following section, brief description regarding the previous studies on representative 

lanthanide ions doped inorganic nanoparticles (for example Y2O3:Ln, Y3Al5O12:Ln, YPO4:Ln 

and CePO4:Ln) is given.    

Y2O3 is widely used as a host for various lanthanide ions and such phosphor materials 

are used in various display devices [69]. Number of studies has been reported on the 

luminescent properties of Y2O3:Ln3+ (Ln3+ = lanthanide ions) nanoparticles. Luminescence 
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depends strongly on the nature of the synthesis method and conditions employed [70-73]. For 

example, Sharma, et al. [73] synthesised Y2O3:Eu nanoparticles having size in the range of 

micrometers to nanometers with the help of  organic surface modifiers like Tween-80 and 

Emulsogen-OG. The authors observed a five fold enhancement in emission intensity from the 

nanoparticles when 10 wt. % of surface modifier was added during the synthesis of Y2O3:Eu 

nanoparticles. Taner and Wang [74] investigated the luminescence properties of Y2O3:Eu 

nanoparticles prepared by flame spray pyrolysis method and compared it with that of 

conventional pyrolysis method. The intensity of 5D1 emission of Eu3+ ions from the C3i site 

(S6) in Y2O3 is significantly less compared to the emission from Eu3+ ions in the C2 site for 

these samples. Igarashi, et al. [75] compared luminescence properties of bulk and 

nanoparticles of Y2O3:Eu prepared using yttrium hydroxy carbonate precursor method and 

established that the increase in ionicity of Eu-O bond due to decrease in particles size is 

responsible for observed blue shift of excitation peak with decrease in particle size. Song and 

co-workers [76, 77] have observed that the radiative and non-radiative transition rates of Eu3+ 

ions in Y2O3:Eu nanoparticles increased with decrease in particle size and this is attributed to 

the crystal lattice degeneration and surface effects. Further, ultraviolet (UV) light irradiation 

on Y2O3:Eu nanoparticles has been found to reduce the intensity of Eu-O charge transfer peak 

[78,89]. Temperature and particle size effect on photoluminescence properties of Y2O3:Tb 

nanoparticles have also been investigated by the same authors. Based on the studies it has 

been established that relative intensity of 5D4→7FJ
 transitions and oxygen defect emission ~ 

620 nm characteristic of Y2O3 host are related to extent of thermal quenching process [80]. 

Tb3+ concentration dependence on photoluminescence intensity of Y2O3:Tb nanoparticles is 

investigated by  Park, et al. [81]. These authors have observed that for Y2O3:Tb nanoparticles, 

prepared by solution route followed by annealing at 400°C and containing 8 wt. % Tb3+,  

gave optimum intensity for  green emission. Mukherjee, et al. [82] have observed a variation 
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in the relative intensity of excitation transitions between 7F6 ground state and low spin and 

high spin 4f75d1 excited states of Tb3+ in Y2O3:Eu, Tb nanoparticles annealed at 600 and 

1200°C. This is explained due to the combined effect of distortion around Y3+/ Tb3+ in YO6/ 

TbO6 polyhedra and size of the nanoparticles. 

Yttrium aluminum garnet (YAG) doped with lanthanide ions is an efficient phosphor 

material and has got potential application  as an active material in cathode ray tubes (CRTs), 

field emission and vacuum fluorescent displays (FEDs and VFDs) [83-85]. Ce3+ doped YAG 

is a yellow light emitting phosphor with absorption in the blue region [86]. Hence mixing 

YAG:Ce phosphor with blue light emitting materials such as GaN or ZnS:Ag, Cl [87, 88] can 

give rise to white light emitting materials. Yellow light emission from YAG:Ce phosphor 

arises due to 5d→4f transition of Ce3+. This transition is very sensitive to the presence of 

other lanthanide ions in the host and conditions employed for their synthesis [89-92]. For 

example co-doping bulk YAG:Ce with Eu3+ and Mn2+ ions results in a significant decrease in 

luminescence intensity of 5d→4f transition of Ce3+ ions [90]. Energy transfer from the 

excited state of Ce3+ ions to Mn2+ or Eu3+ levels is the reason for observed decrease in 

intensity of Ce3+ emission from these samples. Unlike this, increase in concentration of Tb3+ 

ions in the bulk YAG:Ce host increases the luminescence intensity corresponding to 5d→4f 

transition of Ce3+. This has been attributed to energy transfer from Tb3+ to Ce3+ levels in the 

sample [91]. There are also reports regarding the change in peak position corresponding to 

5d→4f transition of Ce3+ brought about by Tb3+ co-doping in YAG:Ce phosphor. Jang, et al. 

[93] have observed that partial replacement of Ce3+ by Tb3+ in bulk YAG:Ce phosphor results 

in shifting of 5d→4f transition of Ce3+ to longer wavelengths. This has been attributed to the 

distortion of dodecahedral symmetry around Ce3+ ions brought about by Tb3+ substitution and 

subsequent lowering of 5d energy level due to the large crystal field splitting. This results in 

the lowering of energy gap between 5d and 4f levels, thereby leading to red shift of the 
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corresponding emission and excitation peaks [93]. Mukherjee, et al. [94] investigated the 

energy transfer between Ce3+ and ions like Tb3+, Eu3+ and Dy3+, when doped in nanoparticles 

of YAG host. It is observed that the energy transfer has been found to take place only from 

Tb3+ to Ce3+ ions, leading strong yellow emission along with emission characteristic of 

Tb3+ions.   

Lanthanide phosphates (LnPO4) are robust materials for various technological 

applications involving lasers due to their high thermal and chemical stability, extremely low 

solubility in water and improved solubility for rare earth ions like Nd3+[94-101]. YPO4 based 

phosphors are used in plasma display panels due to their high ultra violet absorption cross-

section and high vacuum ultraviolet radiation stability [102, 103]. Synthesis and 

luminescence properties of YPO4 nanoparticles doped with lanthanide ions have been 

reported [104-107]. For example, He, et al.[105]  observed that co-doping Bi3+ in YPO4:Dy 

nanoparticles leads to improvement in Dy3+ emission from the nanoparticles upon UV 

excitation This has been attributed to the improved UV light absorption properties of the 

nanomaterial brought about by Bi3+ doping.  Srinivasu, et al. [106] observed a reduction in 

both Eu3+ and Dy3+ luminescence when Dy3+ ions are co-doped in YPO4:Eu nanoparticles 

followed by annealing them at high temperature (900°C). This has been attributed to the 

clustering effect of the lanthanide ions. The authors also observed that the nature and extent 

of strain associated with the YPO4 lattice change with incorporation of Eu3+/ Dy3+ ion in the 

nanoparticles as well as the heat treatment temperature. Based on the detailed structural and 

luminescence studies, Luwang, et al. [107] inferred that the association of water molecules 

with the hexagonal phase of Bi3+ co-doped YPO4:Eu, is the reason for the significant 

decrease in Eu3+ luminescence intensity when compared with YPO4:Eu nanomaterials. 

CePO4 belongs to lanthanide phosphate category and exists mainly in two forms. One has the 

hexagonal structure with molecular formula CePO4.xH2O (x =0.3-0.5) (also known as 
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Rhabdophane) and the other is monoclinic CePO4 [108, 109]. CePO4/ LaPO4 nanorods as 

well as CePO4:Tb3+-LaPO4 core-shell nanorods were synthesised and characterised by Cao, et 

al. [110] and Zhu, et al. [111] under hydrothermal condition in presence of surfactants and 

ultra-sonication respectively. Li and Yam [112] have prepared CePO4:Tb3+ nanowires in 

aqueous medium at room temperature by the reaction between Ce3+/ Tb3+ ions and 

NH4H2PO4 in presence of cyclodextrin. Kompe, et al.[113] employing co-precipitation in 

presence of coordinating ligands like tributyl phosphate (TBP) and trihexyl amine, prepared 

CePO4:Tb3+ core and CePO4:Tb3+-LaPO4 core – shell nanoparticles in water free 

environments at 200°C. These studies revealed that luminescence property of CePO4:Tb3+ 

nanorods/ nanoparticles get significantly improved when covered by a shell of LaPO4. 

Improved dispersability of nanoparticles/ wires in alcohols and water is extremely important 

for making good quality silica sols and xero-gels incorporated with nanoparticles. Such sols 

and xero-gels, when immobilized with proteins and enzymes, combines the advantages of 

biological inertness, biodegradability and compatibility with bio-molecules at the same time, 

can also act as efficient luminescence based biosensors for monitoring the protein and 

enzyme activities in biological systems. Gulnar, et al. [114] have prepared crystalline CePO4, 

CePO4:Tb3+ and CePO4:Dy3+ nanoleaves with monoclinic structure. These nanomaterials are 

dispersible in solvents like water and methanol and can be incorporated in silica sols based on 

sol-gel method. Such nanoleaves incorporated silica sols have improved luminescence 

properties compared to silica sols directly doped with lanthanide ions.  

1.7 Scope of present work: In the present investigation, a variety of inorganic matrices 

varying from oxides (Ga2O3, Sb2O3), phosphates (SbPO4, BiPO4, GaPO4), gallate (ZnGa2O4) 

to tungstates (CaWO4, SrWO4, BaWO4) both undoped and  doped with lanthanide ions have 

been synthesised and their luminescent properties are investigated. Even though number of 

reports are available on the luminescence properties of  both undoped and lanthanide ions 
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doped nanomaterials of the above mentioned systems, very few studies have been reported on 

the variation of synthesis conditions and the nature of precursor on the luminescence 

properties of the above nanomaterials. For example, GaOOH is a precursor material for 

Ga2O3 nanomaterials. Understanding the morphology and luminescence properties of 

GaOOH prepared under different experimental conditions is essential for adapting the right 

synthesis procedure for making Ga2O3 nanomaterials with required optical properties. This 

aspect is not properly addressed in previous studies. Similarly, in the case of Sb2O3 

nanomaterials, effect of morphology on its luminescence properties is not known so far. This 

aspect is investigated in detail in the present work. Luminescence properties of hosts like 

SbPO4, BiPO4 and GaPO4 both undoped and doped with lanthanide ions are investigated for 

the first time with a view to develop new and robust phosphor materials having multi 

functional applications. Off late, considerable attention is paid to develop efficient blue light 

emitting nanomaterials for incorporating them in polymers and sol-gel films. Such polymers/ 

sol-gel films are suitable candidates for the fabrication of economic and cheap white light 

display devices. Compounds like ZnGa2O4, CaWO4, etc. have host emission in the visible 

region over the range of 400-550 nm. Hence, it is expected that suitable modification in the 

synthesis procedure as well doping them with lanthanide ions can give efficient luminescent 

materials which can have multi colour emission. With this in mind, the luminescence 

properties of these nanomaterials have been investigated during the course of the present 

investigation.  

 

 

 

 



CHAPTER 2: Experimental  

2.1. Materials and reagents: All the solvents, viz. iso-propanol, ethylene glycol, glycerol, 

methanol and acetone, were of AR grade and these were used as received without further 

purification. Starting materials, gallium metal (99.99%), Ga(NO3)3.xH2O (99.999%), 

Zn(OOCCH3)2.2H2O (99.9%), InCl3 (99.999%), SbCl3 (99.9%), Bi(NO3)35H2O (99.9%), 

La(NO3)3.6H2O (99.9%), Ca(NO3)2.H2O (99.%), SrCl2.6H2O (99.995%), Ba(NO3)2 (99%), 

Tb(NO3)3.xH2O (99.99%), Tb4O7 (99.99%), Eu(NO3)3.5H2O(99.99%), Eu2O3 (99.99%), 

Dy2(CO3)3.xH2O (99.9%), Dy(NO3)3.5H2O (99.9%), Ce(NO3)3⋅6H2O (99.9%), 

Sm(NO3)3.xH2O (99.9%), Sm2O3 (99.99%), Dy(NO3)3.xH2O (99.9%), and 

Er(OOCCH3)3.xH2O (99.9%) were obtained from commercial sources. The reagents urea 

(99.5%), ammonium dihydrogen phosphate (99.9%) and Na2WO4.2H2O (99.5%), were used 

as obtained for precipitation.  

2.2. General synthesis of undoped and lanthanide doped nanomaterials: The 

nanomaterials were synthesized by co-precipitation method in different organic solvents. A 

typical synthesis procedure is given below.  

Starting materials, chlorides or nitrates, were dissolved in solvents like ethylene 

glycol, glycerol, water or their mixture. Some solvents like ethylene glycol and glycerol can 

act both as a solvent as well as a stabilizing agent. These solvents were chosen as they are 

stable up to a temperature of 180°C and most of the inorganic metal salts (acetates, chlorides, 

nitrates, etc.) are soluble in them. Further, they are cheaply available, quite stable under 

ambient conditions and are non-toxic in nature. Precipitating agents depends on the type of 

the nanomaterial, which is being prepared. For preparing the metal oxide nanoparticles/ 

nanomaterials, urea was used as a precipitating agent. It is superior over other bases like 

ammonia, NaOH, etc. as it decomposes at above 85°C and generates OH- ions uniformly 

throughout the solution leading to homogeneous precipitation. Initially a hydroxide phase 
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will be formed and subsequently it is converted into oxide by increasing the reaction 

temperature or by heating the product in a furnace at high temperatures. For the synthesis of 

phosphate materials, ammonium dihydrogen phosphate was used as a precipitating agent. 

Ammonium dihydrogen phosphate on heating generates ammonia and phosphate ion, the 

former creates an alkaline environment, and the latter reacts with metal ions to form the 

phosphate phase. Alkaline environment facilitate precipitation of metal phosphate. For 

preparing metal tungstate nanomaterials, sodium tungstate was used as a precipitating agent. 

Procedure: In a general, soluble metal salt was dissolved in an appropriate solvent and the 

solution was heated in a silicon oil bath under stirring upto-desired temperature. The 

precipitating agent was added to the reaction medium at high temperatures depending on the 

actual material to be synthesized. Temperature of the reaction medium was raised to a value 

close to reaction temperature so that the nanomaterial/ precursor for nanomaterials start 

precipitating. The solvent molecules also act as stabilising ligands to prevent aggregation of 

small particles. The precipitate was separated by centrifugation, washed with ethanol and 

acetone to remove unreacted species, and dried under ambient conditions. For the synthesis 

of doped nanoparticles, dopant metal ions were also added to starting chloride or nitrate 

solution of metal ions. Detailed procedures for the synthesis of individual compound are 

described below 

2.3 Synthesis of binary oxide nanomaterials: 

Preparation of GaOOH, α-Ga2O3 and β-Ga2O3 nanorods: Ga(NO3)3.xH2O, 

Tb(NO3)3.xH2O, Eu(NO3)3.5H2O and Dy(NO3)3.5H2O were used as starting materials for 

preparation of un doped GaOOH and lanthanide ions (Eu3+, Tb3+ and Dy3+) doped GaOOH 

nanorods. In a typical procedure for making GaOOH sample, Ga(NO3)3.xH2O (1.0 g)  was 

dissolved in 20 ml water in a 100 ml round bottom flask. The solution was slowly heated upto 

70°C in a silicon oil bath while stirring followed by addition of urea (5.0 g). Temperature was 
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raised to 100°C and refluxed until a slightly turbid solution was obtained. At this 

temperature, sufficiently high concentration of OH- is generated in the medium leading to 

high concentration of GaOOH nuclei, which facilitates growth of the nuclei into nanorod 

morphology. The temperature was maintained at this value for 2 hours. After the reaction, the 

precipitate was collected by centrifugation and was then washed two times with ethyl alcohol 

and three times with acetone followed by drying under ambient conditions.  For Eu3+, Tb3+ 

and Dy3+ doped samples same procedure was used except that, Eu(NO3)3.5H2O, 

Tb(NO3)3.xH2O and Dy(NO3)3.5H2O were used respectively along with Ga(NO3)3.xH2O (1.0 

g) and urea (5.0 g) as the starting materials.  As prepared samples were heated in a furnace at 

500 and 900°C for 10 hours to convert GaOOH and GaOOH:Ln3+ to α and β forms of Ga2O3 

and Ga2O3:Ln3+. 

Preparation of Sb2O3 nanorods with and without Eu3+ ions: For the synthesis of nanorods 

without Eu3+, SbCl3 (0.5 g) was dissolved in conc. HCl and evaporated repeatedly by adding 

water drop wise while stirring. Repeated evaporation was done to remove excess HCl and 

drop wise addition of water was necessary for preventing the rapid hydrolysis of SbCl3 

leading to the formation of Sb(OH)3 precipitate. Around 2 ml solution of SbCl3 left over after 

the repeated evaporation was mixed with 20 ml of iso-propanol followed by the addition of 

20% ammonium hydroxide solution drop wise while stirring until precipitation. This 

precipitate was centrifuged and washed several times with ethanol and acetone to remove free 

solvent and unreacted species. For samples containing different amounts of Eu3+ ions (2, 5 

and 10 atom % Eu3+ with respect to Sb3+), same procedure was used except that Eu2O3 was 

dissolved in concentrated HCl and added to the acidic solution of SbCl3 prior to the reaction. 

Bulk Sb2O3 sample with Eu3+ (5 atom % with respect to Sb3+) ions was obtained by 

hydrolysis of SbCl3 and EuCl3 in water at room temperature. For the purpose of comparison, 
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Eu3+ ions were also subjected to same reaction conditions as that used for the preparation of 

Sb2O3 nanorods and the resulting precipitate was, centrifuged, washed and dried.  

2.4 Synthesis of phosphate nanomaterials: 

Preparation of undoped GaPO4 and Eu3+ ions containing GaPO4 nanoparticles: For 

preparation of GaPO4 and Eu3+ ions containing GaPO4 nanoparticles, Ga metal and Eu2O3 

were used as starting materials. For the synthesis of 5 at % Eu3+ (95 at % Ga3+ and 5 at % 

Eu3+) containing GaPO4 nanoparticles, gallium metal (0.21 g) and Eu2O3 (0.0265 g) (5 atom 

% Eu3+ with respect to Ga3+) were dissolved in concentrated HCl in a beaker by heating and 

the excess acid was evaporated out repeatedly. To this solution, glycerol (20 ml) was added 

and transferred into a two-necked RB flask. The solution was slowly heated upto 70°C 

followed by addition of ammonium dihydrogen phosphate (0.35 g). Temperature was then 

raised to 130°C and maintained at this value for 2 hours. After the reaction, the precipitate 

was collected by centrifugation and then washed three times with ethyl alcohol and two times 

with acetone followed by drying under ambient conditions. A similar procedure was followed 

for the synthesis of undoped, 2.5 and 10 at % Eu3+ containing GaPO4 nanoparticles.  

Preparation of undoped and lanthanide doped SbPO4 nanomaterials: For preparation of 

SbPO4 and lanthanide ions (Tb3+ and Ce3+-Tb3+) doped SbPO4 nanomaterials, SbCl3, Tb4O7, 

Eu2O3, Ce(NO3)3⋅6H2O were used as starting materials. In a typical procedure for making 

SbPO4:Tb3+(5%) sample (SbPO4 sample doped with 5 at % Tb3+ ions), SbCl3 (0.5 g) and 

Tb4O7 (0.01 g) (5 at %) were dissolved in concentrated HCl in a beaker and the excess acid 

was repeatedly evaporated. To this solution, ethylene glycol (12 ml) and glycerol (8 ml) were 

added and it was transferred into a two-necked 100 ml round bottom flask. The solution was 

slowly heated upto 70°C followed by addition of ammonium dihydrogen phosphate (0.75g). 

Temperature was raised to 90°C and maintained till slightly turbid solution was obtained. 

Finally, temperature was raised to 120°C and maintained at this value for 2 hours. After the 
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reaction, the precipitate was collected by centrifugation and then washed two times with 

acetone and three times with ethyl alcohol followed by drying under ambient conditions. 

Samples obtained by above method were dispersible in water and methanol. Same procedure 

was also employed for making SbPO4 samples containing 1 and 2.5 at % Tb3+ ions (denoted 

as SbPO4:Tb3+(1%) and SbPO4:Tb3+ (2.5%)). For preparing Tb3+, Ce3+ co-doped samples 

same procedure was used except that, 0.01 g of Tb4O7 (5 at %) and 0.012 g (2.5 at %) of 

Ce(NO3)3.6H2O were used respectively along with 0.5 g of SbCl3 (sample is denoted as 

SbPO4:Ce3+(2.5 at %), Tb3+(5 at %)). 

Preparation of SbPO4:Ce3+(2.5 at %), Tb3+(5 at %) nanomaterials dispersed in silica: 

For the preparation of SbPO4: Ce3+ (2.5 at %), Tb3+(5 at %) nanomaterials dispersed in silica 

(represented as SbPO4: Ce3+ (2.5 at %), Tb3+(5 at %)-SiO2), SbCl3 (0.5 g), Tb4O7 (0.01 g) and 

Ce(NO3)3.6H2O (0.012 g) were dissolved in con. HCl and excess acid was evaporated by 

adding distilled water drop wise. To this solution, ethylene glycol (12 ml) and glycerol (8 ml) 

were added and it was transferred into a two-necked 100 ml RB flask. The solution was 

slowly heated upto 70°C while stirring followed by addition of ammonium dihydrogen 

phosphate (0.75 g). Temperature was raised to 120°C resulting in the formation of a turbid 

solution. After 10 min, 0.7 ml of tetraethyl orthosilicate (TEOS) was added to this. It was 

then refluxed for 2 hours at 120°C. The precipitate was centrifuged, washed with ethanol and 

acetone.  

Synthesis of undoped and lanthanide doped BiPO4 nanomaterials: For preparation of 

undoped BiPO4 and lanthanide ions (Tb3+, Eu3+, Dy3+, Sm3+) doped BiPO4 nanomaterials, 

Bi(NO3)3.5H2O, Tb4O7, Eu2O3, Dy2(CO3)3.xH2O, Sm2O3 were used as starting materials. For 

the synthesis of Eu3+ doped BiPO4, Bi(NO3)3.5H2O (1.0 g) and Eu2O3 (0.011 g)(2.5 at %) 

were dissolved in concentrated HCl in a beaker and the excess acid was evaporated out 

repeatedly by adding water. To this solution, 20 ml of ethylene glycol was added and it was 
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transferred into a two-necked RB flask. An aqueous solution (3 ml) of ammonium 

dihydrogen phosphate (0.3 g) was added with stirring. The solution was heated at different 

temperatures viz. 75, 100, 125 and 185°C for two hours. The precipitate obtained was washed 

with methanol and acetone to remove unreacted species and dried under ambient conditions. 

The same procedure was followed for the synthesis of other lanthanide ions doped samples. 

2.5 Synthesis of gallate nanomaterials: 

Synthesis of undoped, In3+ and Ln3+ doped ZnGa2O4 nanoparticles: For the preparation 

of ZnGa2O4 nanoparticles gallium metal and Zinc acetate were used as starting materials.                        

Gallium metal (0.2 g) was dissolved in concentrated HCl containing few drops of HNO3 in a 

beaker and the excess acid was removed by repeated evaporation by adding water. This 

solution was transferred into a two-necked RB flask, containing appropriate amount of zinc 

acetate. Ethylene glycol (25 ml) and distilled water (10 ml) were added to this mixture. The 

solution was slowly heated up to 100°C followed by the addition of urea (3.0 g). It was 

heated at 120°C whereupon turbidity appeared. Temperature of the reaction was maintained 

for 2 hours to complete the reaction. The precipitate was collected by centrifugation and then 

washed three times with ethyl alcohol and two times with acetone followed by drying under 

ambient conditions. This process was repeated for different ratios of solvent to precursor 

concentration as well as ethylene glycol to water. For In3+, Eu3+ and Tb3+ doped samples 

same procedure was followed except addition of appropriate amounts of InCl3, Eu2O3 and 

Tb4O7 was carried out while dissolving gallium metal in concentrated HCl. 

Preparation of In3+ doped ZnGa2O4 nanoparticles incorporated PMMA matrix: For 

incorporating nanoparticles in polymer, the procedure reported by Gonsalves, et al. [115] was 

employed. The method is described below. Around 50 mg of ZnGa2O4 nanoparticles was 

dispersed in one ml of methyl methacrylate (MMA) by sonicating for one hour under argon 

atmosphere. Around 5 mg of azobisisobutyronitrile (AIBN) was added to this mixture and 
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heated for 2 hrs at 70°C under argon atmosphere. White solid was obtained and this solid was 

dissolved in CHCl3 and re-precipitated with methanol. The precipitate was separated by 

centrifugation and dried under ambient conditions. For preparing thin polymer films 

containing the nanoparticles, the white solid obtained was dissolved in CHCl3 and spin coated 

on a quartz substrate at a spinning rate of 2500 rpm. 

2.6. Synthesis of un-doped and lanthanide doped MWO4 (M = Ca, Sr, Ba) 

nanomaterials: Starting materials used for the synthesis of undoped and lanthanide doped 

metal tungstates were Ca(NO3)2.H2O, SrCl2.6H2O, Ba(NO3)2, Eu(NO3)3.5H2O, 

Tb(NO3)3.xH2O, Dy(NO3)3.xH2O, Sm(NO3)3.xH2O and Er(OOCCH3)3.xH2O. For the 

synthesis of undoped metal tungstates, 2.12 mmol of metal salt was dissolved in 20 ml of 

ethylene glycol while stirring. Around 2.12 mmol of Na2WO4.2H2O was added to this 

solution and stirring was continued for two hours. The precipitate formed was separated by 

centrifugation and washed with methanol and acetone to remove unreacted species. For the 

synthesis of lanthanide doped metal tungstates, same procedure was followed except that the 

addition of 2 atom % lanthanide salts to metal salt solution was done prior to the addition of 

Na2WO4.2H2O.   

2.7. Characterization Techniques: During the present investigation, various 

characterization techniques were employed and they are briefly discussed below. 

2.7.1. X-Ray Diffraction: X-rays are invisible, electrically neutral, electromagnetic 

radiations. Their frequencies are intermediate between the ultra-violet (UV) and gamma 

radiations with wavelength (λ) ranging from approximately 0.04 Å to 1000 Å. When the X-

rays are incident on a solid material (grating), they are either elastically/in-elastically 

scattered or absorbed. The elastic scattering of X-rays is known as Bragg scattering and 

follows the Bragg equation (equation 7) 

2 sinn dλ θ=    …………………………. (7) 
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Where λ is the wavelength of X-rays, θ is glancing angle, d is inter planar distance and n is 

order of diffraction. Depending on the interplanar distance and angle of diffraction, the 

diffracted/ scattered beam will interfere with each other giving bright (constructive 

interference) and dark (destructive interference) fringes.  

Powder X-ray diffraction: X-ray diffraction experimental setup requires an X-ray source, 

sample under investigation and a detector to pick up the diffracted X-rays. A block sketch of 

the typical powder diffractometer is shown in the Fig.11. The X-ray beam passes through the 

soller and divergence slits and then fall on the sample which is spread uniformly over a 

rectangular area of a glass slide. The X-rays scattered (diffracted) from the sample pass 

though the soller and receiving slits and then fall on a monochromator before detection. The 

monochromator separates out the stray wavelength radiation as well as any fluorescent 

radiation emitted by the sample. The details of the X-ray production and the typical X-ray 

spectra are explained in several monographs [116, 117]. 

 

 
 

Fig.11 X-Ray diagram of a typical reflection mode diffractometer. 
 

Data collection and Analysis: The output of the diffraction measurement is obtained as plot 

of intensity of diffracted X-rays versus Bragg angle. The data collection protocols often 

depend on the specific purpose for which the diffraction experiment is being carried out. In 

general a short time scan in the 2θ range of 10 to 70° is sufficient for the identification of 

phase of a well crystalline inorganic material. The scan time can be optimized for getting 
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good intensity peaks. In the present study, the observed diffraction patterns were compared 

with JCPDS (Joint Committee on Powder Diffraction Standards, 1974) files available for 

reported crystalline samples. The unit cell parameters were refined by a least squares method 

using the computer software “Powderx”. The average crystallite size of the nano powders 

was estimated from the full width at half maximum (FWHM) of the intense peak in the XRD 

pattern using the Scherrer’s formula, which is given by equation 8 

0.9
cos

D λ
β θ

=  ……………………… (8) 

Where D is the thickness of the crystal (in angstroms), λ the X-ray wavelength and θ the 

Bragg angle. The line broadening, β, is measured from the extra peak width at half the peak 

height and is obtained from the Warren formula (equation 9): 

   2 2 2
M Sβ β β= − ………………. …… (9) 

Where βM is the measured peak width in radians at half maxima and βS is the measured peak 

width in radians at half maxima of the peak corresponding to standard material (silicon). 

In the present study, Philips 1710 diffractometer based on the Bragg-Brentano 

reflection geometry, was used for the characterization of all the samples. The Cu-Kα from 

sealed tube was used as the incident beam. A Ni foil was used as a filter and the diffracted 

beam was monochromatised with a curved graphite single crystal. The Philips (PW-1710) 

diffractometer is attached with a proportional counter (Argon filled) for the detection of X-

rays. The X-ray tube rating was maintained at 30 kV and 20mA. The goniometer was 

calibrated for correct zero position using silicon standard. Samples are well grounded and 

made in the form of a slide. As all the micro crystals are randomly oriented, at any point on 

the sample different planes from crystals will be exposed to X-rays.   

2.7.2. Electron Microscopy: Micro-structural characterization has become important for all 

types of materials as it gives substantial information about the structure-property correlation. 
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Micro-structural characterization broadly means ascertaining the morphology, identification 

of crystallographic defects and composition of phases, estimating the particle size, etc. 

Electron microscopic techniques are extensively used for this purpose. Electron microscopy 

is based on the interaction between electrons (matter wave) and the sample. In the present 

study, Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

have been used to characterize the nano powders. The principle and experimental details of 

these two techniques are given below.  

Scanning Electron Microscopy (SEM): In a typical scanning electron microscope, a 

well-focused electron beam is incident and scanned over the sample surface by two pairs of 

electro-magnetic deflection coils. The signals generated from the surface by secondary 

electrons are detected and fed to a synchronously scanned cathode ray tube (CRT) as 

intensity modulating signals [118, 119]. Thus, the specimen image is displayed on the CRT 

screen. Changes in the brightness represent changes of a particular property within the 

scanned area of the specimen. Schematic representation of SEM is shown in Fig.12.  

 
 

Fig.12. Schematic representation of SEM microscope. 

 39



For carrying out SEM analysis, the sample must be vacuum compatible (~ 10-6 Torr or more) 

and electrically conducting. The surfaces of non-conductive materials are made conductive 

by coating with a thin film of gold or platinum or carbon. In this study, the SEM technique 

was used to study the microstructure evolution of nanocrystalline powders and EDS (energy 

dispersive X-ray spectroscopy) is used for the compositional analysis.  

In the present study, SEM instrument used was from Seron Inc. (Model AIS 2100) 

having standard tungsten filament. An accelerating voltage of 20 kV and magnification of 

10kx was used for recording the micrographs.  The samples were made in the form of slurry 

with isopropyl alcohol and spread over mirror polished single crystal of Si substrate prior to 

its mounting on the stub.

Transmission Electron Microscopy (TEM): In TEM, a beam of focused high-energy 

electrons is transmitted through the sample to form an image, which reveals information 

about its morphology, crystallography and particle size distribution at a spatial resolution of 

~1 nm. TEM is unique as it can focus on a single nanoparticle and can determine its 

crystallite size. This technique is applicable to a variety of materials such as metals, ceramics, 

semiconductors, minerals, polymers, etc. [120, 121]. TEM setup consists of an electron gun, 

voltage generator, vacuum system, electromagnetic lenses and recording devices and the 

schematic diagram of TEM is shown in Fig.13 (a). Usually thermionic gun (tungsten 

filament, LaB6 crystal, etc.) or field emission gun is used as an electron source to illuminate 

the sample. The electrons thus produced are accelerated at chosen voltages by a voltage 

generator. The electron beam after passing through the condenser lens system is directed 

towards a thin sample. Typically TEM specimen thickness is in the range of 50 to 100 nm 

and should be transparent to the electron beam. The microscope column is maintained at high 

vacuum levels to prevent scattering of electrons by the atmosphere inside the microscope. 

Information is obtained from both transmitted electrons (i.e. image mode) and diffracted 
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electrons (i.e. diffraction mode).  In TEM, contrast formation depends greatly on the mode of 

operation. In conventional TEM, contrast is obtained by two modes namely the mass-

thickness contrast and the diffraction contrast and both are based on amplitude contrast. In   

high resolution transmission electron microscopy (HRTEM), image contrast is due to phase 

contrast.  Mechanism of all these types of contrasts is briefly discussed below. 

Mass-thickness contrast: This is the common mode of operation in TEM and it is called as 

bright field imaging.  In this mode, the contrast formation is obtained directly by occlusion 

and absorption of electrons in the sample. Thicker regions of the sample or regions with a 

higher atomic number will appear dark, while the regions with no sample in the beam path 

will appear bright – hence the term "bright field". The image is in effect assumed to be a 

simple two-dimensional projection of the sample. The effect of thickness and mass number of 

the sample on the brightness of the image can be seen in the Fig.13 (b). 

 

 
 

(a) (b) 
 

Fig.13. (a) Simplified ray diagram of TEM, (b) Mass-thickness contrast. 
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Diffraction contrast: This mode of operation is also known as dark field imaging. In the 

case of a crystalline sample, the electron beam undergoes Bragg scattering and it disperses 

electrons into discrete locations. By the placement of apertures in these locations, i.e. the 

objective aperture, the desired Bragg reflections can be selected (or excluded), thus only parts 

of the sample that are causing the electrons to scatter to the selected reflections will end up 

projected onto the imaging apparatus. A region without a specimen will appear dark if there 

are no reflections from that region. This is known as a dark-field image. This method can be 

used to identify lattice defects in crystals. By carefully selecting the orientation of the sample, 

it is possible not only to determine the position of defects but also to determine the type of 

defect present. 

Phase contrast: Among all the techniques used to obtain structural information of materials, 

high resolution electron microscopy (HREM) has the great advantage that it yields 

information about the bulk structure, projected along the direction of electron incidence at a 

resolution comparable to the inter atomic distances. This enables the study of complicated 

structures, crystal defects, precipitates and so forth, down to the atomic level. In HRTEM, 

phase contrast is used for the imaging. High resolution images are formed by the interference 

of elastically scattered electrons, leading to a distribution of intensities that depends on the 

orientation of the lattice planes in the crystal relative to the electron beam. Therefore, at 

certain angles the electron beam is diffracted strongly from the axis of the incoming beam, 

whilst at other angles the beam is completely transmitted. In the case of high-resolution 

imaging, this allows the arrangement of atoms within the crystal lattice to be deduced. For 

HREM measurements, sample should be very thin. 

Selected area electron diffraction (SAED): An aperture in the image plane is used to select 

the diffracted region of the specimen, giving site-selective diffraction analysis. SAED 

patterns are a projection of the reciprocal lattice, with lattice reflections showing as sharp 
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diffraction spots. By tilting a crystalline sample to low-index zone axes, SAED patterns can 

be used to identify crystal structures and measure lattice parameters. Figure 14 shows 

electron diffraction in (a) single crystal,(b) polycrystalline and (c) nanocrystalline materials. 

Electron diffraction pattern of polycrystalline or nanocrystalline materials can be indexed by 

using equation 10  

Rd Lλ=   ………………….. (10) 
 

Where R is the radius of diffraction ring, L is camera length, λ is the electron wavelength, 

and d is the spacing corresponding to planes. 

 

 

 

 

 

 
 
 
Fig.14. Electron diffraction patterns from (a) single crystal, (b) polycrystalline materials and 

(c) nanocrystalline materials [120]. 
 

In the present study, Transmission electron microscopic (TEM) measurements (bright field 

low magnification and lattice imaging) were performed using 200 keV electrons in JEOL 

2010 UHR TEM microscope. Samples were dispersed in methanol and a drop of this solution 

was added on a carbon coated copper grid. These samples were dried properly prior to load in 

TEM. 

2.7.3. Atomic Force Microscope (AFM): AFM measures the topography of conductors, 

semiconductors, and insulators with a force probe located within a few Å of the sample 

surface [122]. AFM images are recorded by moving fine tip attached to a cantilever across 
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the surface of the sample while the tip movements normal to the surface are measured. The 

deflections occurred in the tip, due to the interaction forces between the tip and sample 

surface, can be measured by focussing a laser beam onto cantilever and detecting the 

reflected light from the cantilever using a position sensitive detector. Schematic diagram of 

atomic force imaging is shown in Fig 15 (a). As the tip is rastered over the surface, a 

feedback mechanism is employed to ensure that the piezo-electric motors maintain a constant 

tip force or height above the sample surface. The tip movements normal to the surface are 

digitally recorded and can be processed and displayed in three-dimensions by a computer. 

This technique has a lateral resolution of 1 to 5 nm. AFM is typically used to obtain a three-

dimensional surface image or to determine the surface roughness of thin films and crystal 

grains. There are mainly two types of AFM modes, namely the contact mode and the semi 

contact/taping mode, which are used for imaging the samples. The schematic representation 

of the different types forces acting between tip and sample in the two methods of imaging is 

shown in Fig.15 (b) and are described below. 

 

                    (a)                                                                               (b) 

Tip
cantilever

Fig.15. (a) Principle of AFM imaging, (b) variation of interaction force versus distance 
between the AFM tip and substrate. 

 

(1) Contact mode: Here, the force between the probe tip and substrate is repulsive, and it is 

within the range of 10-8 to 10-7 N. The force is set by pushing a cantilever against the sample 
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surface. The contact mode can obtain a higher atomic resolution than the other modes, but it 

may damage a soft material due to excessive tracking forces applied from the probe on the 

sample. Unlike the other modes, frictional and adhesive forces will affect the image. 

(2) Non-contact/tapping mode: Here, the main interaction force between the probe tip and the 

substrate is attractive due to van der Waals force and it is in the range of 10-10 to 10-12 N. In 

this mode, cantilever oscillates in the attractive region and its oscillation frequency gets 

modulated depending on the sample surface features. The tip is 5 to 150 nm above the sample 

surface. The resolution in this mode is limited by the interactions with the surrounding 

environment. 

     In the present study, Atomic force microscopic (AFM) measurements were performed 

in contact mode using an AFM instrument from Ms. NT-MDT (solver model) with a 50 µm 

scanner head. Samples were dispersed in methanol and a drop of this solution was added on 

highly oriented pyrolytic graphite (HOPG)/ mica sheets. These samples are dried properly 

before loading in AFM.  

2.7.4. Vibrational spectroscopy: Vibrational spectroscopic techniques are extensively used 

to identify the nature of different linkages present in a material. These methods also give 

valuable information regarding the symmetry of different vibrational units. Two types of 

vibrational techniques, namely IR and Raman spectroscopy are used in the present study and 

the principle is briefly described below.  

IR spectroscopy: Vibrations of bonds and groups which involve a change in the dipole 

moment results in the absorption of infrared radiation which forms the basis of IR 

spectroscopy. Modern IR instruments are based on Fourier transformation method to improve 

the signal to noise ratio. Unlike conventional IR instrument, in FTIR instrument, all the 

frequencies are used simultaneously to excite all the vibrational modes of different types of 

bonds/linkages present in the sample. This reduces the experimental time considerably.  
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In the present study, all infrared experiments were carried out using a Bomem MB102 

FTIR machine having a range of 200-4000 cm-1 and with resolution of 4 cm-1. IR radiation 

was generated from globar source (silicon carbide rod). The instrument used CsI single 

crystal, as the beam splitter and deuterated triglycine sulphate (DTGS) as a detector. Prior to 

IR measurements, the samples were ground thoughly by mixing with dry KBr powder, made 

in the form of a thin pellet and introduced into the sample chamber of the instrument. 

Raman spectroscopy: Raman spectroscopy is a very convenient technique for identification 

of crystalline or molecular phases, for obtaining structural information. Backscattering 

geometries allow films, coatings and surfaces to be easily analyzed. Ambient atmosphere can 

be used and no special sample preparation is needed for analyzing samples by this technique. 

The principle is briefly described below. When an intense beam of monochromatic light is 

passed through a substance, a small fraction of light is scattered by the molecules in the 

system. The electron cloud in a molecule can be polarized (deformed) by the electric field of 

the incident radiation. If we apply an oscillating electric field (the electric field vector of the 

light wave) to the molecule, the deformation of the electron cloud will also oscillate with the 

same frequency (Vo) of the incident light beam. This oscillation of the electron cloud 

produces an oscillating dipole that radiates at the same frequency as the incident light. This 

process is called Rayleigh scattering. The Rayleigh-scattered radiation is emitted in all 

directions. Since only about 0.1 % of the light is scattered, we must use as intense a source as 

possible and a laser fulfills this requirement admirably. There is a small but finite probability 

that the incident radiation will transfer part of its energy to one of the vibrational or rotational 

modes of the molecule. As a result, the scattered radiation will have a frequency Vo - Vm, 

where Vm is the absorbed frequency. Similarly, there is a slight chance that molecules in 

excited vibrational or rotational states will give up energy to the light beam. In this case the 

scattered radiation will have a higher frequency (Vo + Vm). Thus, it is possible to observe 

 46



three types lines in the scattered radiation: One line at Vo corresponding to the Rayleigh 

scattering and two Raman lines, one at Vo + Vm known as the anti-Stokes line, and the other 

at Vo - Vm, known as the Stokes line. Since there are fewer molecules in the upper 

vibrational state than in the lower vibrational state, the intensity of the anti-Stokes line is 

much less than that of the Stokes line. The two Raman lines are extremely weak compared to 

the intensity of the Rayleigh scattered light and is less than 10-7 of the intensity of the 

incident light [123].  

In the present study, Raman spectra were recorded on a home-made Raman 

spectrometer using 488 nm line from an air cooled Argon ion laser. The spectra were 

collected using a grating with 1200 groves/mm with a slit width of ~50 micron (yielding a 

resolution of ~ 1 cm-1), along with Peltier cooled CCD and a Razor edge filter.  

2.7.5. Nuclear magnetic resonance (NMR) Spectroscopy: Nuclear magnetic resonance 

spectroscopy is a technique that exploits the nuclear magnetic properties of atomic nuclei and 

can give valuable information about the structure, dynamics and chemical environment of 

around a particular nucleus in a molecule/ lattice. 

Chemical shift: The chemical shift of any nucleus is defined as the difference between its 

resonance frequency and the resonance frequency of the same nuclei in a reference sample 

and can be expressed by the equation 11 

60

0

*10ω ωδ
ω
−

=  ………………………. (11) 

 where ω, ω0 reprasent resonance frequencies of nuclei in the sample and in the reference, 

respectively. 

Chemical shielding interaction: Chemical shift arises because of the effective magnetic 

field felt by nuclei is brought about by the polarization effect of electron cloud around the 

nuclei created by the applied magnetic field. Since this is particularly sensitive to the 

 47



configuration of valance electrons, which is governed by the nature of chemical bonding, this 

aspect has been labeled as chemical shielding interaction. The Hamiltonian for this 

interaction can be given by the equation 12 [124, 125]. 

 0cs zH I Bγ σ= ………………………………... (12) 

where σ is a second rank (3x3) tensor known as chemical shielding tensor. This tensor can be 

diagonalised for a specific principal axis system and σ11, σ22, σ33 are the corresponding 

diagonal components. The isotropic component of the chemical shift tensor can be expressed 

by the relation (equation 13): 

( 11 22 33
1
3iso )σ σ σ σ= + +  …………………….. (13) 

The symmetry parameter is defined by equation 14: 
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 ……………… (14) 

Due to the presence of chemical shielding anisotropy, the nuclear precessional frequency 

depends on the orientation of principal axis system with respect to the external applied 

magnetic field and can be expressed by the relation (equation 15) [125] 

( ) ( ) ( ) ( ){ }1/ 22 22 2 2 2 2
0 11 22 33, 1 sin 1 sin sin 1 cosp B cosω θ φ γ σ φ θ σ φ θ σ θ= − + − + − 2

) / 3

 .....(15) 

where θ and Φ represent the orientation of principal axis system with applied magnetic field 

direction. For axial symmetry η = 0 and the precession frequency can be expressed by the 

relation (equation 16) 

          ………………. (16) ( ) ( 2
0 1 . 3cos 1p isoBω θ γ σ σ θ⎡ ⎤= − −Δ −⎣ ⎦

For values of θ = 54.7° the term 3cos2θ-1 becomes zero and the dependence of chemical 

shielding anisotropy term on Larmor frequency gets averaged out to a very small value. 

In solution NMR spectroscopy, the molecular motion averages out dipolar 

interactions and anisotropic effects.  This is not so in the solid state and the NMR spectra of 
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solids tend to be broadened because of (a) magnetic interactions of nuclei with the 

surrounding electron cloud (chemical shielding interaction), (b) magnetic dipole – dipole 

interactions among nuclei and (c) interactions between electric quadrupole moment and 

surrounding electric field gradient. Hence, it is difficult to get any meaningful information 

from such patterns. However, by using suitable experimental strategies, such interactions can 

be averaged out, thereby improving the information obtained from solid-state NMR patterns. 

One such technique used to get high-resolution solid-state NMR pattern in solids is the magic 

angle spinning nuclear magnetic resonance (MAS NMR) technique. In the following section 

brief account of the MAS NMR technique has been given. 

Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR): MAS NMR technique 

involves rotating the powder samples at high speeds, at an angle of 54.7° (magic angle) with 

respect to the applied magnetic field direction. When θ=54.7°, the term 3cos2θ becomes 

unity. Since Hamiltonian for different anisotropic interactions have 3cos2θ – 1 term, these 

anisotropic interactions get averaged out in time during fast spinning. This is schematically 

shown in Fig.16 and explained below.  

θ1

θ2

θ = 54.7°
B0

 

Fig.16. Principle of MAS NMR experiment 
 

At sufficiently fast spinning speeds, the NMR interaction tensor orientations with initial 

angles of θ1 and θ2 relative to B0 have orientaional averages of 54.7°, resulting in the 

conversion of 3cos2θ – 1 term in expressions corresponding to various interactions to a very 
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small value, thereby giving rise to sharp NMR peaks. Thus, the MAS NMR technique 

simplifies the solid-state NMR patterns and individual chemical environments can be 

correlated with corresponding chemical shift values obtained from these samples [125, 126]. 

Although, MAS is an efficient technique employed for getting high resolution NMR 

patterns from solid samples, in many cases, due to spinning, side bands, which are mirror 

images of the isotropic peak and spread from the isotropic peak by integer multiples of the 

spinning frequency, appear along with the central isotropic peak for nuclei having wide range 

of chemical shift values. For nuclei having a nuclear spin value ½, sideband pattern is a 

measure of the chemical shift anisotropy and valuable information regarding the symmetry of 

the electronic environment around a probe nuclei can be obtained from the intensity 

distribution of sidebands. However, in the presence of large number of isotropic peaks, the 

number of sidebands also increases, and there can be overlap between the sidebands and 

isotropic peaks, which makes the MAS NMR pattern complicated. 

In the present study, 31P MAS NMR patterns were recorded using a 500 MHz Bruker 

Avance machine with a 31P basic frequency of 202.4 MHz. The samples were packed inside 

2.5 mm rotors and subjected to various spinning speeds ranging between 5000 to 10000 Hz. 

The chemical shift values are expressed with respect to 85% H3PO4 solution. The typical 90° 

pulse duration and relaxation delay are 4 μs and 5s, respectively.  

2.7.6. Photoluminescence spectroscopy: Photoluminescence (PL) is a process, in which a 

substance absorbs photons (electromagnetic radiation) and then re-radiates photons. Quantum 

mechanically, this can be described as an excitation to a higher energy state by absorption of 

photon and then a return to a lower energy state accompanied by the emission of a photon.  

The schematic representation of spectrofluorimeter can be seen in Fig.17. The light 

from an excitation source passes through a monochromator, and strikes the sample. A 

proportion of the incident light is absorbed by the sample, and some of the molecules in the 
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sample fluoresce. The fluorescent light is emitted in all directions. Some of this fluorescent 

light passes through a second monochromator and reaches a detector, which is usually placed 

at 90° to the incident light beam to minimize the risk of transmitted or reflected incident light 

reaching the detector. Various light sources may be used as excitation sources, including 

lasers, photodiodes and lamps (xenon arcs and mercury-vapor lamps).  

 

 

 

 

 

 

 

 
 
 
 

 
Fig.17. Schematic representation of spectrofluorimeter. 

 

Xenon arc lamp has a continuous emission spectrum with nearly constant intensity in the 

range from 300-800 nm and a sufficient irradiance for measurements down to 200 nm. A 

monochromator transmits light of an adjustable wavelength with an adjustable tolerance. The 

most common type of monochromator utilizes a diffraction grating wherein a collimated light 

illuminates a grating and exits with a different angle depending on the wavelength. The 

monochromator can then be adjusted to select which wavelengths to transmit. The most 

comonly used detector is photomultiflier tube (PMT). 

Excitation and Emission spectra: The spectrofluorometer with dual monochromators and a 

continuous excitation light source can record both excitation spectrum and emission 

 51



spectrum. When measuring emission spectra, the wavelength of the excitation light is kept 

constant, preferably at a wavelength of high absorption, and the emission monochromator 

scans the spectrum. For measuring excitation spectra, the wavelength passing through the 

emission monochromator is kept constant and the excitation monochromator is subjected to 

scanning. The excitation spectrum generally is identical to the absorption spectrum as the 

emission intensity is proportional to the absorption. Lifetime and quantum yeilds are two 

impotant properties of a phosphor and they can tell us about the quality of a phosphor. 

Lifetime: The lifetime of the excited state is defined by the average time the molecule spends 

in the excited state prior to return to the ground state and is expressed by the equation 17 

[127]. 

1

r nk k
τ =

+ r
  ..................….. (17) 

Where kr is the radiative decay rate, knr is the non-radiative decay rate. The radiative lifetime 

τ0 is defined as the inverse of the radiative emission rate i.e, t0 = kr
-1. Lifetime measurements 

were performed using both time correlated single photon counting (TCSPC) and multi 

channel scaling (MCS) modes. 

Quantum yeild: It is defined as the ratio of the emitted to the absorbed photons. The 

quantum efficiency η can also expressed in terms of the radiative lifetime (τ0) and 

luminescence lifetimes (τ) by the equation 18 [127]. 

0

r

r nr

k
k k

τη
τ

= =
+         …………………… (18). 

In the present study all luminescence measurements were carried out by using an 

Edinburgh Instruments’ FLSP 920 system, having a 450W Xe lamp, 60 W microsecond flash 

lamp and hydrogen filled nanosecond flash lamp (operated with 6.8 kV voltage and 40 kHz 
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pulse frequency) as excitation sources for steady state and for lifetime measurements. Red 

sensitive PMT was used as the detector. Quantum yield was measured by using integrating 

sphere which is coated inside with BaSO4 as a reflector. 

2.7.7. Thermal analysis: Thermal analysis methods are essential for understanding the 

compositional and heat changes involved during reaction. They are useful for investigating 

phase changes, decomposition, and loss of water or oxygen and for constructing phase 

diagrams. 

Thermo gravimetric analysis (TGA): In TGA, the weight of a sample is monitored as a 

function of time as the temperature is increased at a controlled uniform rate. Loss of water of 

crystallization or volatiles (such as oxygen, CO2, etc.)  is revealed by a weight loss. Oxidation 

or adsorption of gas shows up as a weight gain. 

Differential thermal analysis (DTA): A phase change is generally associated with either 

absorption or evolution of heat. In DTA experiments, the sample is placed in one cup, and a 

standard sample (like Al2O3) in the other cup. Both cups are heated at a controlled uniform 

rate in a furnace, and the difference in temperature (ΔT) between the two is monitored and 

recorded against time or temperature. Any reaction involving heat change in the sample will 

be represented as a peak in the plot of ΔT vs T. Exothermic reactions give an increase in 

temperature, and endothermic reaction leads to a decrease in temperature and the 

corresponding peaks appear in opposite directions. 

In the present study, thermo-gravimetric-differential thermal analysis (TG-DTA) of samples 

was carried out in platinum crucibles using a Setaram, 92-16.18 make TG-DTA instrument. 

The sample was heated under argon environment up to 1100°C at a heating rate of 10°C/min. 
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CHAPTER 3: Binary oxides 

3.1. Introduction: Oxides like Ga2O3 and Sb2O3 belong to class of materials known as 

transparent semiconducting oxides and find extensive applications in electro-luminescent 

devices, sensor materials for absorption of molecules like CO and CO2, catalysts, fire 

retardants, anode material for the Li-ion batteries, etc. [48-51, 128-137]. Ga2O3 exists in a 

variety phases, namely α, β, γ and ε modifications [138, 139], whereas Sb2O3 exists in two 

crystalline forms, cubic (senarmonite form) and orthorhombic (valentinite form). Depending 

on the nature of crystallographic modifications, they have different properties. For example, 

cubic Sb2O3 is used as an additive to improve the flame retardency of polymer resins whereas 

valentinite form of Sb2O3 is an essential component in Sb2O3-B2O3 glasses showing enhanced 

non-linear optical properties [140]. Similarly β-Ga2O3 is a preferred material in opto-

electronics for field emission applications. Different phases of gallium oxides are generally 

prepared by decomposition of a suitable precursor, like GaOOH whereas Sb2O3 is generally 

prepared either by the oxidation of antimony metal or by the hydrolysis of SbCl3. Several 

reports are available [141-149] on the synthesis of GaOOH in different shapes and sizes. 

These include methods like, hydrothermal treatment, sono-chemical reactions and 

precipitation in aqueous medium by addition of urea. It is also observed that the shape is 

retained when GaOOH is thermally decomposed to Ga2O3 [56, 150]. A number of reports are 

also available on the preparation of Sb2O3 in variety of forms such as nanoparticles [151-

158], hollow nanospheres [159], nanowires, nanobelts and nanorods [64, 65, 160-163]. 

Doping GaOOH/ Ga2O3 and Sb2O3 nanomaterials with lanthanide ions (Ln3+) is an attractive 

option to prepare efficient luminescent materials. In the following section a brief description 

on the optical and luminescence properties of both lanthanides, doped and undoped GaOOH 

and Sb2O3 have been discussed.  
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Lanthanide ions doped Ga2O3 nanomaterials [164-171] have been investigated by 

several workers. However, the effect of lanthanide doping on structural aspects of GaOOH 

nanomaterials, which is a precursor for Ga2O3, is not known. As the ionic radii of Ln3+ and 

Ga3+ are significantly different, it is quite interesting to know where the lanthanide ions are 

incorporated and what structural modification it makes with the GaOOH lattice during 

doping. Luminescence from different lanthanide ions can be used as a probe to understand 

the structural changes taking place with GaOOH brought about by lanthanide ions 

incorporation. Such studies are essential for understanding the mechanism of lanthanide ion 

incorporation in different structural modifications of Ga2O3 host which are obtained by the 

decomposition of lanthanide ions containing GaOOH phase. The main reason, behind lack of 

such studies on GaOOH:Ln3+ (Ln3+ for lanthanide ions) nanomaterials, is the significant 

quenching of the lanthanide ion excited state brought about by vibrations of OH groups 

present in GaOOH samples. For example Li, et al. [56] have carried out luminescence studies 

on GaOOH:Dy3+ nanorods and observed that Dy3+ emission from the sample is completely 

quenched. These authors also reported that thermal decomposition of GaOOH:Dy3+(3%) 

nanorods leads to the formation of Ga2O3:Dy nanorods along with small amounts of 

Dy3Ga5O12. The secondary phase might have formed from the Dy3+ ions which are not 

incorporated in the GaOOH lattice. Also considering the ionic radii of Dy3+ and Ga3+ ions 

under a coordination number of six (0.91  and 0.62 Å) [172] it is difficult to visualise that all 

the Dy3+ ions have replaced Ga3+ in the GaOOH/ Ga2O3 lattice.  

Very few reports are available [64, 65, 163] regarding the optical properties of Sb2O3 

either in the nanocrystalline form or in the bulk form. Zhang, et al. [163] have investigated 

optical properties of Sb2O3 nanoparticles, obtained by the oxidation of antimony metal, over 

the visible and near infrared regions and observed that the reflectivity in this region depends 

on the metal contents in Sb2O3 nanoparticles. Deng, et al. [64, 65] have carried out 
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luminescence studies on self-assembled structures of Sb2O3 nanorods and nanowires. They 

observed broad emission peak in the region of 390 to 500 nm, in addition to the band edge 

emission centered around 374 nm. Broad emission over the region of 390 to 500 nm has been 

attributed to the emission from oxygen vacancies related defect centers present in the lattice 

of Sb2O3. In a related study Deng, et al. [65] observed blue emission around 433 nm from 

Sb2O3 nanobelts, which has also been attributed to the oxygen related defect emission. Chen, 

et al. [173] has also observed broad emission in the region ~ 400-700 nm from orthorhombic 

Sb2O3. However, no proper explanation was given for the observed broad emission. Sb3+ is 

known to be a good luminescent species when doped into different inorganic host lattices 

[174-176]. Oomen, et al. [174] have observed two emission bands, one in the UV and the 

other in the visible region from Sb3+ doped LnPO4 samples (where Ln = Sc, Lu and Y). These 

emission bands arise from transitions between 3P1 and 3P0 (excited states) to 1S0 (ground 

state) of Sb3+ ions and are strongly temperature dependent due to dynamic Jahn-Teller effect. 

Antimony doping improves green emission from PbWO4 single crystals due to creation of Oi 

sites in the lattice [175]. However, in all these studies, luminescence properties of the Sb2O3 

with different morphologies have been given only limited attention, particularly when 

luminescent species like lanthanide ions are associated with them. The difficulty in 

incorporation of lanthanide ions in the Sb2O3 lattice may possibly a reason for limited 

investigation on such materials. The factors responsible for this difficulty are (i) significant 

difference in the ionic radius between Eu3+ ions (0.95Å under 6 coordination) and Sb3+ ions 

(0.76 Å under four coordination) [177] and (ii) difference in the stable coordination numbers 

of Eu3+ and Sb3+ ions. There is also a vast difference in their electro-negativity values. 

Generally Eu3+ ions prefer higher coordination number like 6, 8 and 9, whereas in 

orthorhombic Sb2O3, antimony has a slightly distorted tetrahedral geometry with oxygen 
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atoms at three corners and the lone pair of electrons of antimony at the fourth corner with all 

the O - Sb - O bond angles different [178].  

In spite of significant difference in terms of ionic radius, electro-negativity, 

coordination numbers between Sb3+ and Eu3+ ions, it is of interest to understand the chemical 

interaction taking place between them, particularly in aqueous/organic solvents under 

alkaline conditions. This is because many technologically important luminescent oxide 

nanoparticles doped with lanthanide ions and Sb3+ are prepared under these conditions. For 

example Wen, et al. [179] have demonstrated that by suitably modifying Eu3+/Sb3+ ratio in 

YBO3 crystal, nearly white light emission can be obtained. Their interaction under high 

temperature heat treatment is also important as lanthanide ions are co-doped with Sb3+ ions in 

several oxide-based glasses, which are prepared at high temperatures [180, 181]. It is reported 

that presence of Sb2O3 in silicate glass doped with Er3+, has significant effect on spontaneous 

emission rates of 4I13/2 level of Er3+ in the glass [180]. Hence, it is of interest to understand the 

optical properties of the Sb2O3 synthesised in both the presence and absence of lanthanide 

ions in detail.  

In the first section of this chapter, effect of lanthanide ion (Eu3+, Tb3+ and Dy3+) 

incorporation on the structural and morphological aspects of GaOOH nanorods has been 

presented. As the luminescence properties of Eu3+ ions with respect to its environment are 

well understood, it has been used as a probe to monitor the structural changes taking place 

with GaOOH lattice brought about by lanthanide ion incorporation.  In the second section of 

this chapter, the photoluminescence and structural properties of Sb2O3 nanorods oriented 

along a particular direction and their interaction with lanthanide ions are discussed. The shape 

selective modifications in the structure and luminescence properties of the nanorods as well 

as the interaction of nanorods with lanthanide ions have been investigated using X-ray 
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diffraction, photoluminescence, Fourier transform infrared (FT-IR) and Raman spectroscopic 

techniques.   

3.2 Effect of urea concentration on size of GaOOH nanorods: GaOOH nanomaterials 

were prepared by hydrolysis of gallium nitrate by urea. In order to find out the effect of 

hydroxyl ion concentration on size and shape of GaOOH nanomaterials, different 

concentrations of urea was used. Figure 18 shows the XRD patterns of as prepared samples 

with different concentrations of urea. The patterns match very well with the orthorhombic 

structure of GaOOH. Average crystal size was calculated using Deby-Scherrer formula and 

found that the particle size increases with increasing concentration of urea from 28 nm (15 

mmol) to 50 nm (180 mmol). This could be attributed to an increase in the rate of hydrolysis 

by increasing concentration of urea. In order check whether the increase in extent of 

hydrolysis is associated with change in the morphology, SEM measurements were carried out 

on the samples prepared with different concentrations of urea. 
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Fig.18. XRD patterns of GaOOH nanomaterials prepared with different amounts of urea. 
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Figure 19 (a-d) shows SEM images of GaOOH samples prepared with different 

concentration of urea. All the samples are having rod shaped morphology. With increase in 

the concentration of urea up to 80 mmol, the length and width of the nanorods increases from 

0.6-0.8 and 0.1-0.15 mm to 2.4-3.0 and 1.5-2.5 mm, respectively. For further addition of urea, 

irregular shaped particle aggregates start forming along with nanorods. This can be explained 

based on nucleation and growth process which are controlled by number of hydroxyl ions 

generated in the reaction medium. Initially, upto 80 mmol of urea, nanorods growth take 

place in a particular direction due to the presence of hydroxyl ions whereas above that 

number of hydroxyl ions increases and growth takes place in all directions. As a result, 

irregular shaped particles start forming. 

 

(a) 
 

(b) 

(c)  
(d) 

 
Fig.19. SEM images of GaOOH nanorods prepared with (a) 15 mmol, (b) 80 mmol, (c) 115 

mmol and (d) 180 mmol of urea 
 

3.3. Effect of lanthanide ion concentration on morphology and crystal structure of 

GaOOH: The lanthanide doped GaOOH nanomaterials were prepared by co-precipitation 

method using hydrolysis of Ga(NO3)3 and Ln(NO3)3.xH2O by urea. In all preparations 
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gallium to urea ratio (1:20) remained unchanged while concentration of lanthanide ions were 

varied.  Figure 20 (a-e) shows the XRD patterns of as prepared samples containing different 

amounts of Eu3+ ions. As prepared GaOOH sample without any Eu3+ ions is crystalline with 

orthorhombic crystal structure (JCPDS No. 06-0180). With increase in Eu3+ concentration, 

there is a slight increase in line width of diffraction peaks and for samples prepared in the 

presence of more than 1 at % Eu3+, no sharp peak characteristic of the crystalline materials is 

observed instead a broad hump characteristic of the amorphous nature appeared. The lattice 

parameters have been calculated for the crystalline samples based on least square fitting of 

the diffraction peaks and are same within experimental errors for all the samples prepared in 

the presence of different amounts of Eu3+ ions (Table 1). 
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Fig.20 XRD patterns of GaOOH sample prepared in presence of (a) 0 at % (b) 0.5 at % (c) 0.75 
at % (d) 1 at % and (e) 2 at % of Eu3+ ions. 
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 Based on these results, it can be inferred that the Eu3+ ions are not replacing Ga3+ 

ions in the lattice of GaOOH. It is also in accordance with the significantly different ionic 

radii of Ga3+ and Eu3+ ions (0.62Å and 0.95Å respectively) [172] under a coordination 

number of six. However, broadening of the peaks and conversion of crystalline GaOOH to an 

amorphous phase with increase in Eu3+ concentration suggest that the GaOOH lattice is 

influenced by the presence of Eu3+ in the reaction medium. Similar results are also observed 

with Dy3+ and Tb3+ doped samples and corresponding XRD patterns are shown in Fig.21.   

 
Table 1. Variation in the lattice parameters of GaOOH samples prepared in the presence of 

Eu3+ ions. 
  

GaOOH Eu3+ 
concentration 

(at %) a (Å) b (Å) c (Å) Cell volume (Å3) 

0 4.546(2) 9.797(2) 2.972(3) 132.35(2) 
0.5 4.544(3) 9.786(2) 2.976(3) 132.32(2) 
0.75 4.541(3) 9.787(3) 2.975(2) 132.23(3) 

1 4.527(4) 9.805(3) 2.975(2) 132.05(4) 
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Fig.21. XRD patterns of GaOOH samples prepared in presence of (a) 2 at % Tb3+ and (b) 2 at 
% Dy3+. 

 

From the above studies, it is inferred that even the presence of around 2 at % Eu3+/ 

Tb3+/ Dy3+
 during the precipitation process of GaOOH can significantly affect its 
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crystallinity. Thus, it was considered worthwhile to investigate the role played by lanthanide 

ions on the structural changes and associated stability of GaOOH nanorods. Hence, detailed 

structural and morphological investigations have been carried out on the samples and the 

results are described below. 

Figure 22 shows SEM images of GaOOH samples prepared in the presence of 

different concentrations of Eu3+ ions. GaOOH sample prepared in the absence of Eu3+ ions 

showed rod like morphology (Fig.22 (a)).  The rods have length around 2.5-3 μm and width 

around 300-400 nm. Similar rod like morphology has also been reported earlier for GaOOH 

samples prepared either by urea hydrolysis or by hydrothermal synthesis [56, 171, 182]. For 

GaOOH sample prepared in the presence of 0.5 at % Eu3+ ions, the nanorods have length 

around 1.5 to 2μm and width around 200-300 nm (Fig.22 (b)). However when the GaOOH 

sample is prepared in the presence of 1.0 at % Eu3+ ions, along with nanorods a significantly 

aggregated/ agglomerated phase (with irregular shape) is also formed as is evident from the 

SEM image (Fig.22 (c)). The nanorods have size in the range of 0.5-2 μm and width around 

200 nm. No nanorod formation is observed for samples containing more than 1 at % Eu3+ 

ions, instead an aggregated bulk phase is observed in the representative SEM image, (Fig.22 

(d)). Based on XRD and SEM results, it can be inferred that the presence of Eu3+ ions 

prevents the formation of GaOOH nanorods or destroys the layered structure of GaOOH. In 

order to understand thoroughly the role of Eu3+ ions in the formation of GaOOH phase or on 

the structural changes of GaOOH lattice, it is necessary to know structural features of 

GaOOH and linkages between the basic building units constituting GaOOH lattice. 

Accordingly, in GaOOH structure, six oxygen atoms forming an irregular octahedron 

surround each Ga atom. Each octahedron shares edges with four neighbouring GaO6 

octahedra to form double chains along the c-axis. This structure consists of two non-

equivalent axial oxygen atoms namely Oa and Ob. One of the octahedral axes, i.e. GaOa is 
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almost normal to the equatorial plane with Ga at the centre, while the other octahedral axis 

formed with GaOb is slightly tilted from the normal. The inequivalent oxygen atoms (Oa and 

Ob) form two different kinds of OH linkages in the GaOOH structure, with one of the axial 

oxygen atom (Ob) bonded directly to hydrogen, while another oxygen atoms (Oa) is hydrogen 

bonded with hydrogen of the neighboring octahedron. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.22. SEM images of GaOOH nanorods prepared in presence of (a) 0 at % Eu3+ (b) 0.5 at 
% Eu3+ (c) 1 at % Eu3+ and (d) 2 at % Eu3+. 

 

GaOOH phase has a structure similar to the mineral diaspore (α-AlO(OH)) [183].  

Detailed vibrational studies were carried out using infrared (IR) and Raman spectroscopic 

techniques for understanding the effect of Eu3+ incorporation on the structure of GaOOH 

lattice. IR patterns corresponding to GaOOH samples prepared in presence of different 

concentrations of Eu3+ ions is shown in Fig.23 (A and B). For the purpose of direct 

comparison the IR pattern of Ga(OH)3 prepared by adding ammonium hydroxide to Ga3+ 

solution is also shown in the same figure (Fig.23 A(f)). GaOOH nanorods prepared without 
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any Eu3+ ions is characterised by sharp peaks at 1016, 947, 658, 526, 474, and 385 cm-1 

(Fig.23A) along with a broad peak in the region 3670-2640 cm-1 (Fig.23 (B)). As is evident 

from Fig.23 (A) the peaks at 385 and 526 cm-1 disappear with Eu3+ incorporation, while the 

peaks at ~ 474, 658, 947 and 1016 cm-1 are broadened. Furthermore, new modes starts 

appearing at 1490 and 1635 cm-1, which are absent in pure GaOOH sample. Similar changes 

are also observed in the Raman spectra (Fig.23 (C)). The signal to noise ratio of Raman 

spectrum degraded significantly when Eu3+ content increased beyond 1 at %. The Raman 

spectrum of sample without Eu3+ incorporation shows well-defined peaks at ~ 276, 433, 525, 

612 and 696 cm-1. With Eu3+ incorporation, width of the Raman peaks at ~525 cm-1 and 612 

cm-1 increase, due to the development of additional shoulder peaks at ~ 550 and ~ 650 cm-1 

and is attributed to GaOOH lattice distortions. A Summary of peaks observed with different 

samples with possible assignments, together with that observed in Ga(OH)3 is given in Table 

2. As the peaks are significantly overlapping, de-convolution of individual peaks from the IR 

patterns could not be performed for estimating the line width. Even though there is 

broadening of peaks with increase in Eu3+ content, the peak positions corresponding to 

different vibrational modes in these samples remained same within experimental errors. 
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Fig.23. FT-IR patterns  (A and B) of GaOOH sample prepared in presence of (a) 0 at % (b) 
0.5 at % (c) 0.75 at % (d) 1 at % (e) 2 at % of Eu3+ ions and (f) amorphous Ga(OH)3. 
The Raman spectrum from the representative samples are shown in Fig.23 (C).   
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Table 2. Summary of important modes of vibrations in GaOOH nanorods containing different 
amounts of Eu3+ ions along with that of Ga(OH)3.  

 

Frequencies in 
GaOOH (0% Eu) 

GaOOH:0.75
%Eu 

GaOOH:1%Eu Ga(OH)3 Assignment 

3400 (IR) 3410 OH-stretching 
(physisorbed H2O) 

3250 (IR) 3254 (w, br) OH-stretching (non 
hydrogen bonded) 

2975 (IR) 2940 (w, br) 

3430 3440 

OH-stretching 
(hydrogen bonded) 

1635 (IR) 1638 1641 1634 OH bending modes 
1016  (IR) 1016 1014 
947 (IR) 944 941 

973 (br)  δ(OH) deformation 
modes 

658 (IR) 646 640 633 Ga-O vibrations 
612 (R) 611 608 - Lattice modes 
525 (R) 525 522 - Stretching modes of 

GaO6 octahedra 
474 (IR) 464 470 490 Streching vibrations of 

GaO2 chains 
433 (R) 430 425 - - 
385 (IR) 387 - - Deformation mode of 

GaO6 octahedron 
276 (R) 274 - - - 

 The regular GaO6 octahedron has an Oh symmetry and in principle should have 15 

modes having the symmetry, Γvib =A1g (R) + Eg (R) + 2T1g (IR) + T2g (R) + T2u [184]. The 

prominent Raman modes in such a regular octahedron are observed at 526 (A1g), 430 (Eg) and 

328 cm-1 (T2g). The only mode observed in IR is found at around 510 cm-1. However, in 

GaOOH, the GaO6 octahedron is distorted and hence many more modes become active in IR.  

According to Zhao and Frost [185] the peaks at 276, 433 and 525 cm-1 are due to the 

associated Ga-OH units of α- GaOOH phase. The 474 cm-1 peak in IR has been assigned to 

the stretching mode of GaO2 chains. The peak at 385 cm-1 is attributed to deformation mode 

corresponding to GaO6 and is reported both in GaOOH and in β-Ga2O3 [186, 187]. This is 

because both GaOOH and Ga2O3 are made up of GaO6 octahedra as basic building units. 

Peaks around 1016 and 947 cm-1 are arising due to the δ (OH) deformation vibrations [141].  

The peaks at ~612 and 696 cm-1 observed in Raman spectra are however not clearly 
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understood, but these peaks have also been observed in the GaOOH nanorods [185]. The 

disappearance of peaks at 385 and 525 cm-1, together with reduced intensity of other peaks, 

clearly indicate that Eu3+ incorporation results in the disruption of basic building blocks of 

GaOOH phase. When the later is compared with amorphous Ga(OH)3 sample, similar 

features are observed in Ga(OH)3 sample too, indicating that the crystal structure is being 

disrupted with Eu3+ addition and finally with more than 1 at. % Eu3+ it is completely 

disrupted. This is further evident by new peaks appearing at ~ 1490 and 1635 cm-1 for 

GaOOH containing higher Eu3+ concentrations (Fig.23 (A)). Based on the previous IR studies 

of rare earth hydroxides like La(OH)3 [188] and the pattern corresponding to Ga(OH)3 shown 

in Fig.23A(f), the peaks at  1490 and 1635 cm-1  have been attributed to the bending 

vibrations of the OH groups associated with Eu(OH)3  and Ga(OH)3 phases respectively. 

Another peak at 1383 cm-1 which is present in the FT-IR patterns of all the samples is arising 

due to adsorbed carbonate species [56, 189] formed during sample preparation. The structure 

of GaOOH being affected by Eu3+ incorporation is also seen in the high frequency region ~ 

3500-2600 cm-1. This may be considered as the overlapping of peaks around 3400, 3250 and 

2975 cm-1 (Fig.23B). From the previous vibrational studies [56, 182, 190-194] on GaOOH 

and AlOOH (which has the structure similar to GaOOH), the peak around 3400 cm-1 can be 

attributed to the OH stretching vibrations of physisorbed H2O molecules, while that  2975 

and 3250 cm-1 may be attributed to the two different kinds of OH bonds associated with its 

structure. As discussed earlier, in the basic building unit of GaOOH, the two non-equivalent 

oxygen atoms in the GaO6 octahedron are bound differently to the adjacent hydrogen atoms. 

One of the oxygen atoms is bound directly to hydrogen, while the other one is bound via the 

hydrogen bonding, making differences in their bond strengths. The peak at ~ 2975 cm-1 is 

attributed to the stretching vibrations of the OH groups which are hydrogen bonded to GaO6 

octahedra, while the peak at ~ 3250 cm-1 is due to non-hydrogen bonded OH linkages. The 
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systematic disappearance of these two absorptions in the Eu3+ containing GaOOH sample, 

indicate that Eu3+ is in fact affecting the lattice structure through the OH linkages.  

An attempt was made to understand structural changes taking place in the GaOOH 

lattice with Eu3+ incorporation. At this stage, it is necessary to understand how the GaOOH 

phase is being formed and how interactions with lanthanide ions affect different types of 

linkages in GaOOH lattice. Under alkaline conditions GaOOH is thought to be formed from 

Ga(OH)4
- species generated in solution (equation 19) [143]. This Ga(OH)4

- on thermal 

decomposition at ~100°C leads to the formation of GaOOH.  

       ... (19) ( ) ( ) ( ) ( ) ( )
~1003

23 4
OH OH C

S aqaq
Ga Ga OH Ga OH GaOOH OH H O

− − − °+ −⎯⎯⎯→ ⎯⎯⎯→ ⎯⎯⎯→ + +

 
A schematic representation of a fragment of GaOOH lattice, depicting GaO6 

octahedra, O tetrahedra and H atoms attached with oxygen atoms, obtained by the simulation 

program MOLDRAW [195] is shown in Fig.24. The unit cell is shown within the rectangle 

drawn with light black line.  Hydrogen bonds existing between the layers stabilize the layered 

structure of GaOOH. When lanthanide ions like Eu3+ are present in the reaction medium, due 

to the higher solubility product of lanthanide hydroxides (Ln(OH)3) compared to Ga(OH)3 

[196], the Ga(OH)3 is formed initially and this later reacts with OH- in the reaction medium 

to form Ga(OH)4⎯. As concentration of Eu3+ ions are much smaller compared to Ga3+, it is 

quite possible that each Eu3+ ion will have number of Ga(OH)4⎯ species in their vicinity. For 

the purpose of charge neutrality minimum of three anionic species (Ga(OH)4⎯) must be 

surrounding the Eu3+ ions. On decomposition of Eu3+-3Ga(OH)4⎯ species to GaOOH:Eu at 

~100°C, Eu3+ ions  can either migrate to Ga3+ site in the GaOOH lattice or it can occupy the 

space between the layers of GaOOH. Due to smaller ionic radius of Eu3+ compared to inter 

layer spacing of GaOOH (~ 2.5 Å) [197],   Eu3+ ions/ species have a tendency to get 

incorporated at the inter-layers of GaOOH wherein it can preferentially interact with OH 

groups to form europium hydroxide species. Formation of such hydroxide species 
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destabilizes the layered structure of GaOOH. As each Eu3+ ions can react with three OH 

groups, small amounts of Eu3+ in GaOOH is sufficient to create significant destabilization of 

the lattice leading to collapse of its structure and associated amorphization. These changes are 

schematically shown in Fig.24.  There is another possibility that the protons of the OH 

linkages can undergo ion exchange with the Eu3+ ions and this in turn can lead to the collapse 

of the layered GaOOH structure. In order to check this aspect, ion exchange studies were 

carried out and are described below. 
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Fig.24. GaOOH structure obtained using the software MOLDRAW, depicting the interaction 

of Eu3+ ions with GaOOH lattice and collapse of its layered structure to form 
amorphous gallium and europium hydroxide. Colour code: Green spheres represent 
Gallium, red spheres represent oxygen and white spheres represent hydrogen. Dotted 
red lines represent hydrogen bonding. 

 

Figure 25 shows the XRD patterns of the product obtained by mixing GaOOH 

nanorods with aqueous solution of europium nitrate heated in the presence of urea for 30 

minutes and 2 hours around 100°C (samples were isolated after treatment by centrifugation). 

XRD patterns of the samples obtained after 30 minutes and 2 hours of heat treatment are 

primarily GaOOH together with europium hydroxide carbonate (Fig.25 (b and c)) and the 

formation of the latter increases with increasing reaction time. For the purpose of 
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comparison, Eu3+ ions alone in water is subjected to urea treatment as described above for 

two hours and XRD pattern of the precipitate is shown in Fig.25 (d). The pattern matches 

well with that of crystalline europium hydroxide carbonate (PC-PDF-No: 43-0603). These 

results further confirm that ion exchange process is not responsible for the collapse of the 

layered structure of GaOOH instead Eu3+ incorporation at the inter layer spacing and its 

reaction with OH groups at the inter layer spacing may be a reason for amorphisation.  Such 

amorphisation process is also expected to have significant effect on the luminescence 

properties of lanthanide ions and hence detailed luminescence studies were carried out for 

these samples and are described below. 
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Fig.25. XRD patterns corresponding to GaOOH nanorods treated with aqueous solution of 
Eu3+ ion in presence of urea ~100°C for (a) 0 minutes (b) 30 minutes (c) 2 hours. The 
corresponding pattern obtained only with Eu3+ ions in the absence of GaOOH is 
shown in Fig.25 (d).   

 

Figure 26 shows the emission and excitation spectrum of as prepared GaOOH 

nanorods synthesized in the absence of lanthanide ions (Eu3+). The emission spectrum 

matches well with that reported by Huang and Yeh [182]. Emission spectrum is characterized 

by a peak around 435 nm, which is arising from the electronic transition involving Ga-O 
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bonds in the GaO6 octahedra. Based on photoluminescence studies of a variety of gallium 

compounds containing GaO6 octahedra [182, 198-201] the emission around 435 nm has been 

attributed to recombination of electrons trapped at oxygen vacancies and hole trapped at Ga3+ 

vacancies present in GaOOH. Peaks around 360 and 280 nm characterize corresponding 

excitation spectrum. UV-visible optical absorption studies [182] have revealed that GaOOH 

has an optical band gap of ~ 4.4 eV (~280 nm) and hence the excitation peak around 280 nm 

is assigned to the excitation of electron from valence band to conduction band of GaOOH. 

The other excitation peak around 360 nm is attributed to excitation of electrons from valence 

band to defect levels (oxygen vacancies) present in the lattice. Existence of energy transfer 

from hosts like Ga2O3 to lanthanide ions is used as criteria to confirm the lanthanide ion 

incorporation in host. In order to find out whether lanthanide ions are incorporated in the 

GaOOH lattice, detailed luminescence experiments were carried out for lanthanide ions 

doped GaOOH samples and are described below.  
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Fig.26. Emission spectrum obtained after 280 nm excitation and excitation spectrum 
corresponding to 435 nm emission from GaOOH nanorods prepared in the absence of 
any Eu3+ ions. 

 

Figure 27 (right) shows the emission spectrum of GaOOH nanorods prepared in the 

presence of different concentrations of Eu3+ ions. Peaks around 590 and 615 nm, which are 

due to the magnetic, characterize the emission spectrum and electric dipole allowed 5D0→7F1 

and 5D0→7F2 transitions, respectively of Eu3+ ions. The emission spectrum is the same for all 
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the samples, suggesting that Eu3+ environment is not changing with increase in Eu3+
 content 

in the medium.  The relative intensity ratio of 5D0→7F2 (615 nm) to 5D0→7F1 (590 nm) 

transition, known as the asymmetric ratio of luminescence, is found to be around 2.6 for all 

the samples further confirming that the Eu3+ environment is same in all the samples. The 

excitation spectrum corresponding to 615 nm emission from these samples is shown in Fig. 

27(left). The patterns essentially consist of sharp peaks characteristic of the intra 4f 

transitions along with broad peaks centered ~ 265 and 360 nm. The peak at 265 nm arises due 

to the Eu-O charge transfer process.  This peak overlaps with that of host excitation peak 

around 280 nm whereas the peak ~ 360 nm is due to excitation of electrons to the defect 

levels present in GaOOH host as can be clearly seen in the excitation spectrum corresponding 

to GaOOH nanorods prepared in the absence of Eu3+ ions (Fig.26). 
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Fig.27. Emission spectrum (left) obtained at 350 nm excitation and excitation spectrum 
(right) corresponding to 615 nm emission from GaOOH nanorods prepared in the 
presence of (a and d) 0.5 at % Eu3+, (b and e) 0.75 at % Eu3+, (c and f) 2 at % Eu3+.  
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Appearance of a broad host excitation peak ~ 360 nm in the excitation spectrum by 

monitoring Eu3+ emission around 615 nm suggests that Eu3+ emission can be observed by 

exciting the host at 360 nm. This is possible only when excited charge carriers in GaOOH 

host transfers its energy to Eu3+ ions. In other words, energy transfer occurs from host 

GaOOH nanorods to Eu3+ species. Similar results were also observed with GaOOH:Tb3+ and 

GaOOH:Dy3+ samples. Representative emission and excitation spectra from GaOOH:Dy3+ (1 

at % Dy3+) are shown in Fig.28. 
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Fig.28. (a) Emission spectrum obtained by exciting the samples at 280 nm and (b) excitation 
spectrum for the emission at 575 nm from GaOOH nanorods prepared in the presence 
of 1 at % Dy3+ ions.  

 

 Energy transfer efficiency (η) has been calculated from the emission spectrum of 

GaOOH and GaOOH:Dy3+ nanorods based on the equation, η= 1-Id/Id0, where Id and Id0 are 

intensity of emission in presence and absence of Dy3+ ions, respectively [56]. The efficiency 

is ~32% for GaOOH:Dy3+. Generally, high values of energy transfer efficiency (of the order 

of 90%) are observed for lanthanide ions when incorporated in hosts like Ga2O3. Such a low 

value of energy transfer efficiency indicates that the lanthanide ions are not incorporated in 

GaOOH host, but forms a separate Ln3+ species, which is intimately mixed with the GaOOH/ 

amorphous gallium hydroxide phase. Due to this intimate mixing there can be some Ln3+ 

species close to the surface of GaOOH and this leads to the weak energy transfer.   
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These inferences are further substantiated by decay curves corresponding to 5D0 level 

of Eu3+ (Fig.29 (a)) from these samples. The decay has been found to be single exponential 

for all the samples with lifetime value around 340μs. The values are higher than that of 

Europium hydroxide (250 μs) prepared by the identical method as that of GaOOH. Identical 

lifetime values corresponding to the 5D4 level of Tb3+ ions (1.2 ms (80%) and 388μs (20%)) 

are also observed for GaOOH samples containing different amounts of Tb3+ (Fig.29 (b)). 

Hence from the decay curves and emission spectra, it is inferred that lanthanide hydroxide 

phase is finely mixed with amorphous gallium hydroxide and crystalline GaOOH phase. 

These results are further supported by the thermo-gravimetry and differential thermal analysis 

studies on the samples.  
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Fig.29. Decay curves corresponding to (a) 5D0 level of Eu3+ ions (b) 5D4 level of Tb3+ ions 

from GaOOH samples prepared with different concentrations of Eu3+ and Tb3+ ions, 
respectively. (λexc = 270, 255 nm and λem = 615, 545 nm for Eu3+ and Tb3+ doped 
GaOOH, respectively)   

 

Thermo gravimetric (TG) and differential thermal analysis (DTA) patterns of the 

GaOOH sample prepared in the presence of different concentrations of Eu3+ ions are shown 

in Fig.30. GaOOH sample prepared in the absence of any Eu3+ ions is characterised by two 

stages of weight losses in its thermogram (Fig.30 (a)). They are in the range of 200-280°C 

and 350-420°C and have been attributed to dehydration of surface bound hydroxyl groups 
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and constitutional hydroxyl groups respectively present with GaOOH samples. The weight 

loss is around 9% in the range of 350 to 420°C, confirming the dehydration from GaOOH 

phase [27]. Such dehydration processes are characterised by endothermic peaks around 230 

and 400°C in the corresponding DTA pattern. Beyond 420°C, there is no significant change 

in the weight with increase in temperatures as is clear from the straight line with negligible 

slope observed beyond 420°C in the TG pattern shown in Fig.30 (a). However, the DTA 

pattern showed a broad exothermic peak in the region 640 to 1040°C. This is due to the 

conversion of α-Ga2O3 phase to β-Ga2O3.  
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Fig.30. TG-DTA patterns of GaOOH nanorods prepared in presence of (a) 0 at % (b) 0.5 at % 
(c) 0.75 a t% and (d) 1 at % Eu3+ ions. 
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Similar DTA peaks have been reported earlier [189, 192] for decomposition of 

GaOOH. The GaOOH sample prepared in presence of 0.5 at % Eu3+ ions (Fig.30 (b)), both 

TG and DTA patterns are essentially similar to that of GaOOH nanorods shown in Fig.30 (a). 

However, the DTA peaks are slightly broadened for the Eu3+ containing sample as can be 

seen from Fig.30 (b). Broadening of the peak has been attributed to distortion taking place 

with the Ga-O bonds associated with Ga-OH linkages brought about by its interaction with 

Eu3+ ions. The percentage loss of weight is found to be around 9% over the region of 230 to 

400°C, which is characteristic of the dehydration process in GaOOH. The initial dehydration 

step in the region 200-280°C is more predominant for GaOOH sample prepared with 0.75 at 

% Eu3+ ions (Fig.30 (c)) as compared to the corresponding step for the GaOOH sample 

prepared with 0.5 at % Eu3+. In addition to this, the weight loss below 400°C is ~10 %, 

suggesting that another hydroxide species along with GaOOH phase is present with the 

sample. This is namely the Ga(OH)3 phase formed by the collapse of a part of the layered 

GaOOH structure. But the DTA pattern is comparable with that of GaOOH sample prepared 

with 0.5 at % Eu3+. For GaOOH sample prepared with 1 at % Eu3+ ions, both DTA and TG 

patterns significantly changed (Fig.30 (d)). The weight loss of ~12% is indicative of an 

increase in the extent of gallium hydroxide phase along with the GaOOH phase. The DTA 

pattern (Fig.30 (d)) is similar to that obtained for a group 13 metal hydroxides like In(OH)3 

[202, 203] and can be considered as overlapping of the DTA patterns of Ga(OH)3 and 

GaOOH present in the sample. From these results it is inferred that GaOOH undergo 

complete decomposition in the presence of Eu3+ ions at a concentration >1 at % forming 

Ga(OH)3 species. Hence the TG-DTA results are in conformity with the inferences drawn 

from XRD and photo luminescence studies. 

3.4. Effect of heat treatment on crystal phase and morphology of Ga2O3 and Ga2O3:Ln3+ 

nanomaterials: GaOOH nanorods on heating get converted to rhombohedral α-Ga2O3 at 
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500°C and monoclinic β-Ga2O3 at 900°C as can be seen from the XRD patterns (Fig.31). All 

the diffraction peaks have been assigned to corresponding planes. Average crystal size was 

calculated by using Debye-Scherrer formula and is 40 nm for GaOOH, 22 nm for α-Ga2O3 

and 19 nm for β-Ga2O3. In order to check morphology changes occurring during heat 

treatment, SEM measurements were carried out and are shown in Fig.32. From these images 

it is clear that rod shape morphology of GaOOH is maintained even after heat treatment to 

form α- and β-Ga2O3 phases. 
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Fig.31. XRD patterns of as prepared, 500 and 900°C heated GaOOH nanorods 
              

      

     (a) 

                                                          

 
    
  (b) 

Fig.32 SEM images of GaOOH nanorods heated at (a) 500°C and (b) 900°C 
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GaOOH samples doped with different amounts of lanthanide ions were heated at 

500oC and their XRD patterns are shown in the Fig.33. Samples prepared with less than 1 at 

% Eu are crystalline in nature with α- Ga2O3 structure whereas above 1 at % Eu3+ doping 

leads to the formation of amorphous samples. In order to check the structural changes with 

Eu3+ incorporation, FT-IR measurements were carried out on undoped and 0.5, 0.75, 1, 2, 3 

and 5 at% Eu3+ doped GaOOH samples which were subjected to heat treatment at 500°C 

(Fig.34).  
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Fig.33 XRD patterns of GaOOH samples containing 0, 0.5, 0.75, 1 and 2 at % of Eu3+ ions 
after heat treatment at 500°C. 
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Fig.34. FT-IR spectra of GaOOH samples containing 0, 0.5, 0.75, 1, 2, 3 and 5 at % of Eu3+ 
ions after heat treatment at 500°C. 
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All the samples show three bands centered around 345, 482 and 675 cm-1. The peak 

width increases with increase in Eu concentration and this has been assigned to the increased 

distortion in the Ga2O3 lattice brought about by Eu3+ incorporation. The bands also shifted 

towards lower wave numbers for the samples doped up to 0.75 at % Eu3+ (for the samples 

doped above 0.75 at %, the peak is so broad that shifting of the peak maxima could not be 

clearly observed). This can be explained based on the difference in the mass of gallium and 

lanthanide ions. Red shift in the peak maxima can be explained based on the heavier mass of 

Eu3+ ions compared to Ga3+ ions, indicating the formation of Ga-O-Eu type of linkages. 

Increase in broadening of the IR peaks beyond 0.75 at% is due to the conversion of 

crystalline Ga2O3 to an amorphous gallium oxide phase. 

However, samples heated at 900°C show the crystalline nature beyond 1 at % 

lanthanide ions doping (Fig.35). For the samples doped with 3 at % or more Eu3+, a small 

peak started appearing at 2θ value of 28.4° and 32.2°. These peaks are attributed to Eu2O3. 

Unit cell parameters are calculated by least square fitting of XRD patterns of 900°C heated 

samples (Table 3).  
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Fig.35. XRD patterns of β-Ga2O3 doped with 0, 0.75, 1, 3 and 5 at % of Eu3+ (peak marked * 
correspond to Eu2O3). Values in brackets show average crystallite size. 
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The cell parameters increases with increase in the lanthanide ion concentration up to 

0.75 at % and above that they started decreasing. Although, lattice parameters start 

decreasing, they are larger than the undoped sample. From the above results, it is inferred that 

lanthanide ions are replacing Ga3+ ions up to 0.75 at % and above that a separate phase 

namely Eu2O3 is formed. The average crystallite size calculated by using Scherrer formula for 

samples doped with different percentage of lanthanide ions are given in the Table 3. The 

average crystallite size decreases with increase in the lanthanide ions concentration. To 

confirm this fact, TEM measurements were carried out and the results are discussed below. 

 
Table.3. Variation in the lattice parameters of β-Ga2O3 samples prepared in presence of 

different amounts of Eu3+ ions. Numbers in bracket indicate the errors. 
 

β-Ga2O3
at % Eu3+

 
Avg. 

Crystal 
size (nm) a (Å) b (Å) c (Å) β (°) Cell volume (Å3)

0 19 12.237(1) 3.031(2) 5.802(2) 103.865(3) 208.93(2) 
0.5 19 12.242(2) 3.038(1) 5.809(3) 103.940(2) 209.70(1) 
0.75 18 12.249(1) 3.042(3) 5.820(2) 104.018(2) 210.40(2) 

1 16 12.249(2) 3.039(2) 5.812(1) 104.012(1) 209.94(2) 
2 15 12.242(2) 3.038(3) 5.809(2) 103.875(2) 209.67(3) 
3 14 12.240(3) 3.038(1) 5.810(1) 104.077(3) 209.60(3) 
5 11 12.210(2) 3.038(2) 5.807(2) 103.969(3) 209.04(2) 

 

Figure 36 shows the TEM images of 900°C heated samples containing different 

concentrations of Eu3+ ions. The shape and size of the Ga2O3 nanomaterials changed after 

doping with lanthanide ions. Undoped Ga2O3 shows uniform nanorods with length 2.3-2.8 

mm and width 0.2-0.3 mm. whereas 0.75 at % Eu doped samples exhibit the formation of both 

nanorods and nanoparticles with a broad size distribution. For the Ga2O3 samples with 3 at % 

Eu3+ ions, only nanoparticles with irregular shapes are observed instead of nanorods. The size 

of the nanoparticles is further reduced on increasing the Eu3+ concentration to 5 at %. This 

can be explained based on structural changes taking place in GaOOH lattice after doping with 
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lanthanide ions. Doping of lanthanide ions into GaOOH lattice causes structural destruction 

due to incorporation of lanthanide ions in between the GaO6 octahedral layers at the expanse 

of hydrogen bonds and the resulting product mainly contains finely mixed Ga(OH)3 and 

Eu(OH)3. During heat treatment, Eu3+ ions can diffuse into the lattice and forms Eu3+ doped 

Ga2O3. 

  
   (a) 

 
   (b) 

     (c)  
 

    (d) 
 

Fig.36. TEM images of (a) 0, (b) 0.75, (c) 3 and (d) 5 at % Eu doped β - Ga2O3.
 

3.5 Effect of heat treatment on luminescence of Ga2O3:Ln3+ nanomaterials: Figure 37 (a) 

shows the emission spectra of Tb3+ doped GaOOH, a-Ga2O3 and b-Ga2O3 nanomaterials. All 

samples displayed four peaks ~ 489, 543, 588 and 622 nm corresponding to 5D4Æ7F6,
 5D4Æ 

7F5,
 5D4Æ 

7F4 and 5D4Æ 
7F3 transitions of Tb3+ ions.  Tb3+ doped a-Ga2O3 sample shows 
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strong emission compared to corresponding GaOOH and b-Ga2O3 samples. The low emission 

intensity of Tb3+ in GaOOH can be attributed to the quenching of Tb3+ excited state due to 

hydroxyl groups and that in b-Ga2O3 can be attributed to the formation of Ga3Tb5O12/terbium 

oxide phase due to heat treatment at 900°C. The decay curves correspond to 5D4 level of Tb3+ 

ions in the sample are shown in Fig.37 (b) and measured lifetime values are given in Table 4. 

The excited state of Tb3+ decays single exponentially in GaOOH and a-Ga2O3 and bi-

exponentially in b-Ga2O3. These results indicate that Tb3+ ions are having only one type of 

environment in GaOOH and a-Ga2O3 lattices whereas it is more than one type of 

environments in b-Ga2O3. This is further supported by the formation of Ga3Tb5O12/terbium 

oxide phase in Tb3+ doped samples as confirmed by XRD studies. 
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Fig.37. (a) Emission spectra, (b) decay curve corresponding to 5D4 level of Tb3+ in 0.5 at % 

Tb3+ doped GaOOH, α-Ga2O3 and β-Ga2O3 nanomaterials. (λexc = 255 nm and λem = 
544 nm) 

 

Table 4. Lifetime values corresponding to 5D4 level of Tb3+ from GaOOH:Tb3+ heated at 
different temperatures. 

 
Sample τ1 (ms) τ2 (ms) 

As prepared GaOOH:Tb3+ 326 (14%) 1284 (86%) 
500°C (α-Ga2O3: Tb3+) 2389 (100%)  
900°C (β-Ga2O3: Tb3+) 258 (13%) 2872 (87%) 
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Figure 38 (a) shows the emission spectra of b-Ga2O3 doped with 0, 0.5, 1 and 2 at % 

Tb3+ obtained after excitation at 255 nm. Undoped (0 at % Tb) b-Ga2O3 sample shows a 

broad band centered around 455 nm and is assigned to emission from oxygen defect levels 

present in the host matrix. The emission intensity reduces with increase in Tb3+ percentage in 

the sample. This is explained based on the energy transfer from host to Tb3+ ions. The 

excitation spectra corresponding to host and Tb3+ emission are shown in Fig.38 (b).  
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Fig.38 (a) Emission spectra of β-Ga2O3 nanomaterials doped with 0, 0.5, 1 and 2 at % Tb3+ 
ions. The corresponding excitation spectra for 1 at % Tb3+ doped sample, monitored 
at 460 and 544 nm emission, are shown in Fig. 38 (b) 

 

The excitation spectra corresponding to host emission exhibits only one band at 255 

nm whereas excitation spectra corresponding to Tb3+ emission is characterized by strong 

band at 275 nm having shoulder at 255 nm along with weak bands above 350 nm. The 

broadband ~ 275 nm is assigned to 4f to 5d transition of Tb3+, the shoulder peak to host 

absorption and peaks above 350 nm are due to f-f transitions of Tb3+ ions. Based on the 

excitation spectra, it is confirmed that energy transfer takes place from host to Tb3+ ions in 

these samples. This is further supported by the excited state lifetime values corresponding to 

host emission observed from samples with different Tb3+ contents. The corresponding decay 

 82



curves are shown in Fig.39. Lifetime values corresponding to host emission decreased with 

increase in the terbium ion concentration (Table 5). The decrease in lifetime values with 

increase in Tb3+ concentration confirms the energy transfer from host to lanthanide ion.  
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Fig.39 Decay curves corresponding to excited state of the host emission of β-Ga2O3 
nanomaterials doped with 0, 0.5, 1 and 2 at % Tb3+ ions. 

 

Table 5 Excited state lifetime values of host emission from β-Ga2O3:Tb nanomaterials after 
doping with different amounts of Tb3+ ions. 

 
Sample τ1 (ms) τ2 (ms) 

β-Ga2O3 110 (24%) 885 (76%) 

β-Ga2O3: 0.5% Tb 100 (26%) 811 (74%) 

β-Ga2O3: 1% Tb 94 (29%) 827 (71%) 

β-Ga2O3: 2% Tb 65 (32%) 590 (68%) 

 

The emission and excitation spectra from a representative β-Ga2O3:Dy and β-

Ga2O3:Eu samples are shown in Fig.40(a-d). Emission spectrum shown in Fig. 40 (a) 

corresponds to β-Ga2O3:Dy nanorods and is obtained by exciting the host at 260 nm. Sharp 

emission peaks due to intra 4f transitions of Dy3+ ions characterize the spectrum. 

Corresponding excitation spectrum obtained by monitoring Dy3+ emission at 575 nm is 
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shown in Fig.40 (b). While monitoring Dy3+ emission, observation of host absorption around 

260 nm confirms that energy transfer occurs from host to Dy3+ ions in β-Ga2O3:Dy3+ 

nanorods. A comparison of this emission and excitation spectrum with that of GaOOH:Dy 

samples (Fig.28) reveals that the energy transfer is relatively stronger in Ga2O3:Dy3+ system 

compared to GaOOH:Dy3+ system. The efficiency of energy transfer has been calculated and 

found to be around 92 % in this case. Possible reason for the improved energy transfer is the 

combined effect of migration of lanthanide ions in the lattice of Ga2O3 as well as removal of 

hydroxyl groups by heat treatment. These observations are in agreement with those reported 

on lanthanide ions (Dy3+) doped Ga2O3 nanomaterials [56]. 
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Fig.40. Emission spectrum (a) obtained after 260 nm excitation and excitation spectrum (b) 
corresponding to 575 nm emission from β-Ga2O3:Dy3+ nanomaterials. Corresponding 
emission (λexc = 280 nm) and excitation (λem = 613 nm) spectrum from Ga2O3:Eu 
nanorods are shown in Fig.40 (c and d). 

 84



Similar results are also observed from β-Ga2O3:Eu nanorods obtained after the 

decomposition of GaOOH:Eu nanorods at 900°C, as can be seen from the emission and 

excitation spectra shown in Fig.40 (c and d). The patterns match well with that reported for β-

Ga2O3:Eu films by Mizunashi and Fujihara [204]. Unlike the excitation spectrum observed 

for Ga2O3:Dy nanorods (Fig.40 (b)), the excitation spectrum corresponding to Ga2O3:Eu 

nanorods is characterised by a broad peak with emission maximum around 280 nm. This has 

been attributed to the overlapping of Eu-O charge transfer band with the Ga2O3 host 

excitation peak. 

Figure 41 shows the emission and excitation spectra of Er3+ doped Ga2O3 

nanomaterials. Emission spectrum (Fig.41 (a)) after excitation at 380 nm shows strong peak 

at 1535 nm corresponding to 4I13/2 → 4I15/2 transition of Er3+ ions present in the Ga2O3 lattice. 

The excitation spectrum (Fig.41 (b)) corresponding to 1535 nm emission  consists of many 

sharp peaks and are attributed to f-f transitions of Er3+ ion in the Ga2O3 lattice. Based on 

these studies it is confirmed that β-Ga2O3 is an ideal host for doping lanthanide ions. Efficient 

energy transfer from host to lanthanide ions helps to improve photoluminescence from 

lanthanide ions. 
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 Fig.41. (a) Emission spectrum and (b) excitation spectrum from Ga2O3:Er3+ nanorods. The 
excitation and emission wavelengths are 380 and 1535 nm, respectively.   
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3.6 Structural and luminescence studies on antimony oxide nanomaterials: Antimony 

oxide nanomaterials were prepared by hydrolysis of antimony trichloride by aqueous 

ammonia solution in iso-propanol, at room temperature. As prepared samples were heated at 

100, 200 and 400°C for 5 hours. The XRD patterns of these samples (room temperature, 

heated at 100, 200 and 400°C) corresponds to orthorhombic form of Sb2O3 (Fig.42). 

However, the sample heated at 400°C showed an additional Sb2O4 phase (2θ=29.03°) [156]. 

Sharp diffraction peaks indicate crystalline nature of Sb2O3 samples. The average particle 

size was calculated by using Debye–Scherrer formula and found to be around 40 nm. Lattice 

parameters were calculated for the as prepared sample and found to be a = 4.916(1) Å, b = 

12.471(2) Å and c = 5.418(2) Å. Corresponding values for bulk Sb2O3 are a = 4.918(3) Å, b = 

12.453(2) Å and c = 5.427(2) Å. 
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Fig.42. XRD pattern of (a) Sb2O3 sample prepared at room temperature in isopropanol 
medium. Corresponding patterns from the samples heated at 100, 200 and 400°C 
along with that of bulk Sb2O3 are shown in (b)–(e), respectively. 

 

For bulk Sb2O3 sample the highest intensity peak corresponds to (121) plane around a 

2θ value of 28.42° (Fig.42 (e)). However, for samples prepared in isopropanol the highest 
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intensity of XRD peaks correspond to (110) and (200) planes around 2θ values 19.66 and 

36.62°, respectively. These results indicate a preferred crystallographic orientation existing in 

the sample prepared by iso-propanol route which leads to selective enhancement in the 

intensity of some of the Bragg reflections. A similar increase in intensity for (110) and (200) 

planes has also been observed by Deng, et al. for Sb2O3 nanorods prepared by oxidation of 

antimony metal [64]. On annealing it is observed that the intensity of the super-lattice peaks 

at 2θ values corresponding to (110) and (200) reflections systematically decreases. This 

indicates that the preferred crystallographic orientation associated with the sample is slowly 

destroyed (Fig.42 (b and c)). In addition to the orientation changes, annealing at 400°C also 

leads to partial conversion of Sb2O3 to Sb2O4 cervantite phase (Fig.42 (d)). In order to check 

the morphology and preferred crystallographic orientation existing with the sample, atomic 

force and transmission electron microscopic (AFM and TEM) measurements were carried 

out. 

Figure 43 (a and b) shows the AFM images of methanol dispersion of as prepared 

Sb2O3 samples obtained by iso-propanol route. The images consist of long rod shaped species 

with a length around 3– 4 μm and width around 100–200 nm. Several such rods can be 

clearly seen from the images. A closer look at the image demonstrate that in addition to the 

long rods there also exist small rods having length roughly in the range of around 1 μm. A 

representative TEM image along with the selected area electron diffraction patterns of the 

sample is shown in Fig.43 (c and d). Dimension of the nanorods obtained from TEM images 

agree well with that obtained from AFM images. As the SAED pattern taken along the [100] 

zone axis consists only spots, it is confirmed that each nanorod is a single crystal of Sb2O3 

with [100] orientation. For the purpose of comparison bulk material was also dispersed in 

methanol and TEM images were recorded for the supernatant solution (Fig.43 (e and f)). 

These particles are aggregated and are having size in the broad range of 50–500 nm. 
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Fig.43. (a and b) AFM images showing the nanorods of Sb2O3 at two representative regions 
of the sample. TEM and SAED images for the nanorods along with that of bulk 
sample are shown in (c)–(f), respectively. 

 

3.7 Effect of morphology on the luminescence of Sb2O3: Figure 44 (a and b) shows the 

emission spectra from Sb2O3 nanorods and bulk material as a function of temperature (in the 

range ~ 77–300 K). Line shapes corresponding to the emission spectrum from both nanorods 

and bulk materials remained same at all the temperatures. A broad emission at ~ 390 nm has 

been observed for Sb2O3 nanorods and bulk materials at all the temperatures. Considering the 

band gap energy values of Sb2O3 (~ 3.3 eV) [64] and based on previous Sb3+ luminescence 

studies [163, 64], the peak around 390 nm has been attributed to the near band edge emission 

arising form Sb2O3. However for nanorods in addition to the band edge emission around 390 

nm, an additional broad peak which appears as a doublet with peak maxima around 545 and 

592 nm is also observed. These two peaks have significant intensity in the case of nanorods 
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compared to the bulk material and are arising due to the defect levels present in the band gap 

of Sb2O3. These can be the oxygen vacancies, the surface dangling bonds or the surface 

defects. Similar defect emission with comparable line shape has also been observed in 

semiconductors like TiO2, ZnO, etc. [205, 206]. Lifetime corresponding to the excited state of 

these emission centers could not be accurately measured as the decay is faster than the 

experimental time resolution of the luminescence set up (~1 ns). Thus, it can be concluded 

that the excited state lifetime is of the order of sub-nanoseconds, similar to what has been 

observed in the case of ZnO nanorods [206]. At this stage, it is difficult to understand the 

exact origin of defects levels. It is worth while to mention here that Deng, et al. [64] have 

observed blue emission around 433 nm from Sb2O3 nanobelts, and they have attributed this to 

the oxygen related defect emission from the nanorods. In the case of ZnO nanorods [206], it 

has been demonstrated that the orange, red and green defect related emission originate from 

them depending on the preparation method, annealing temperature and atmospheres.  
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Fig.44. Emission spectra of (a) Sb2O3 nanorods and (b) bulk Sb2O3 as a function of 
temperature. Room temperature emission spectra of as prepared Sb2O3 nanorods 
annealed at different temperatures are shown in (c). Excitation wavelength was 220 
nm. Peaks marked * are artifacts. 
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On annealing the nanorods at 100 and 200°C, emission intensity of the 545 and 592 

nm peaks relative to the band edge emission has been found to decrease as can be seen from 

Fig.44 (c). Based on the luminescence and XRD studies of the as prepared nanorods and the 

nanorods annealed at different temperatures it is inferred that the morphological changes are 

taking place in Sb2O3 nanorods during annealing and they are responsible for the change in 

intensity of 545 and 592 nm peaks. To further confirm the morphological assisted changes 

and the associated structural changes in Sb2O3 nanorods on annealing, Raman spectroscopic 

studies of both (as prepared and annealed) samples were carried out and the results are 

described below. Figure 45 (a) shows Raman spectrum of the as prepared nanorods. The 

sample shows peaks at 143, 191, 218, 256, 297, 445, 503, 596 and 681 cm-1, characteristic of 

the orthorhombic valentinite form of Sb2O3, which agrees well with the reported by data [64, 

207–209]. Similar spectra are also observed from bulk and nanorods annealed at different 

temperatures. The Raman spectra of the annealed samples show a strong luminescence 

background, intensity of which systematically increases as the annealing temperature is 

increased. Thus, the broad emission background dominates the sample annealed at 400°C.  

The major differences between the patterns corresponding to as prepared nanorods, the one 

annealed at different temperatures and the bulk, are depicted by the Raman peaks at ~260 cm-

1 (Fig.45 (b)), 445 cm-1 (Fig.45 (c)) and ~ 710 cm-1 (Fig.45 (d)). The peak at ~ 260 cm-1 (peak 

A) in bulk Sb2O3 is clearly seen to have evolved into two peaks for nanorods; one at 256 cm-1 

(peak A1) and another at 259 cm-1 (peak A2). The peak A1 is relatively sharper (line width 

approximately ~1/3rd) than peak A2. As the nanorods are annealed, the intensity of this peak 

reduces and that of A2 increases; while their widths remain almost constant. Similar 

inferences are drawn for the peak at ~ 445 cm-1 (peak B in Fig.45 (c)). In case of nanorod 

sample this shows a triplet, with peaks at ~ 435 cm-1 (peak B1), 443 cm-1 (peak B2) and 451 

cm-1 peak (B3). The B2 peak is most intense, followed by B3 and B1. The widths of peak B2 
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is almost 1½ times that of peak B1 and B3. As the samples are annealed (say at 100°C and 

200°C), these peaks are merged and appear as a one single peak similar to the one observed 

from the bulk sample. The morphology change is further clear from the shoulder peak ~ 710 

cm-1 (as shown by the encircled region in Fig.45 (d)) observed for nanorods, which is 

successively broadened with increasing annealing temperature. 

 

Fig.45. Raman spectrum of (a) as prepared Sb2O3 nanorods. The changes related to 
morphology/annealing are shown by arrows at ~260 cm-1 and ~445 cm-1. Enlarged 
view of the Raman spectrum corresponding to Sb–O–Sb stretching (b, d) and 
bending (c) modes of Sb2O3 nanorods annealed at various temperatures along with 
that of bulk sample are also shown. Fig.45 (b) shows peaks ‘A1’ and ‘A2’ for the 
260 cm-1 peak and Fig.45 (c) shows ‘B1’, ‘B2’ and ‘B3’ for the 445 cm-1 peak. 
Encircled region in Fig.45 (d) shows the changes in the Sb–O–Sb stretching 
vibrations at various annealing temperatures. 

 

The Sb2O3 comprises of four SbO3 (E) pyramids (E being lone pair of electrons) arranged 

into the Sb4O6 molecular ring structure with a Td symmetry [209,210]. Each oxygen is 

bridged between two SbO3 pyramids. According to Gilliam, et al. [210], the molecular 
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vibration of the Sb4O6 ring is decomposed into 2A1 + 2E + 2T1 + 4T2 of which A1, E and T2 

are Raman active modes. These modes are further classified into Sb–O–Sb stretch, Sb–O–Sb 

bend and Sb–O–Sb wag modes [210]. The most affected modes in the nanorods (compared to 

bulk Sb2O3) are the Sb–O–Sb stretching (A1 type) appearing at ~256 cm-1 and the Sb–O–Sb 

bending (A1 type) appearing at ~ 445 cm-1. Another peak at ~ 710 cm-1, also corresponds to 

Sb–O–Sb stretching with T2 symmetry. As reported above, the shape selective nature of the 

nanorods results in only few of the modes that are affected, rest being unaltered. In 

comparison to the bulk material, the oriented Sb2O3 nanorods are expected to have Raman 

activity in terms of the dynamic polarizability tensor. The A1 type of vibrations include 

polarizability of the kind αxx + αyy + αzz, while T2 type of vibrations includes the non-diagonal 

components like αxy, αyz, αzx [211]. Thus, the arrangement of the Sb4O6 molecular units in 

Sb2O3 nanorods is associated with the selective excitation of some of these polarizability 

tensors over the others, leading to enhanced Raman activity for a particular peak over the 

other. This results in appearance of additional peak at ~ 256 cm-1 and a triplet at ~ 445 cm-1 

for oriented samples. The A1 type of modes have highest Raman activity (16 Å4 amu-1) as 

compared to E, T1 and T2 type [210]. Moreover, these shape selective changes in the dynamic 

polarizability tensor is further regained to its bulk value (or at least tries to regain) by 

annealing the nanorods at 100 and 200°C. Thus, the Raman and XRD investigations suggest 

a clear morphological change in the Sb2O3, from nanorods to bulk particles. The structural 

changes associated with morphological change are responsible for the change in 

luminescence properties. 

In the following section brief description regarding the interaction of these 

luminescent nanorods with lanthanide ions are discussed. Eu3+ ions are used as representative 

lanthanide ions in the present study as its luminescence properties with respect to different 

environments are well understood. 
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3.8 Interaction of Eu3+ ions with Sb2O3 nanorods: Figure 46 shows the XRD patterns of 

Sb2O3 nanorods prepared both the XRD patterns of Sb2O3 nanorods prepared in both the 

presence and absence of Eu3+ ions. Sharp peaks in the XRD patterns indicate crystalline 

nature of the samples. The peak positions in the XRD patterns confirm that the Sb2O3 

samples crystallize in the orthorhombic structure. From the line width of diffraction peaks, 

average crystallite sizes was calculated using Debye-Scherer formula and found to be around 

40 nm, for the nanorods. Lattice parameters were calculated based on the least square fitting 

of the diffraction peaks. The values are a = 4.916(1) Å, b = 12.471(2) Å, c = 5.418(2) Å. 

Corresponding values for Sb2O3 nanorods prepared in the presence of Eu3+ are a = 4.918(3) 

Å, b = 12.453(2) Å, c = 5.427(2) Å. The values are comparable within error limits for both 

type of samples (i. e., prepared in presence and absence of Eu3+ ions). The Eu3+ ions do not 

have any effect on the crystallinity and orientation of the nanorods as revealed by the 

identical line width and intensity corresponding to the diffraction peaks for Sb2O3 nanorods 

prepared in both the presence and absence of Eu3+ ions. 
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Fig.46. XRD patterns of Sb2O3 nanorods prepared in presence of (a) 0 at % Eu3+ and (b) 5 at 
% Eu3+. 
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Figure 47 (a) shows room temperature emission spectrum of Sb2O3 nanorods prepared 

in presence of Eu3+ ions obtained after excitation at 220 nm. A broad emission at ~ 390 nm 

has been observed from the sample. Considering the band gap energy values of Sb2O3 (~ 3.3 

eV) and based on previous Sb3+ luminescence studies  the peak around 390 nm has been 

attributed to the near band edge emission arising form Sb2O3. Since on excitation at 220 nm 

no characteristic emission of Eu3+ ions is observed from Sb2O3 nanorods prepared in presence 

of Eu3+ ions suggests that Eu3+ ions are not getting incorporated into the Sb2O3 lattice and 

also there is no energy transfer between the Sb2O3 host and Eu3+ ions. Figure 47 (b) shows 

the emission spectrum of Sb2O3 nanorods prepared in presence of Eu3+ ions obtained after 

excitation at 395 nm along with the excitation spectrum monitored at 615 nm emission (as an 

inset).  
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Fig.47 Emission spectrum from Sb2O3 nanorods prepared in presence of 5 at % Eu3+ and 
obtained after (a) 220 nm excitation and (b) 395 nm excitation. The corresponding 
pattern from bulk Sb2O3 prepared in presence of 5 atom % Eu3+ obtained after 395 nm 
excitation is shown in Fig.47 (c). The inset of Fig.47 (b) shows the excitation 
spectrum monitored at 615 nm emission. 
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The spectrum shows strong emission peaks around 590 and 615 nm, which are 

characteristic of magnetic and electric dipole allowed 5D0→7F1 and 5D0→7F2 transitions, 

respectively of Eu3+. Besides this peak, there are two more weak peaks centered at 651 and 

700 nm due to 5D0→7F3 and 5D0→7F4 transitions, respectively of Eu3+ ions. The relative 

intensity ratio of the electric to magnetic dipole allowed transition, known as the asymmetric 

ratio of luminescence, is a sensitive parameter, which depends on the electronic environment 

around Eu3+ ions. The asymmetric ratio of luminescence is found to be 3.4 and is comparable 

with the value observed for of bulk Sb2O3 samples (~ 3.3) prepared in presence of Eu3+ ions 

(Fig.47 (c)). The higher intensity of electric dipole transition compared to the magnetic dipole 

transition and associated high asymmetric ratio value shows that the Eu3+ ions are in a non-

centro symmetric environment.  

To confirm the fact that the Eu3+ ions are not forming separate europium 

oxide/hydroxide phase, Eu3+ ions were subjected to the same chemical treatment as that done 

for Sb3+ for preparing Sb2O3 nanorods and the precipitate was subjected to luminescence 

measurements. XRD and infrared patterns of precipitate indicated that the product is 

amorphous europium hydroxide. Figure 48 shows the emission spectrum from the as 

prepared europium hydroxide sample subjected to 395 nm excitation. The pattern is found to 

be quite different from the Sb2O3 sample prepared in presence of Eu3+ ions. The asymmetric 

ratio of luminescence is calculated to be ~1.6. The higher asymmetric ratio of Eu3+ emission, 

in Sb2O3 sample prepared in presence of Eu3+ ions, compared to europium hydroxide phase 

(prepared by the same procedure as that of Sb2O3) shows that Eu3+ ions in Sb2O3 sample have 

a different environment and are not existing as separate europium hydroxide phase. The 

excitation spectrum (inset in Fig.48) also reveals that the Eu3+ ions have different 

environment in both the samples. These results are further supported by the lifetimes 

corresponding to the 5D0 level of Eu3+ ions in the sample, as shown in Fig.49.  
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Fig.48. Emission spectrum obtained after excitation at 395 nm from europium hydroxide 
sample prepared by the same procedure as adopted for antimony oxide nanorods. The 
excitation spectrum corresponding to 615 nm emission is shown in the inset. 
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Fig.49. Decay curves corresponding to 5D0 level of Eu3+ in (a) Sb2O3 nanorods prepared in 
presence of Eu3+ (b) Europium hydroxide sample prepared by the identical procedure 
as adopted for Sb2O3 nanorods and (c) bulk Sb2O3 prepared in presence of Eu3+. 
Samples were excited at 395 nm and emission was monitored at 615 nm. 

 96



The decay curves are found to be bi-exponential for all the samples. The corresponding life 

times are 7.4 µs (30%) and 177 µs (70%) for Sb2O3 nanorods synthesized in the presence of 5 

at % Eu3+ ions, 13 µs (49%) and 37 µs (51%) for europium oxide, prepared by the identical 

procedure as that of Sb2O3 nanorods and 46 µs (10%) and 238 µs(90%) for bulk Sb2O3 

synthesized in the presence of 5 at % Eu3+ ions. The higher lifetime values corresponding to 

the Eu3+ present in Sb2O3 nanorods and bulk Sb2O3 compared to the europium hydroxide 

support our previous inference that Eu3+ ions are in a different environment in the Sb2O3 

sample and is not existing as separate europium hydroxide phase. In other words, Eu3+ ions 

are undergoing reaction with Sb3+ to form europium antimony hydroxide compound.  

To further substantiate the fact that Eu3+ ions are not incorporated in Sb2O3 lattice, 

structural studies were carried out on Sb2O3 samples prepared with different concentrations of 

Eu3+ ions and the results are described below. Figure 50(a) shows the FT-IR patterns of 

Sb2O3 nanorods prepared in the presence of Eu3+ with concentrations 0, 2, 5 and 10 at % 

(with respect to Sb3+ ions) over the range of ~ 270 to 1200 cm-1. Sb2O3 nanorods prepared 

both in presence and in absence of Eu3+ ions are characterized by mainly 5 peaks, with 

identical peak maximum and line shape. It may be noted that these positions agree well with 

that of the bulk Sb2O3 as reported by Cody, et al. [208] and Deng, et al. [65]. 
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Fig.50. FT-IR patterns (a) and Raman Spectra (b) of Sb2O3 nanorods prepared in presence of 
different Eu3+ concentrations. 
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In addition, these peaks represent the characteristics of the different vibrational modes 

of Sb-O-Sb linkages in Sb2O3. The peak maxima and line shapes are identical for all the 

samples, prepared with different amount of Eu3+ ions. Raman studies carried out over the 

region 130-1000 cm-1 (Fig.50 (b)) for Sb2O3 nanorods prepared both in presence and absence 

of Eu3+ ions show peaks characteristic of the orthorhombic valentinite form of Sb2O3, which 

agrees well with the literature values [208-210]. As seen in Fig.50 (b), the peak position in 

the Raman spectrum is similar to what has been observed in IR spectrum. The fact that the 

line shape and peak position over the low frequency range (~ 100 to 1000 cm-1) remain 

unaffected by increasing Eu3+ concentration, clearly suggests that the Eu3+ is not replacing 

the Sb3+ in the Sb2O3 lattice. Had it been the case, the stretching and bending vibrations of the 

Sb-O-Sb structural units would have affected leading to changes in the line shape and the 

peak position, which is not observed in the present study. On the other hand if there is a 

hydroxide formation between Sb3+ and Eu3+ ions, signatures corresponding to OH vibration 

from this compound should be seen in the IR spectrum for the Eu3+ containing sample.  

Hence, FT-IR patterns over the region of 2500-4000 cm-1 were recoded for both the undoped 

and highest Eu3+ doped sample (10%) (Fig.51).  
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Fig.51. FT-IR patterns for the region corresponding to the OH stretching vibrations from (a) 
Sb2O3 nanorods (b) Sb2O3 nanorods with 10 at % Eu3+

. 
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As prepared undoped Sb2O3 sample is characterised by broad asymmetric peak 

centered around 3440 cm-1. This has been attributed to the stretching vibrations of the OH 

groups present on the surface of the Sb2O3 nanorods.  In addition, sharp peaks in the form of 

a triplet associated with the –C-H stretching vibrations of the isopropanol molecule (as a 

stabilizing ligand on the surface of Sb2O3) is also observed around 2920 cm-1. For the sample 

with 10% Eu3+, this OH band is shifted to 3398 cm-1, together with a considerable increase in 

the asymmetry towards lower wave numbers. This suggests the possibility of the formation of 

europium antimony hydroxide compound in the Eu3+ containing Sb2O3 nanorods which is 

further supported by the luminescence results discussed above.  

To understand the nature of compound formation taking place between Sb3+ and Eu3+ 

ions, stoichiometric concentrations of Sb3+ and Eu3+ ions (Sb3+: Eu3+ ratio is maintained at 5: 

3, as Sb5Eu3O12 is the only phase formed between Sb3+ and Eu3+ reported in the literature) 

were allowed to react under same experimental conditions as adopted for the synthesis of 

Sb2O3 nanorods. Figure 52 shows the XRD patterns of the reaction product obtained by the 

reaction between Sb3+ and Eu3+ ions along with the same product subjected to heat treatments 

at 500 and 900°C. As prepared and 500°C heated samples are amorphous (Fig.52 (a and b)), 

however on heating to 900°C, hydrated Sb2O5  phase along with HSb3O8  and Eu2O3  are 

formed as can be seen from the XRD patterns shown in Fig.52 (c). If there is no interaction 

between Sb3+ and Eu3+ ions, as prepared sample should contain highly crystalline Sb2O3 

nanorods and that should have reflected in the XRD pattern shown in Fig.52 (a). This is not 

observed in the present study further supporting the antimony europium hydroxide compound 

formation. On heating the compound, antimony europium hydroxide, result in its 

decomposition or oxidation to form HSb3O8, hydrated Sb2O5 and Eu2O3.  

Figure 53 shows the emission spectrum and decay curves from the hydrated europium 

antimony oxide heated at different temperatures. As prepared and 500°C heated samples gave 
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strong emission characteristic of Eu3+ ions, whereas on heating to 900°C the emission 

intensity got significantly reduced as can be seen from Fig.53 (a). The 5D0 level of Eu3+ ion in 

all the samples has been found to decay bi-exponentially (Fig.53 (b)). The bi-exponential 

nature indicates the presence of more than one type of Eu3+ environment in the sample. The 

lifetime is systematically reduced with increase in heat treatment temperature. For the as 

prepared sample the values are found to be 143 µs (20%) and 258 µs (80%). These values are 

comparable with that of bulk Sb2O3 sample prepared in presence of Eu3+ ions. The observed 

weak luminescence and short lifetime for the 900°C heated samples have been attributed to 

formation of Eu2O3 phase.  
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Fig.52. XRD patterns for the product obtained by the reaction between Sb3+ and Eu3+ ions 
taken in stoichiometric amounts and heated at different temperatures: (a) as prepared 
(b) 500°C and (c) 900°C. 
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Fig.53. Emission spectra (a) and decay curves corresponding to the 5D0 level of Eu3+ (b) for 

the product obtained by the reaction between Sb3+ and Eu3+ions taken in the 
stoichiometric ratio. Samples were excited at 395 nm and emission was monitored at 
612nm. 

 

Hence based on the detailed luminescence and XRD studies, it is confirmed that Eu3+ 

and Sb3+ forms an amorphous antimony europium hydroxide. This amorphous compound 

undergoes decomposition on heating around 900°C, leading to the formation of mainly Eu2O3 

and hydrated Sb(V) oxides. 
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CHAPTER 4: Phosphates 
3+ 3+ 3+4.1. Introduction: Phosphates of Ga , Sb  and Bi  are of interest because of their potential 

technological applications [212-220]. For example, GaPO4 is a good piezo-electric material 

whereas SbPO  and BiPO4 4 are used as catalysts as well as in optical/ photonic devices [221-

225]. Doping lanthanide ions in such phosphates is an attractive option for making materials 

with multi functional applications. Under ambient conditions, GaPO4 exists in hexagonal 

form whereas SbPO  and BiPO  adopt a monoclinic structure. BiPO4 4 4 is also known to exist in 

hexagonal form [226, 227]. Unlike this, LnPO4 (Ln = lanthanide) exist mainly in two 

crystalline modifications, viz. monazite and xenotime [228]. Monazite structure is adopted by 

lanthanide phosphates with relatively larger lanthanide ions (i.e., La3+ 3+ - Gd ) while xenotime 

structure is formed by smaller lanthanide ions (i.e., Tb3+-Lu3+). Essential difference in both 

the structures is that in the xenotime structure, Ln3+ ions exist as regular LnO8 polyhedra 

whereas in the monazite structure, lanthanide ions (Ln3+) exist as LnO9 polyhedra [228]. For 

making lanthanide ions based luminescent materials using phosphate hosts like GaPO4, 

SbPO  and BiPO4 4, it will be ideal if solid solution formation between these phosphates and 

lanthanide phosphates exist. The major problem with the solid solution formation in this 

system is the large difference in the ionic radii of the cations and difference in their 

coordination numbers, particularly for Ga3+ 3+ and Sb  ions in GaPO  and SbPO4 4 respectively. 

Further, the solubility product values are significantly different for GaPO  (10-21), BiPO  (104 4
-

23) and LnPO4 (~ 10-26 to 10-25) [229-231] which prevent the formation of solid solution 

between these compounds through co-precipitation techniques. However, if the metal 

phosphate nanoparticles are prepared under alkaline conditions in aqueous or alcoholic 

solutions, the surface hydroxyl groups on nanoparticles may undergo ion exchange with 

lanthanide ions. Such an ion exchange process will lead to the formation of nanoparticles 
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3+ having surface lanthanide ions. This is particularly valid for GaPO , as the Ga4 ionic radius 

is much smaller as compared to lanthanide ions, besides significant difference in the 

coordination numbers around the cations. Situation is slightly different for SbPO4 

nanomaterials as the ionic radius of Sb3+(0.76Å) [177] is expected to be comparable with that 

of lanthanide ions with coordination number four, although lanthanide ions with such low 

coordination are not commonly observed. In contrast to this, Bi3+ ions in BiPO4 have 

comparable ionic size to that of lanthanide ions and crystal structure of BiPO4 is similar to 

that of lanthanide phosphates, there by facilitating the improved solubility of lanthanide ions 

in BiPO .   4

In the present study Eu3+ 3+ 3+ 3+, Ce , Tb , Dy , Sm3+ ions were chosen for doping in the 

above mentioned hosts. The luminescence characteristics of Eu3+ with respect to different 

environments are well understood and hence can be used as a probe to monitor the structural 

changes taking place with a host lattice. The ions Ce3+ 3+ and Tb  are known to have strong 

absorption in the UV region with Tb3+ ions emitting strongly in the visible region. In addition 

Ce3+ is an efficient sensitizer to Tb3+ 3+ (due to energy transfer from Ce  to Tb3+ions) and 

therefore materials doped with Ce3+ 3+ and Tb  have  been developed to generate efficient 

green light for display applications. This energy transfer between Ce3+ 3+ and Tb  ions is very 

sensitive to the crystal structure of the host, surface modification, etc. [112, 113, 232]. For 

example in CePO4:Tb3+ and CePO :Dy3+
4  nanomaterials strong energy transfer has been 

observed from Ce3+ 3+ 3+ 3+ 3+to Tb  or Dy  ions. However, in Ce co-doped YAG:Tb    

nanoparticles, energy transfer occurs from Tb3+ 3+  
  to Ce  [94].  Furthermore, in Ce3+ co-doped 

Y2Sn2O7:Tb3+ 3+ 3+ nanoparticles, strong energy transfer from Ce  to Tb  occurs only after 

covering the nanoparticles with SiO2 [233]. This has been attributed to the diffusion of 

lanthanide ions towards the interface region between Y Sn O  nanoparticles and silica.  2 2 7
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This chapter is divided into three sections. The first section deals with structural and 

luminescence properties of GaPO  nanoparticles having different concentration of Eu3+
4  ions. 

The results obtained from this study is used to understand the luminescence properties of 

other lanthanide ions (Tb3+ 3+ 3+, Dy , Er , etc.) doped nanoparticles.  The second section 

describes synthesis and optical properties of lanthanide doped SbPO4 nanomaterials. 

Incorporation of lanthanide ions in such low symmetry environments (coordination number 

4) and their luminescence properties are discussed. Vibrational spectroscopy has been used to 

confirm incorporation of lanthanides ions in the SbPO4 host. Changes in the experimental 

conditions like synthesis temperature, doping concentration and varying the relative volume 

of solvent, etc., on the vibrational and luminescence properties from such nanomaterials are 

investigated. Luminescence properties of these nanomaterials are compared with the 

lanthanide ions doped bulk materials obtained by solid-state reaction. Energy transfer 

between Ce3+ and Tb3+ ions and its effect on the decay profiles of the excited state of Tb3+ 

ions in SbPO4 host is also discussed in this section.  In the third section synthesis and 

characterization of lanthanide doped BiPO4 nanomaterials is discussed in detail. Lanthanide 

ions doped BiPO4 nanomaterials with different crystal structures have been prepared at a 

relatively low temperatures and the effect of crystal structure on luminescence properties of 

the lanthanide ions is also investigated.  

4.2. Studies on GaPO4 and lanthanide ions containing GaPO  nanomaterials: GaPO4 4 

nanoparticles were prepared at 140o 3+C in glycerol by precipitating Ga  with ammonium 

dihydrogen phosphate. For europium containing samples, appropriate concentration of Eu3+ is 

also used along with Ga3+ ions. 

4.2.1. XRD, FT-IR and TEM study: XRD patterns of GaPO4 nanoparticles containing 0, 

2.5 and 5 at % Eu3+ions are shown Fig.54. For the purpose of comparison XRD pattern of a 

standard hexagonal GaPO  (JCPDS file no. 080497) is also included in this figure. The 4
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diffraction patterns from the GaPO4 nanoparticles match well with the pattern reported in 

JCPDS data. The lattice parameters were calculated and are found to be a = 4.900(2) Å and c 

= 11.041(3) Å with a unit cell volume 229.5(2) Å3 for un-doped GaPO4 nanoparticles. The 

lattice parameters are unchanged with increase in Eu3+ content in the sample suggesting that 

GaPO  lattice is unaffected by increase in Eu3+ concentration in the sample.  4
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Fig.54. XRD patterns of (a) hexagonal GaPO4 standard corresponding to JCPDS file no. 
080497 (b) GaPO  nanoparticles, (c and d) GaPO4 4 nanoparticles with 2.5 and 5 at % 
Eu3+, respectively. 

 

The average crystal size of GaPO4 nanoparticles was calculated from the line width of 

highest intense XRD peak by using Debye–Scherrer formula and is found to be ~ 30 nm. The 

particle size is also unaffected by increasing the Eu3+ contents in GaPO4 samples. From the 

XRD results, it can be inferred that Eu3+ ions are not replacing Ga3+ ions in GaPO4 lattice. 

Had it been the case, the lattice parameters of GaPO4 nanoparticles would have increased 

significantly due to the higher ionic radii of Eu3+ 3+(0.947Å) compared to Ga  (0.62Å) [172]. In 

order to characterize the nanocrystalline nature of the above samples detailed TEM studies 

have been carried out. 

 105



 Figure 55 shows the representative TEM image and selected area electron diffraction 

(SAED) pattern from as prepared GaPO4 nanoparticles. The particle sizes are in the range of 

25-35 nm. There are also some particle aggregates having size in the range of 40 - 65 nm. 

The SAED patterns consist of dots, which are characteristic of randomly oriented single 

crystalline nanoparticles. The TEM images of 2.5 at % Eu3+ containing GaPO4 sample is 

comparable with that of the undoped GaPO4 nanoparticles (not shown).  Based on the TEM 

studies it is inferred that as prepared Eu3+ containing sample consists of crystalline GaPO4 

nanoparticles of average size of 30 nm. This suggests that Eu3+doping has no effect on the 

particle size of GaPO4 nanoparticles. Even though the particle size and crystallinity of the 

GaPO nanoparticles containing different amounts of Eu3+
4  ions are same, it is quite possible 

that the photoluminescence properties of Eu3+ ions can change significantly depending on the 

interaction of Eu3+ ions with the GaPO4 nanoparticles. To understand such interactions, 

detailed luminescence studies have been carried out on these samples. 

 

Fig.55. TEM images of (a) GaPO4 nanoparticles. The selected area electron diffraction 
pattern from nanoparticles is shown in Fig.55 (b) 

 

4.2.2. Luminescence studies: Figure 56 shows the emission spectra from GaPO4 

nanoparticles containing 2.5 and 5 at % Eu3+ along with that from pure EuPO4 nanoparticles 

obtained after excitation at 260 nm. All the patterns are characterised by transitions from 5D  0
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level to 7 7 7F1, F2, F3 and 7 3+F4 levels of Eu  ions. The transitions 5D0→7 5F1 and D0→7F2 are 

purely magnetic and electric dipole allowed respectively. The relative intensity ratio of 

5D0→7F2 to 5D0→7F1 transition, known as the asymmetric ratio of luminescence, is a very 

sensitive parameter which depends on the environment around Eu3+ ions [234, 235].  The 

value is found to be 2.2 for 2.5 at % Eu3+ 3+ containing sample. With increasing Eu  content 

(i.e. for 5 at % Eu3+ containing sample) the asymmetric ratio decreases to 1.0 (Fig.56 (b)). 

Significant change in the asymmetric ratio of luminescence indicates a drastic change in the 

environment around Eu3+ ions, which could be due to the formation of separate Eu3+ 

containing phase. It can be either the pure EuPO  or a complex of Eu3+
4  formed with ligands 

(glycerol) present in the reaction medium.  
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Fig.56. Emission spectrum from GaPO4 nanoparticles containing (a) 2.5 at % and (b) 5 at % 
Eu3+ ions. The corresponding pattern from EuPO4 nanoparticles is shown in Fig.56 
(c). All samples were excited at 260 nm. 

 

To check this aspect, emission spectrum from pure EuPO4 sample prepared in an identical 

method as that used for GaPO4 nanoparticles is shown in Fig.56 (c). The pattern is same as 

that of 5 at % Eu3+ containing GaPO  nanoparticles. The asymmetric ratio of luminescence is 4
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found to be 0.97. A comparison of the emission spectrum shown in Fig.56 (b and c) suggests 

that Eu3+ 3+ ions exist as a separate EuPO  phase in 5 at % Eu4  containing sample. However, 

for 2.5 at % Eu3+ containing sample, the asymmetric ratio of luminescence is quite different 

from EuPO 3+ phase, suggesting that Eu  ions are in a different environment in GaPO4 4 

nanoparticles containing 2.5 at % Eu3+. Presence of Eu3+ ions during precipitation reaction to 

form GaPO4 can either lead to the formation of europium hydroxide phase or result in 

replacing protons of the surface hydroxyl groups attached to surface gallium or phosphorus 

species present on the nanoparticles.  

 In order to check the first possibility,  Eu3+ ions were subjected to hydrolysis in 

glycerol medium using urea as the reagent for hydroxide formation (urea and not ammonium 

dihydrogen phosphate was used for precipitation to prevent the formation of EuPO4 phase). 

Emission spectrum from the sample obtained after 260 nm excitation is shown in Fig.57. The 

asymmetric ratio of luminescence is found to be 4.2 which is significantly higher than the 

value 2.2 observed from GaPO 3+ nanoparticles containing 2.5 at % Eu4  ions. These data 

suggest that Eu3+ ions do not exist as europium hydroxide phase along with the GaPO4 

nanoparticles.  
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Fig.57 Emission spectrum of europium hydroxide sample prepared in glycerol medium by the 
identical method as that employed for GaPO  and EuPO4 4 nanoparticles, except that 
urea rather than ammonium dihydrogen phosphate was used to create the alkaline 
environment and to prevent the formation of EuPO  phase. 4
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The second possibility is the exchange of protons of OH groups attached to phosphorus or 

gallium ion at the surface of GaPO4 nanoparticles. Such ion exchange process is expected to 

affect the electronic environment around P and this will be reflected in the 31P Magic Angle 

Spinning Nuclear Magnetic Resonance (MAS NMR) spectrum of the samples. Hence the 31P 

MAS NMR patterns of the samples were recorded and are described below. 

314.2.3 P MAS NMR studies: Figure 58 shows the 31P MAS NMR patterns of GaPO4 

nanoparticles containing different amounts of Eu3+ ions.  As prepared GaPO4 sample showed 

a sharp peak around δ -10 ppm with weak shoulder around -6 ppm in the 31P MAS NMR 

spectrum (Fig.58 (a)). Based on the previous 31P MAS NMR studies on GaPO  and Al Ga4 x 1-

xPO4 samples [236, 237] the peak at -10 ppm has been attributed to the P structural units 

having four Ga3+ ions as its next nearest neighbors (first neighbor being the oxygen atom). 

The weak shoulder has been attributed to P structural units existing at the surface of the 

nanoparticles which have got linkages with the OH groups. Shoulder peak is more broadened 

compared to the main peak, due to the strong dipolar interaction between 31 1P and H nuclei. 

With incorporation of 2.5 at % Eu3+, the peak maximum of the main and shoulder peaks 

remained same, however their line widths are higher compared to GaPO4 nanoparticles 

(Fig.58 (b)). With increase in Eu3+ concentration, the line width of the peak increases and the 

shoulder is merged with the main peak around -10 ppm (Fig.58 (c and d)) due to increased 

line broadening. The peak maximum is found to be same for all the samples confirming that 

neither there is any solid solution formation between GaPO  and EuPO4 4 nor there is any 

formation of P-O-Eu3+ linkages.  Broadening of the peaks can be attributed to the existence of 

paramagnetic europium species along with the GaPO  nanoparticles. EuPO4 4 phase formation, 

as revealed by luminescence studies for samples containing higher Eu3+ contents (5% or 

more), could not be confirmed by 31  P MAS NMR as it showed no resonance signal due to the 

higher extent of paramagnetic broadening brought about by the presence of four europium 
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ions as next nearest neighbors around P in orthophosphate structural units.  Significantly 

different values of solubility product for Ga(OH)3 (7.3 x 10-36) and Eu(OH)  (9.4 x 10-27
3 ) 

further suggests that the ion exchange process is quite favorable in these system [177]. 
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31Fig.58. P MAS NMR patterns of GaPO4 nanoparticles containing (a) 0 at %, (b) 2.5 at %, 
(c) 5 at % and (d) 10 at % Eu3+ ions. Samples were spun at 10000Hz. 

 

 To get insight regarding the electronic environment around P in these samples, 

principal values of the 31P chemical shift anisotropy tensor (δ11, δ22 and δ33) for GaPO4 

nanoparticles containing different amounts of Eu3+ ions have been calculated from the 

intensity of spinning sidebands observed in the 31P MAS NMR patterns (recorded at a 

spinning speed of 5000 Hz) (Table 6). The anisotropy parameter has been calculated from the 

difference of δ11 and δ33 values and found to be around 20 ppm for GaPO4 and 27 ppm for 2.5 

at % Eu3+ containing GaPO  nanoparticles. For 5 and 10 at % Eu3+ containing sample, the 4
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chemical shift anisotropy is much higher and the value significantly increases with increase 

in Eu3+ content in the sample (viz. Table 6). Comparable values of chemical shift anisotropy 

for both GaPO  and 2.5 at % Eu3+ incorporated GaPO4 4 nanoparticles, further confirm the 

absence of P-O-Eu3+ linkages in the sample. In other words Eu3+ ions are not in the near 

vicinity of P and must be in the vicinity of Ga3+ ions, as Ga-O-Eu linkages formed by 

undergoing surface ion exchange with protons of the Ga-OH linkages. For GaPO4 

nanoparticles with higher Eu3+ concentrations (5 at % and more), there is an increase in 

fluctuating magnetic field created around P by paramagnetic EuPO4 nanoparticles. Similar 

increase in the side band intensities and anisotropy values are also observed in 29Si and 

27Al MAS NMR patterns of alumino silicates containing paramagnetic iron compounds [238, 

239]. A schematic diagram showing the ion exchange process leading to the formation of Ga-

O-Eu linkages is shown in Fig.59. No separate peaks corresponding to EuPO4 phase is seen 

in the XRD patterns for sample corresponding to more than 2.5 atom % Eu3+. This is because 

of its relatively smaller concentration and poor crystallinity associated with its nanophase 

nature. 

Table 6. The anisotropy parameter (∆δ) obtained form the components of the chemical shift 
tensor (δ11, δ22 and  δ33)  which are calculated from the side band intensities 
observed form the 31P MAS NMR patterns of GaPO4 sample containing different 
amounts of Eu3+ ions. The line width of the peak (Γ) is also given in the table. Error 
in the chemical shift values is ±1 ppm. 

  
Structural Value 

of  Γ 
Value 
of δ

Value 
of δ

Value 
of δ

Value 
of δ

Value of ∆δ  
(ppm) Configuration of  31P iso 11 22 33 

(ppm) (Hz) (ppm) (ppm) (ppm) |δ33-δ11| 

GaPO -10 344 2 -14 -18 20 4
 

GaPO -10.3 472 7 -17 -20 27 4
3+with 2.5 at % Eu  

GaPO       4
3+ -10.3 516 21 -23 -29 50 with 5 at % Eu

GaPO       4
3+with 10 at % Eu -10.3 626 29 -24 -36 65 
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3+Fig.59. Schematic diagram of Eu  species present on the surface of the GaPO  nanoparticles. 4

 

For understanding the nature of interaction of ligands (glycerol molecule) with the 

surface Ga3+/Eu3+ species present in GaPO4 nanoparticles, FT-IR spectra were recorded for 

both GaPO4 nanoparticles and GaPO  nanoparticles containing 2.5 at % Eu3+
4  ions and are 

shown in Fig.60. Both the patterns are identical with peak positions around 3403, 2948, 2117, 

2356 and 1654 cm-1 as can be seen from Fig.60. In fact, the spectra for the 5 and 10 atom % 

Eu3+ containing samples are also same as that of undoped GaPO4 nanoparticles. The peaks 

centered around 3403 and 1654 cm-1 correspond to stretching and bending vibrations 

respectively of O-H groups present on the surface of the nanoparticles as well as from 

glycerol molecule [240]. The less intense peak ~ 2948 cm-1 is assigned to asymmetric and 

symmetric stretching vibrations of C-H linkages of the stabilizing glycerol molecules. The 

weak peaks around 2117 and 2356 cm-1 can be considered as the overtones of the δ(OH) 

bending vibrations [241]. There is no change in the line shape and peak positions of the peaks 

corresponding to the different vibrational modes of the ligand molecules present with both 

undoped and 2.5 at % Eu3+ containing GaPO  nanoparticles. This suggests that Eu3+ ions do 4
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not have strong interaction with the ligand molecules. Hence from  the luminescence, FT-IR 

and 31 3+P MAS NMR spectrum, it is confirmed that up to 2.5 at % Eu  containing GaPO4 

nanoparticles, Eu3+ replaces protons of the Ga-OH linkages, forming Ga-O-Eu type of 

linkages and beyond which separate EuPO  phase is formed. 4
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Fig.60. FT-IR spectrum of GaPO  nanoparticles containing 0 % and 2.5 at % Eu3+
4

 

4.3. Studies on Antimony phosphate nanomaterials: Antimony phosphate nanomaterials 

were prepared at 130°C by precipitating Sb3+ using ammonium dihydrogen phosphate in 

ethylene glycol, glycerol and mixture of them.  

4.3.1. Effect of ethylene glycol to glycerol ratio on size and shape of SbPO4:Ln 

nanomaterials: Figure 61 shows XRD patterns of as prepared SbPO4 sample, obtained by 

using pure glycerol, mixtures of glycerol and ethylene glycol and pure ethylene glycol. For 

samples prepared in glycerol as well as mixture of glycerol and ethylene glycol, crystalline 

SbPO4 with monoclinic structure has been observed. It should be noted here that for samples 

prepared in pure ethylene glycol, no sharp peak characteristic of crystalline material is 

observed revealing that reaction in pure ethylene glycol leads to the formation of an 

amorphous product. Average crystallite sizes as calculated from the line width of the XRD 
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peaks are found to decrease with increase in ethylene glycol content in the reaction medium. 

Table 7 shows the variation in average crystallite size as a function of relative amounts of 

ethylene glycol and glycerol in the reaction medium. From these results, it is inferred that the 

average crystallite size can be tuned by varying the relative amounts of ethylene glycol and 

glycerol in the reaction medium. The observed variation in the crystallite size with change in 

the relative concentration of the solvent has been explained based on the increase in viscosity 

of the medium with increase in the relative concentration of glycerol and associated increase 

in growth rate. XRD patterns are least square fitted to determine the lattice parameters. The 

values for un-doped SbPO4 samples are a = 5.099(1) Å, b = 6.767(2) Å, c = 4.749(1) Å with β 

= 94.73. Corresponding values for the 5% Tb3+ doped nanoparticles are a = 5.093(1) Å, b = 

6.769(2) Å, c = 4.733(1) Å with β = 94.69.  There is no significant change in the values of 

lattice parameters for both doped and un-doped samples. This can be attributed to the 

comparable ionic radii of Sb3+ and Tb3+ under a coordination number of four. In order to 

check the nature of amorphous product obtained when pure ethylene glycol is used as the 

solvent, IR patterns were recorded for the amorphous product and it is compared with the 

patterns obtained from crystalline SbPO4 sample. Figure 62 shows IR spectra of as prepared 

SbPO4 sample obtained by using pure ethylene glycol, pure glycerol and a mixture of 

glycerol and ethylene glycol (10 ml each).  

 

Table.7. Effect of variation volume of solvents on the average crystallite size of SbPO4 
nanomaterials.   

 
Volume of 

glycerol (ml) 
Volume of ethylene 

glycol (ml) 
Average crystallite size  

(nm) 
20 0 46 

10 10 28 

8 12 12 

0 20 - 
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Fig.61. XRD Patterns of SbPO :Tb3+
4  nanomaterials synthesized from (a) 20 ml glycerol, (b) 

10 ml ethylene glycol and 10 ml glycerol, (c) 12 ml ethylene glycol and 8 ml glycerol 
and (d) 20 ml ethylene glycol. 
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Fig.62. FT-IR Spectra of SbPO :Tb3+
4  samples obtained in (a) ethylene glycol medium, (b) 

glycerol medium and (c) mixture of ethylene glycol and glycerol medium (10 ml 
each). 
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 All the patterns were characterized by three intense peaks centered around 958, 

1040 and 1135 cm-1. Based on previous investigations [242-244] these peaks have been 

assigned to three non-degenerate P-O stretching vibrations of P-O-Sb3+ linkages. The peaks 

around 640 and 590 cm-1 have been attributed to the stretching vibration of Sb-O linkages 

present in P-O-Sb3+ linkages [244]. Peaks are slightly broadened in the case of amorphous 

product, indicating the higher extent of disorder present in the sample. The FT-IR pattern 

indicates that the product obtained from pure ethylene glycol is amorphous SbPO :Tb3+. 4

  Figure 63 shows the TEM images of SbPO : Tb3+
4  samples prepared by using 

ethylene glycol-glycerol mixture. The images indicate the presence of both nanoribbons and 

nanoparticles of SbPO : Tb3+
4 . The ribbons have length and width in the ranges of 500-700 

and 100-200 nm, respectively (Fig.63 (a)). The images also have very fine nanoparticles of 

the size varying between 2 and 5 nm Fig.63 (b). Selected area electron diffraction patterns of 

both nanoribbons and particles showed crystalline nature of the samples (Fig.63 (c)). Further 

symmetry in the SAED patterns indicate the preferential orientation/ alignment of the 

nanoribbons existing in the sample. This is also in agreement with the powder XRD results 

(Fig.61). High-resolution image from a nanoparticle is shown in Fig.63 (d). The line spacing 

of 3.39 ± 0.05 Å between the lattice fringes matches well with the distance between the (020) 

planes of SbPO4 lattice. Depending on the relative percentages of ethylene glycol and 

glycerol, the tunability in the morphology of SbPO4 can be achieved. For example, carrying 

out the reaction in pure ethylene glycol leads to the formation of very small particles of 

SbPO4 whereas carrying out the reaction in pure glycerol yields primarily nanoribbons. 

Anisotropic growth mechanism generally leads to the formation of nanorods or nanoribbons 

whereas the isotropic growth mechanism gives nanoparticles. This change in morphology has 

been again attributed to the wide difference in the viscosity of ethylene glycol and glycerol. 

Lower viscosity of ethylene glycol favors a faster diffusion of the precursor ions to the 
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growth centre compared to higher viscosity glycerol. This leads to the isotropic growth of the 

material in ethylene glycol compared to glycerol. 

  

 (a)  (b) 

 (c) (d) 
 

3+Fig.63. TEM images of (a) SbPO4:Tb  nanoribbons and (b) SbPO :Tb3+
4  nanoparticles. The 

selected area electron diffraction pattern from the sample and the high resolution 
TEM image of a nanoribbon is shown in Fig.63 (c and d) respectively. 

 

4.3.2 Luminescence studies on SbPO4:Ln nanoparticles/ nanoribbons: Luminescence 

property of these nanomaterials needs to be understood before incorporating them into 

different matrices like glassy materials or thin films for various optical applications. Figure 

64(a and b) shows the emission spectra of SbPO4:Eu3+(5%) and SbPO :Tb3+
4 (5%) 

nanoparticles/ nanoribbons. For Eu3+ doped samples, the spectrum consists of mainly two 

peaks around 590 and 616 nm. The peak around 590 nm is characteristic of magnetic dipole 

(5D0→7F1) transition and that around 616 nm is characteristic of electric dipole (5D →7F0 2) 

transition. Asymmetric ratio of luminescence (defined as the ratio of the relative intensity of 
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5D0→7F2 to 5D0→7F1 transition) is calculated from the emission spectrum and found to be 

1.14. The excitation spectrum corresponding to 616 nm emission is shown as an inset in 

Fig.64 (a). In addition to the sharp peaks characteristic of intra 4f transitions of Eu3+ ions, a 

broad asymmetric peak centered on 250 nm with a shoulder around 220 nm is observed in the 

excitation spectrum. Based on detailed luminescence studies on Eu3+ doped and un-doped 

SbPO4 nanoparticles/ nanoribbons, the broad peak centered on 250 nm has been attributed to 

the Eu-O charge transfer process and the weak shoulder around 220 nm to the host 

absorption. Eu3+ emission has been observed from these samples after excitation at 250 and 

220 nm indicating that there is energy transfer from the host to Eu3+ions.  
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Fig.64. Emission spectrum of (a) SbPO4:Eu3+ 3+ , (b) SbPO :Tb4 nanoparticles/ nanoribbons 
obtained after 220nm excitation. Insets show corresponding excitation spectrum 
monitored at 616 and 545 nm emission. 

 

 For Tb3+ 3+  doped SbPO  nanoparticles/ nanoribbons (Fig.64 (b)), strong Tb4 emission 

characteristic of 5 7 5 7 5 7 5D4 Æ F3, D4 Æ F4, D4 Æ Æ7F  and D F transitions have been 5 4 6 
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observed after excitation at 250 and 220 nm. Excitation spectrum corresponding to 545 nm 

emission from these nanoparticles/ nanoribbons is shown as an inset in Fig.64 (b). Along with 

less intense sharp peaks characteristic of intra 4f transitions of Tb3+ ions, broad peak around 

250 nm, which is characteristic of 4f→5d transition of Tb3+ ions is also observed. The host 

absorption around 220 nm characteristic of SbPO4 is not clearly observed as it is masked 

under the intense 4f→5d transition peak. The intensity of 250 nm peak increases with 

increasing Tb3+ concentration in SbPO  nanoparticles/ nanoribbons.  4

To confirm incorporation of lanthanide ions in the SbPO  host, pure EuPO4 4 and 

TbPO4 samples were prepared in a manner identical to the synthesis of SbPO :Eu3+
4  and 

SbPO :Tb3+. No emission could be seen from TbPO4 4 sample under all excitation 

wavelengths, whereas weak emission with asymmetric ratio of luminescence 0.78 has been 

observed from EuPO  sample (Fig.65). 4
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Fig.65. Emission spectrum of EuPO  sample obtained after 250 nm excitation. 4
 

 Poor emission from these samples has been attributed to the significant quenching due 

to decreased Eu3+-Eu3+ distance brought about by high lanthanide ion concentration. The 

asymmetric ratio of luminescence, which is very sensitive to the Eu3+ local environment, is 

quite different for EuPO 3+ (0.78) as compared to SbPO :Eu (1.14). Observation of strong Eu4 4  

and Tb3+ emission from SbPO4:Eu3+ and SbPO :Tb3+ along with quite different values of 4
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asymmetric ratios of luminescence for SbPO :Eu3+ and EuPO4 4 samples confirm that no 

separate EuPO4/ TbPO4 phase is formed, instead lanthanide ions like Tb3+ and Eu3+ are 

incorporated in SbPO 3+
4 host. Had these ions formed separate phase, strong Tb  and 

Eu3+
 emission would not have been observed from the lanthanide ions doped SbPO4 samples. 

Final confirmation for the lanthanide ion incorporation in the SbPO4 host comes from the 

lifetime values of 5 3+D0 level of Eu  in SbPO4:Eu3+ and EuPO4. The 5D lifetime of Eu3+
0  is 2.0 

ms (97%) and 0.004 ms (3%) for SbPO :Eu3+
4 and the corresponding values are 0.8 ms (73%) 

and 0.42 ms (27%) for EuPO 5 3+. Significantly higher D lifetime value corresponding to Eu4 0  

ion in SbPO4:Eu3+ compared to that of EuPO  further substantiate the fact that Eu3+
4  ions are 

incorporated in the SbPO  host and not existing as separate EuPO .   4 4

With a view to compare the photoluminescence intensities of SbPO :Ln3+
4  

nanoparticles/ nanoribbons with that of bulk materials, SbPO4:Eu3+ and SbPO :Tb3+
4 , bulk 

materials were prepared by solid-state reaction between Sb O2 3 and ammonium dihydrogen 

phosphate at 500°C.  XRD patterns of the reaction product confirmed formation of crystalline 

SbPO4. Figure 66 shows the emission and excitation spectra from these samples. For the 

same amount of sample, photoluminescence intensities of bulk materials are comparable with 

that of nanomaterials. (Host absorption around 220 nm is more clearly seen in the inset of 

Fig.66 (a)). Based on these results it is inferred that the luminescent SbPO4 nanomaterials 

prepared at low temperature are equally good as bulk materials and has an added advantage 

of dispersability in methanol and water. 

Luminescence measurements were also carried out for SbPO4 nanoparticles/ 

nanoribbons as a function of Tb3+ doping concentration. Figure 67 shows the emission 

spectrum from SbPO  nanoparticles/ nanoribbons containing different amounts of Tb3+
4  ions 

and excited at 250 nm. The emission intensity is maximum for 2 atom % Tb3+ doped samples 

and it systematically decreased with further increasing Tb3+ concentration due to 
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concentration quenching. Tb3+ 3+ luminescence improves by co-doping of Ce  in SbPO :Tb3+
4  

nanomaterials. This has been attributed to the energy transfer from Ce3+ 3+ to Tb  ions in the 

lattice. In the following section, structure, morphological and luminescence characteristic of 

Ce3+ co-doped SbPO :Tb3+ nanomaterials are discussed. 4
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Fig.66. Emission spectrum of (a) SbPO4: Eu3+ and (b) SbPO : Tb3+ 
4 bulk materials prepared by 

solid state reaction (excitation wavelength was 220 nm). Insets show corresponding 
excitation spectrum monitored at 616 and 545 nm emission. 
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Fig.67. Emission spectra of SbPO4 nanoparticles/ nanoribbons doped with 1, 2, 2.5, and 5 at 
% Tb3+ ions. Samples were excited at 250 nm. 
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3+4.3.3 Studies on Ce  co-doped SbPO4:Tb3+ nanomaterials and their dispersion in silica: 

Figure 68 shows TEM images of SbPO 3+
4:Ce (2.5%),Tb3+(5%) samples dispersed in SiO2. 

The ribbons are shown in Fig.68 (a). Their length and width are in the range of 700-800 and 

20-50 nm, respectively. In addition to these nanorods, nanoparticles of size 2-5 nm are also 

present as revealed by the TEM image (Fig.68 (b)). Nanoribbons are aggregated and are 

surrounded by silica, as can be seen from the contrast difference observed in the TEM image 

arising due to the high refractive index of SbPO4 compared to silica. Selected area diffraction 

from the sample is shown in the Fig.68 (c).  

 

(a) (b) 

(c) (d) 

3+Fig.68. TEM images of (a) SbPO4:Ce (2.5%),Tb3+(5%) nanoribbons in silica and (b) 
SbPO 3+

4:Ce (2.5%),Tb3+(5%) nanoparticles in silica. A representative selected area 
electron diffraction pattern and a high resolution TEM image from these nanoribbon 
are shown in Fig.68 (c and d), respectively. 
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 Compared to the selected area electron diffraction pattern shown in Fig.63 (c), the 

dots corresponding to the diffraction patterns observed in Fig.68 (c) are not symmetrically 

placed, indicating that there exists lesser extent of preferential orientation in the sample after 

dispersion in silica. High-resolution image of a nanoparticle is shown in Fig.68 (d). Lattice 

fringes can be clearly seen in the image. The distance between the lattice planes, 3.32 ± 0.05 

Å, match well with the (020) plane of SbPO4 phase. XRD and TEM studies do not give any 

indication regarding the incorporation of the lanthanide ions in SbPO4 lattice. In order to 

confirm this aspect, detailed structural studies have been carried out using infrared and 

Raman spectroscopic techniques. 

4.3.4 Proof for the incorporation of lanthanide ions into SbPO4 lattice: Figure 69 shows 

the Raman spectrum of un-doped SbPO 3+
4, SbPO4:Ce (2.5%),Tb3+(5%), 

SbPO 3+
4:Ce (2.5%),Tb3+(5%)-SiO2 samples. The patterns appear identical for all the samples. 

All the patterns are characterised by sharp peaks at ~ 210, 350, 471, 578, 618, 971 and 1048 

cm-1. In addition to this, broad peaks at ~ 437, 664, 770 and 931 cm-1 are observed. The 

position of these peaks is in close agreement with those reported by Nalin, et al. [245]. The 

SbPO4 crystallize in C2h
2 space group and comprises of PO4 tetrahedral units bound to the 

Sb(III) polyhedral units (trigonal bipyramidal configurations) through asymmetrical bridging 

oxygen atoms [246]. The isolated PO  groups with T4 d symmetry, when placed at C2h sites, 

(corresponding to the monoclinic SbPO4 unit cell) results in the decomposition of the 

vibrational species into the following modes.  

A : A  + B ,      2F : 4A  +4B  +2A +2B1 g u 2 g u u g ,       E: A  +B  +A +Bg u u g

Among these, the six A  and three B  modes are Raman active while the 3A  and 6Bg g u u modes 

are IR active. The peaks at ~ 355, 623, 976 and 1053 cm-1 are of the Ag type, while peaks at ~ 

476 and 583 cm-1 are of the Bg type. Replacement of Sb3+ by lanthanide ions (Ce3+ 3+ or Tb ) is 

expected to have significant effect on the P-O stretching modes of PO  units in SbPO . We 4 4
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have noticed that the peak maximum at ~ 1053 cm-1 characteristic of the asymmetric 

stretching vibration of PO4 structural units, decreases with doping lanthanide ions in the 

SbPO4 lattice, as can be seen from Fig.69 (b). Shifting of the peak maximum corresponding 

to the asymmetric P-O stretching mode of PO4 units to lower wave numbers has been 

attributed to the combined effect of heavier mass of Ce3+ 3+ 3+ and Tb  ions compared to Sb  ion 

and decrease in the covalency of P-O linkages brought about by replacement of Sb3+ 3+ by Ce  

and Tb3+ ions in SbPO  lattice.  4
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Fig.69. Raman spectrum over the entire region (a) corresponding to un-doped SbPO4, 

SbPO 3+
4:Ce (2.5%),Tb3+ 3+(5%) and SbPO4:Ce (2.5%),Tb3+(5%) samples dispersed in 

silica. The peak corresponding to the asymmetric stretching vibrations of PO4 
tetrahedra in these samples observed over the region of 1000-1080 cm-1 is shown in 
Fig.69 (b). 

 

Similar trend is also observed for the asymmetric stretching vibration of the PO4 units 

in the IR spectrum (Fig.70 (a)). In addition to the vibrations of PO4 stretching, the vibrations 

characteristic of Sb-O linkages (peak observed ~ 640 cm-1) is also affected (Fig.70 (b)). The 

peak at 640 cm-1 shows a systematic lowering with increase in lanthanide ion concentration in 

SbPO4. This is not very clear in the Raman spectrum due to weak intensity for peak 

corresponding to Raman mode of Sb-O linkages. Hence based on the IR and Raman studies it 

is established that lanthanide ions such as Ce3+ 3+ and Tb replace Sb3+ ions in the SbPO    4
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lattice. Lanthanide ions occupying such a low symmetry environments (coordination number 

4) in inorganic hosts is observed for the first time. 
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Fig.70. FT-IR patterns corresponding to SbPO4 nanoribbons/ nanoparticles containing 

different concentrations of Tb3+ ions. The peak corresponding to the Sb-O stretching 
vibration in these samples observed over the region of 600-700 cm-1 is shown in 
Fig.70 (b). 

 

The effect of SiO  coating is very clearly seen in the symmetric PO2 4 stretching mode 

at ~ 930 cm-1 (Fig.71). The peak at ~930 cm-1 for undoped SbPO4 and 

SbPO 3+
4:Ce (2.5%),Tb3+(5%) sample remains unchanged. The increased width in silica coated 

SbPO 3+
4:Ce (2.5%),Tb3+(5%) sample is due to random distribution of phosphate structural 

units in the SiO  matrix. The presence of Si attached with the PO2 4 tetrahedra (P-O-Si 

linkages) results in weakening of the νsym vibrational group frequencies at ~930 cm-1. In fact, 

a careful analysis of the 930 cm-1 peak (Fig.71 (c)) indicates that there are two overlapping 

peaks, one at ~930 cm-1 similar to what is observed for the undoped and 

SbPO 3+
4:Ce (2.5%),Tb3+(5%) sample and another at ~ 921 cm-1 which represent the changed 

bonding configuration of the PO4 units in the silica matrix. Thus, the phosphate groups are 

present in two different environments. One such possible change in the bonding environment 

is the terminal O atoms of surface PO  tetrahedron of SbPO  nanoribbons/ nanoparticles 4 4
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being bonded with the Si atoms (i.e. P-O-Si type of linkages). Phosphorus being more 

electronegative than Si, this will result in a reduction in the force constants, and hence 

lowering of Raman frequency. This effect is more prominent for the symmetric PO4 vibration 

and hence we observe two peaks in the present case.  
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Fig.71 Raman spectrum corresponding to symmetric PO4 stretching mode of (a) un-doped 
SbPO 3+

4 (b) SbPO4:Ce (2.5%),Tb3+ 3+(5%) and (c) SbPO4:Ce (2.5%),Tb3+(5%) samples 
dispersed in silica. 

 

4.3.5 Luminescence studies on SbPO4:Ce, Tb and effect of incorporation of 

nanomaterials in silica: Figure 72 shows the emission spectra of SbPO :Tb3+
4 (5%), 

SbPO 3+
4:Ce (2.5%),Tb3+ 3+(5%) and SbPO4:Ce (2.5%),Tb3+(5%)-SiO2 obtained after 250 nm 

excitation. The peaks observed ~ 489, 543, 585, and 621 nm correspond to transitions from 

5D4 level to 7 7 7F6, F5, F4 and 7F  levels, respectively of Tb3+
3 ion. It is worth noting that, unlike 

Tb3+ or Ce3+-Tb3+ doped SbPO  samples, pure TbPO4 4 prepared by the identical method as 

that of SbPO :Tb3+
4  samples did not show any emission (inset of Fig.72). This aspect 

substantiate the fact that Tb3+ ions are getting incorporated in SbPO4 lattice and do not exist 

as separate TbPO4 phase, a fact which is also confirmed from the vibrational studies 

described above. It is also observed that Ce3+ ion shows very weak emission in the UV 

region. A representative Ce3+ 3+ emission spectrum from SbPO4:Ce (2.5%),Tb3+(5%) sample 
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obtained after 275 nm excitation is shown as an inset in Fig.72. Weak emission has been 

attributed to the enhanced non-radiative decay of Ce3+ ions in the present host. 

 

450 500 550 600 650
0

500

1000

1500

2000

2500

3000

 5D4   
7F3 5D4   

7F4

 5D4   
7F5

320 340 360

0

150

300

 

 

In
te

ns
ity

Wavelength (nm)400 500 600
0

30

60

 

 

In
te

ns
ity

 

Wavelength (nm)

*

 

(c)
(b)

In
te

ns
ity

 (a
rb

.u
ni

ts
)

Wavelength (nm)

(a)

Tb3+ Ce3+

 5D4    
7F6

 

Fig.72. Emission spectrum from nanoribbons/ nanoparticle of (a) SbPO :Tb3+
4 (5%), (b) 

SbPO 3+ 3+ 3+ 3+: Ce (2.5%), Tb (5%), and (c) SbPO : Ce (2.5%),Tb4 4 (5%) dispersed in 
silica. Samples were excited at 250 nm. Inset at the left side shows the emission 
spectrum of TbPO4 samples prepared by the identical method as that adopted for 
other samples and the inset at the right side shows the Ce3+ emission from SbPO4: 
Ce3+(2.5%),Tb3+(5%) sample obtained after 278 nm excitation. The peak marked 
“*” in the left inset is an artifact. 

 

Since the samples are powder in nature, it is not very accurate to compare the peak 

intensities of the emission spectra, while comparing their luminescence properties. Instead, 

the lifetime of the 5D  level of Tb3+ in these samples4  can be compared for judging their 

luminescent efficiencies. The decay curve corresponding to the 5D  level of Tb3+
4  obtained 

after exciting the samples at ~ 250 nm (4f→5d transition of Tb3+) and monitoring the 

emission at ~ 544 nm (5D4 →7 3+F  transition of Tb5 ) for these samples are shown in Fig.73. 

The decay curves are found to be bi-exponential in nature for both SbPO :Tb3+
4 (5 at %) and 

SbPO 3+
4:Ce (2.5%),Tb3+(5%) nanoribbons/ nanoparticles, and single exponential in nature for 

SbPO 3+
4:Ce (2.5%),Tb3+(5%) nanoribbons/ nanoparticles incorporated in silica. The measured 
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lifetime values along with their relative contribution to the over all decay profile are shown in 

Table 8. The lifetime values of the 5D4 level of Tb3+ in the SbPO :Tb3+
4 (2.5 at %) sample are 

0.4 ms (τ1) and 2.1 ms (τ2) and the values corresponding to Ce3+ co-doped SbPO :Tb3+
4 (5 at%) 

sample are 0.4 ms (τ ) and 2.4 ms (τ1 2) with their relative contribution in the ratio ~ 22 : 78 for 

both the samples. In the case of SbPO 3+
4:Ce (2.5 at %),Tb3+(5 at %)-SiO2 samples, the faster 

component is absent.  
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Fig.73. Decay curves corresponding to the 5D level of Tb3+
4  ions from nanoribbons / 

nanoparticles of (a) SbPO4:Tb3+ 3+(5 at %), (b) SbPO4:Ce (2.5 at %),Tb3+(5 at %) and 
(c) SbPO 3+

4: Ce (2.5 at %), Tb3+(5 at %) dispersed in silica. The samples were 
excited at 250 nm and emission was monitored at 544 nm. 

 

Table 8. The lifetime values corresponding to the 5D4 level of Tb3+ 3+
 ions in SbPO4:Ce , Tb3+ 

nanoribbons/ nanoparticles along with the χ2 values obtained from fitting. The 
numbers in brackets give the relative concentration of each lifetime components. 
Error in the lifetime values are within 5% as revealed by the duplicate 
measurements 

 
Lifetime values Sample name Effective lifetime 

(ms) 2τ  (ms) τ  (ms) χ1 2

SbPO :Tb3+(5%) 0.4 (23%) 2.1 (77%) 1.1 3.09 4

3+SbPO4:Ce (2.5%),Tb3+(5%) 0.4 (22%) 2.4 (78%) 1.2 3.28 
3+SbPO4:Ce (2.5%),Tb3+(5%) - SiO - 2.2(100%) 1.1 3.01 2
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The luminescence dynamics associated with multiple lifetime components can be better 

pictured through effective lifetime (τeff). The effective lifetime (τeff), which is measure of the 

average environment around the Tb3+ ions in the sample, is calculated based on the equation 

(20). 

0
eff

0

( )

( )

tI t dt

I t dt
τ

∞

∞=
∫

∫
      ………………… (20) 

                                      where I(t) is the intensity at any time t 

From Table 8 it is evident that, Ce3+ 3+ co-doping in SbPO :Tb4 , leads to slight increase in the 

τ2 component of the decay corresponding to the 5D  level of Tb3+ ions. This increase in the τ4 2 

component is responsible for the increased τeff values.  The bi-exponential nature of the decay 

curves of SbPO4:Tb3+ 3+(5%) and SbPO4:Ce (2.5%),Tb3+(5%) nanoribbons/ nanoparticles can 

be attributed to the presence of Tb3+ ions in at least in two different environments, namely the 

one at the bulk and the other at the surface of the nanoribbons/ nanoparticles. The 

luminescence originating from the surface of the nanoribbons/ nanoparticles is responsible 

for the τ  component whereas that originating from the bulk is responsible for τ1 2 component. 

The lanthanide ions at the surface will undergo faster quenching compared to the ones at the 

bulk due to the presence of stabilising ligands at the surface. The vibrations associated with 

the C-H, O-H and C-O linkages of the stabilising ligands are responsible for the non-radiative 

decay of the lanthanide ions excited states. The presence of stabilising ligand with the SbPO4 

nanoribbons/ nanoparticles has been confirmed from IR pattern of the sample. Thus an 

increased component of the non-radiative transition in case of samples which are not 

incorporated in silica, results in a shorter lifetime component. However, when the 

nanoribbons/ nanoparticles are dispersed in silica, the ligands are removed from the surface, 

thereby leading to the appearance of a single exponential decay curve. The similar τ  values 1

 129



 130

that are observed for both the SbPO4:Tb3+(5%) and SbPO4:Ce3+(2.5%),Tb3+(5%) samples 

further support that the faster component (τ1) is originating from the lanthanide ions present 

at the surface of the nanoribbons/ nanoparticles. Replacement of the ligands from the surface 

of the nanoparticles by silica matrix is schematically shown in Fig.74. 

 
   

 

 

 

 

 

Fig.74. Schematic representation showing the effect of incorporation of nanoparticles in silica 
matrix. 

 

In order to confirm whether energy transfer is taking place between Ce3+ and Tb3+ 

ions in the SbPO4:Ce3+, Tb3+ nanoribbons/ nanoparticles, excitation spectra were recorded by 

monitoring the 5D4→7F5 transition of Tb3+ ions at 545 nm (Fig.75).  The excitation spectrum 

of SbPO4:Tb3+(5%) (Fig.75 (a)) has a broad and intense band at ~250 nm and sharp and weak 

features at 284, 303, and 318 nm. The former broad band at ~250 nm corresponds to allowed 

4f to 5d transition of Tb3+ and latter sharp peaks belong to intra 4f transitions of Tb3+ ion. The 

lower intensity of latter peaks is because of forbidden nature of f-f transitions. The shielding 

of 4f electrons by 5s and 5p electrons from surroundings results in the relatively sharper 

peaks. Co-doping SbPO4:Tb3+(5%) nanoribbons/ nanoparticles with Ce3+ results in an 

additional peak centered around 278 nm with two shoulders. As 4f→5d transition of Tb3+ and 

Ce3+ ions have very high value of oscillator strength  and assuming comparable transition 

probabilities for the 4f→5d transition of Tb3+ and Ce3+ ions, the excitation spectrum has been 

de-convoluted based on a Gaussian fit. De-convolution of the excitation spectrum revealed 
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that the broad peak can be resolved into three peaks, with an intense peak centered at 278 nm 

and two less intense peaks around 300 and 257 nm. 
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Fig.75. Excitation spectrum corresponding to the 5D4→7F  transition of Tb3+
5  ions (544 nm) 

from nanoribbons/ nanoparticles of (a) SbPO4:Tb3+(5%), (b) SbPO : Ce3+
4 (2.5%), 

Tb3+ 3+ 3+(5%) and (c) SbPO4: Ce (2.5%), Tb (5%) dispersed in silica. 
 

Based on the comparison of the spectra shown in Fig.75, it is inferred that the peak 

around 257 nm is due to the 4f→5d transition of Tb3+ and the remaining two peaks are due to 

the 4f →5d transition of Ce3+. This is further confirmed from the excitation spectrum of 

SbPO 3+:Ce4 (5%) which gave an excitation peak centered around 278 nm with an asymmetry 

around 300 nm (not shown). Slight red shift (~ 7 nm) in the excitation peak maximum of 

4f→5d transition of Tb3+ can be attributed to the changes in the SbPO4 lattice brought about 

by both Tb3+ 3+ and Ce  ions doping. Observation of 4f→ 5d excitation peaks for both Tb3+ and 

Ce3+ 3+, ions in the excitation spectrum obtained by monitoring Tb  emission around 544 nm 

confirms the existence of energy transfer from Ce3+ 3+ 3+ to Tb  ions in Ce  co-doped 

SbPO4:Tb3+ 3+ nanoribbons/ nanoparticles. The relative intensity of 4f→5d transition of Tb  to 
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3+ 3+Ce  ions is in the ratio of around 40:60 for both SbPO4:Ce (2.5%), Tb3+ (5%) nanoribbons/ 

nanoparticles as well as the nanoribbons/ nanoparticles dispersed in silica, suggesting that the 

extent of energy transfer is approximately 60 %. The values are comparable with the energy 

transfer efficiency estimated from the Ce3+ emission in SbPO4 host using the equation η = 1- 

I/I 3+
0, where I and I  are the intensities of Ce0  emission in the presence and absence, 

respectively of Tb3+ ions. The comparable efficiency of energy transfer for the as prepared 

nanomaterials and nanomaterials incorporated in silica matrix are understandable as the 

phonon energies are comparable for both SbPO  and SiO4 2 lattices. Hence, identical extent of 

quenching is expected for lanthanide ion excited states from these matrices. However, the 

silica covering on the nanoribbons/ nanoparticles have additional advantage of removing the 

asymmetric environment created at the surface by the stabilising ligands. Energy transfer 

must also reflect in the Ce3+ excited state lifetimes. However, the decay curves obtained 

corresponding to the excited state of Ce3+  were close to the instrument response (less than 1 

ns) and hence the values could not be accurately calculated from the decay curves.  

It will be interesting to understand the mechanism of the energy transfer between the 

Ce3+ 3+ 3+ 3+ and Tb  ions. The energy transfer between Ce  and Tb  depends on  extent of overlap 

between donor (D) emission peak (Ce3+ emission peak in the present case) and acceptor  (A) 

absorption peak (Tb3+ excitation peak in the present case) and expressed by the equation 21 

[69], 

24 | , * | | *, | ( ). (DA DA D AP D A H D A g E g
h

)Eπ
= < > ∫ dE……………….. (21) 

where, PDA is the rate of energy transfer from donor to acceptor. The first term in the above 

expression represents the transition dipole moment between the |D*, A> and |D, A*> states 

via the interaction Hamiltonian HDA. D* and A* represent the excited state of the donor and 

acceptor, H  is the interaction Hamiltonian. The parameters gDA D(E) and gA(E) are normalized 

population density function representing the optical line shapes of donor and acceptor 
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respectively. Value of this integral depends on the extent of overlap between the donor 

emission and acceptor absorption profiles. PDA depends strongly on the critical distance 

between donors, as well as on their excited state lifetimes. The critical distance is the 

minimum distance between donor and acceptor above which no energy transfer between them 

is possible.   In the SbPO  lattice, each SbO  polyhedron is separated by PO4 4 4 tetrahedron and 

the minimum average distance between Sb3+ ions is around 5.01Å [226]. As only 2.5 at % of 

Ce3+ and 5 atom % of Tb3+ are randomly distributed at the Sb3+ site in the lattice the average 

distance between Ce3+ 3+ and Tb  ions will be significantly higher than 5.01Å thereby resulting 

in an increased distance between the donor and acceptor. Hence, the possibility of energy 

transfer either by the exchange mechanism or by the multi-polar interactions is ruled out. 

Based on these results, it is inferred that a long-range energy migration from different Ce3+ to 

Tb3+ 3+ 3+ ions is taking place in SbPO :Ce , Tb  nanomaterials. 4

The steady state and time resolved luminescence studies described above establish 

that covering the nanoribbons/ nanoparticles with silica matrix is very effective in reducing 

the surface contribution to luminescence from nanomaterials. Further, these studies also 

confirmed that the energy transfer takes place from Ce3+ 3+ to Tb  ions, which are occupying 

Sb3+ site in SbPO  lattice, a low symmetric environment with a coordination number of four 4

4.4 Bismuth phosphate nanomaterials: Different forms of BiPO4 nanomaterials were 

prepared by adding ammonium dihydrogen phosphate solution to ethylene glycol containing 

bismuth nitrate followed by refluxing at various temperature for two hours. 

4.4.1 Effect of reaction temperature on the particle size, shape and crystal structure: 

Figure 76 shows the XRD patterns Eu3+ doped BiPO4 nanomaterials prepared at different 

temperatures namely room temperature, 100, 125 and 185°C. For samples prepared at room 

temperature, XRD pattern is characteristic of hydrated hexagonal form of BiPO4. With 

increase in the reaction temperature, it slowly converted to anhydrous hexagonal BiPO  at 4
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100°C. On further increasing the reaction temperature (at 125°C) the hexagonal form gets 

partially converted to monoclinic phase and at 185°C it transforms completely into 

monoclinic BiPO4. The average crystallite sizes are calculated by using Debye-Scherrer 

formula and are found to be 25, 47 and 51 nm for hydrated hexagonal BiPO4, hexagonal 

BiPO  and monoclinic BiPO4 4, respectively. The increase in crystal size may be explained 

based on the Ostwald ripening phenomenon where in, with increase temperature, bigger 

particles starts growing at the expanse of smaller particles. 
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Fig.76. XRD patterns of 2.5 at % Eu3+ doped BiPO4 samples prepared at room temperature, 

100, 125 and 185°C. 
 

In order to evaluate the conversion of hydrated hexagonal BiPO4 to hexagonal and 

then to monoclinic from combined thermo-gravimetric and differential thermal analysis (TG-

DTA) patterns of hydrated BiPO4 sample were recorded (Fig.77). In TG, the weight losses 

are obtained mainly in the ranges of 50-180°C and 200-750°C. The former corresponds to the 

loss of water molecules adsorbed on the surface and the latter to the decomposition of 
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ethylene glycol moiety (stabilizing ligand). In DTA pattern mainly a sharp exothermic peak 

centered at 600°C was observed which is attributed to the phase transformation from 

hexagonal BiPO  to monoclinic BiPO . 4 4
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Fig.77. TG-DTA pattern of BiPO  sample prepared at room temperature. 4
 

In order to understand structural changes occurring during the synthesis of BiPO4 

nanomaterials at different temperature, FT-IR spectra were recorded for these samples 

(Fig.78). The BiPO4 nanomaterials prepared at room temperature and 100°C show similar 

spectra with sharp peaks at 539 and 600 cm-1 together with broad bands centered around 1000 

cm-1 and 3500 cm-1 (3500 cm-1 band is not shown). The strong band centered at 1000 cm-1 is 

due to υ3 stretching vibration of the PO  tetrahedra and the peaks at 600 and 539 cm-1
4  

correspond to δ(0-P-O) and v (P04 4), respectively [227]. Samples prepared at 125 and 185°C 

show similar spectra except splitting of peaks corresponding PO4 stretching vibrations. The 

fine structure of the bands corresponding to PO4 vibrations has been assigned to the reduction 

of the crystal symmetry from pseudo T  to Cd 1. In order to check, whether the variation in 

reaction temperature and crystalline phase has any effect on the particle size and morphology 

of BiPO , detailed TEM studies were carried out. Figure 79 shows the TEM images of BiPO  4 4
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nanomaterials prepared at different temperatures and their insets show the corresponding 

SAED patterns. 
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Fig.79. TEM images of BiPO4 samples prepared at (a) room temperature, (b) 100, (c) 125 and 

(d) 185°C. Inset shows the SAED patterns of corresponding samples. 
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Room temperature and 100°C synthesized samples showed particles with size in the range of 

50-80 nm and 70-100 nm, respectively. BiPO4 samples prepared at 125 and 185°C shows rod 

shaped morphology with lengths in the range ~ 450-750 and 1000-1200 nm with 

corresponding widths ~ 50-120 and 100-170 nm, respectively. The SAED patterns show that 

these nanomaterials are single crystalline in nature and their crystallinity increases with 

increase in the reaction temperature. The possible reason for change in morphology with 

increase in temperature is the increasing concentration of nuclei and associated anisotropic 

growth brought about by the reaction temperature. 

3+4.4.2 Effect of particle size and crystal structure on Eu  emission from BiPO4:Eu3+ 

nanomaterials: Figure 80 (a) shows the emission spectra of Eu3+ doped hydrated hexagonal 

BiPO , anhydrous hexagonal BiPO , and monoclinic BiPO4 4 4 nanomaterials on 270 nm 

excitation. The intensity of Eu3+ luminescence increases with increase in the reaction 

temperature. It has been attributed to the combined effect of improved crystallinity and 

removal of water molecules present in the lattice. Water molecules quench the excited state 

of Eu3+, thereby reducing its luminescence intensity. Europium ions in the BiPO4 lattice show 

four intense emission peaks at 590, 615, 650 and 700 nm and are due to 5 7 5 Æ  Æ D F , D0 1 0

7 5 7  5 7 3+ Æ  Æ F , D F and D F  transitions of Eu . Improved crystallinity of BiPO2 0 3 0 4 4 samples 

with increase in temperature of synthesis is also clear from the fine structure of the emission 

spectrum (Fig 80 (a)), particularly for the 185°C heated samples. The corresponding 

excitation spectra monitored at 615 nm emission from the samples is shown in Fig.80 (b). It 

shows broad intense band centered at 270 nm with a shoulder at 255 nm along with many 

sharp peaks in the wavelength range of 310 - 420 nm. The broad band centered at 270 nm is 

due to the Eu-O charge transfer process and the shoulder at 255 nm is due to host absorption. 

Observation of host excitation peak while monitoring Eu3+ emission from the sample confirm 

that the energy transfer takes place from host to Eu3+ ions. The sharp peaks in the wavelength 
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3+range of 310 – 420 nm are assigned to the f-f transitions of Eu  ions. It is necessary at this 

stage to find out whether the Eu3+ 3+ ions goes to the lattice of BiPO  and replaces the Bi4  ions 

or exist at the interstitial or surface sites of BiPO4 nanomaterials. Hence BiPO4 nanomaterials 

were prepared with different concentrations of La3+ ions (Eu3+ ions are not used as the 

unpaired electrons in Eu3+ can broaden the solid state NMR spectrum) and characterized by 

XRD, FT-IR and 31P MAS NMR techniques. 
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Fig.80 (a) Emission spectra of BiPO4 samples prepared at room temperature, 75 and 185°C 

after excitation at 270 nm and (b) corresponding excitation spectra monitored at 615 
nm emission. 

 

4.4.3 Solid solution formation between bismuth and lanthanide phosphates: XRD 

patterns corresponding to Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) are shown in the Fig.81. All the 

samples are found to have monoclinic phase. The diffraction peaks have been shifted to lower 

2q values with increasing the lanthanum concentration. This has been attributed to the higher 

ionic radius of La3+ 3+ compared to the Bi  and associated lattice expansion.  

 Figure 82 (a and b) shows the FT-IR spectra of Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) 

nanomaterials prepared at 185°C. The peaks present over the region 480-680 cm -1 (Fig.82 

(a)) are mainly due to the PO4 bending vibrations whereas absorption in the region 750-1330 

cm -1 (Fig.82 (b)) is due to PO4 stretching vibrations. Both the regions show systematic shift 

towards the higher frequency with increase in the La3+ content in the lattice. Bismuth is 
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heavier metal ion as compared to La3+ ion and hence it is expected that as La3+ replaces Bi3+ 

in BiPO  lattice there can be a blue shift in the peak maximum corresponding to PO4 4 

vibrations. These results also confirm the solid solution formation between the BiPO4 and 

LaPO  lattices. 4
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Fig.81. XRD patterns of Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) nanomaterials prepared at 

185°C. 
 

480 510 540 570 600 630 660
20

40

60

80

100
 

%
 o

f t
ra

ns
m

itt
en

ce
 (a

rb
.u

ni
ts

)

Wavenumber (Cm-1)

 BiPO4

 Bi0.7La0.3PO4

 Bi0.5La0.5PO4

 Bi0.3La0.7PO4

 LaPO4

800 900 1000 1100 1200 1300
0

20

40

60

80

100

 

 

 

 
%

 o
f t

ra
ns

m
itt

en
ce

 (a
rb

.u
ni

ts
)

Wavenumber (Cm-1)

 BiPO4

 Bi0.7La0.3PO4

 Bi0.5La0.5PO4

 Bi0.3La0.7PO4

 LaPO4

            (a)       (b) 
 
Fig.82. FT-IR patterns of Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) nanomaterials prepared at 

185°C showing the regions (a) 480 – 680 cm-1 and (b) 750 – 1300 cm-1. 
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 Figure 83 shows the 31P MAS-NMR spectra of Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) 

nanomaterials prepared at 185°C. With increase in La3+ content in BiPO4, there is a 

significant change in the line shape is observed. The line width of the peak increases 

significantly and peak maxima shift towards higher chemical shift (d) values with increase in 

La3+ content in the lattice. This can be understood by considering the difference in the charge 

to radius ratio (2.46 and 2.56 for La3+ 3+ and Bi , respectively) between Bi3+ 3+ and La  ions. The 

lower charge to radius ratio of La3+ compared to Bi3+ leads to shifting of peak maxima 

towards higher d values when Bi3+ 3+ is replaced by La  in BiPO4 lattice. The sharpening of the 

peaks with increase in the La3+ concentration can be explained based on the environment 

around ‘P’ in the solid solution. It is known that Bi3+ 3+ is heavier ion compared to La  and 

when heavier ions surround the probe nucleus (31P), anisotropy in chemical environment 

around ‘P’ will be higher as compared to the situation in which ‘P’ is surrounded by lighter 

ions. Higher the anisotropy in chemical environment, greater will be the line width of the 

NMR absorption peak. These results further substantiate the solid solution formation between 

BiPO  and LaPO .  4 4
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31Fig.83. P MAS-NMR patterns of Bi1-xLa POx 4 (x = 0, 0.3, 0.5, 0.7, 1) nanomaterials 
prepared at 185°C. 
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 Similar studies were also carried out for other lanthanide ions like Tb3+ and the 

results are discussed below. Tb3+ is chosen in the present study for doping because unlike 

BiPO  and LaPO  which have got monoclinic structure, TbPO4 4 4 exists in the tetragonal form. 

Hence solid solution formation between BiPO4 and TbPO4 will be quite interesting both with 

respect to fundamental aspect as well as with respect to light emitting applications. Figure 84 

shows the XRD patterns of BiPO 3+ nanomaterials containing different amounts of Tb4 . With 

increase in Tb3+ to Bi3+ ratio, the peaks maxima are shifted to higher 2θ values. This is 

explained based on the lattice contraction brought about by the replacement of the larger 

ionic radius Bi3+ (1.11 Å) with the smaller ionic radius Tb3+ (1.04 Å) ions. In pure TbPO4 

case, it is an entirely different crystalline phase with tetragonal structure (Fig.84). Hence, 

based on XRD, FT-IR and 31P MAS NMR studies of BiPO :Ln3+
4  nanomaterials, it is 

confirmed that extensive solid solution formation occurs with BiPO  and LnPO4 4. In the 

following section, luminescence properties of Ln3+ doped BiPO  nanorods are discussed.   4
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Fig.84. XRD patterns of Bi1-xTb POx 4 (x = 0, 0.1, 0.25, 0.5, 1) nanomaterials prepared at 
185°C 
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3+4.4.4 Luminescence studies on Eu  doped BiPO4 nanomaterials: Figure 85 (a) shows the 

emission spectra of 1, 2, 2.5 and 5 atom% Eu doped BiPO4 nanorods excited at 275 nm. 

Strong orange and red emission is observed from the sample. The 590, 612, 650 and 700 nm 

peaks are due to 5D0→7 5F1, D0→7 5F2, D0→7F3 and  5D0→7 3+F4 transitions of Eu , respectively. 

The fine structure observed in the emission peaks shows the crystalline nature of host lattice. 

As the concentration of Eu3+ increases, the emission intensity initially increases up to 2.5 

atom % and then decreases. Initially with increase in doping concentration, the number of 

luminescent centers increases and as a result, emission intensity increases. However, above 

certain doping concentration there is non-radiative decay due to energy transfer (migration) 

among different Eu3+ ions until it reaches a quenching centre. As a result, emission intensity 

decreases. These results are further supported by the decay curve corresponding to the 5D0 

level of Eu3+ in these samples. 
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Fig.85. (a) Emission spectra obtained after excitation at 275 nm, (b) decay curves 

corresponding to 5D0 level of Eu3+ from BiPO :Eu3+
4  nanomaterials containing 

different amounts of Eu3+.  
 

The decay curves corresponding to 5D  level of Eu3+
0  from these samples are shown in 

Fig.85 (b) and their corresponding lifetime values are given in Table 9. All these curves are 

bi-exponential in nature and based on the explanation given in the previous chapters, the 
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3+ 3+ ions and slower component to Eufaster decay component is assigned to the surface Eu  

ions present in the bulk of the nanomaterials. Values of 5D0 lifetimes increase with increase in 

Eu3+ concentration up to 2.5 atom% and above this concentration the lifetime values started 

decreasing (Table 9 and Fig.85 (b)). Thus, the lifetime values support the inferences drawn 

from emission spectra. 

 
Table 9. Lifetime values corresponding to 5 3+D  level of Eu  in BiPO0 4 nanorods doped with 

different amounts of Eu3+ ions. 
 

5D0 lifetime values of Eu3+% of Eu3+

τ1 (ms) τ  (ms) 2

1 atom % 0.18 (35 %) 1.63 (65 %) 
2.5 atom % 0.31 (13%) 2.0 (87%) 
5 atom % 0.34 (30 %) 1.72 (70%) 

 

4.4.5 Luminescence studies on Tb3+ doped BiPO4 nanorods: Figure 86 (a) shows the 

emission spectra of 1, 2.5, and 5 atom% Tb3+ doped BiPO4 nanorods. Emission peaks 

centered at ~ 487, 543, 585 and 621 nm correspond to transitions from 5D4 level to 7F , 7F6 5, 

7F4 and 7 3+F3 levels respectively of Tb  ions present in the BiPO  lattice.  4
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Fig.86. (a) Emission spectra obtained after excitation at 255 nm, (b) decay curves 

corresponding to 5D4 level of Tb3+ ion from BiPO : Tb3+ nanorods prepared at 185°C. 4
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With increasing Tb3+ ion concentration up to 2.5 atom%, the green emission (peak at 545 nm) 

intensity increases and above that concentration it started decreasing. The decrease in 

emission intensity beyond 2.5 at % is attributed to concentration quenching. Fig.86 (b) shows 

the decay curves corresponding to 5D4 level of Tb3+ from BiPO :Tb3+
4  nanorods. All the 

samples showed bi-exponential decay and the lifetime values are given in the Table 10. 

Optimum lifetime values are obtained for 2.5 at % Tb3+ doped BiPO  nanorods. 4

 
Table 10. Lifetime values of 5D  level of Tb3+ from BiPO4 4 nanorods doped with different 

amounts of Tb3+ ion. 
 
   

 

4.4.6 Energy transfer from Tb3+ to Eu3+ ions in Tb3+ co-doped BiPO4:Eu3+ nanorods: 

Figure 87 (a) shows the emission spectra of BiPO4:Eu3+ (5 at %) and 5 at % Tb3+ co-doped 

BiPO4:Eu3+ (5 at %) nanorods obtained after excitation at 255 nm. It is observed that Tb3+ 

emission intensity decreases after co-doping with Eu3+. This indicates that energy transfer 

takes place from Tb3+ to Eu3+ ions in the co-doped samples. Fig.87 (b) shows the excitation 

spectra corresponding to Eu3+ emission from both Eu3+ single doped and Tb3+ co-doped 

BiPO4:Eu3+ nanorods. Excitation spectrum corresponding to Eu3+ emission from co-doped 

sample showed peaks characteristic of both Eu-O charge transfer and 4f-5d transitions of 

Tb3+. Unlike this the excitation spectrum corresponding to Tb3+ emission at 545 nm from the 

sample showed only 4f-5d transition of Tb3+. These results confirm that energy transfer takes 

place from Tb3+ to Eu3+. This is also understandable by considering the energy values 

corresponding to 4f-5d transition of Tb3+ and Eu-O charge transfer transition of Eu3+. Figure 

87 (c) shows the decay curve corresponding to 5D4 level of Tb3+ in the presence and absence 

of Eu3+ ion. It is observed that lifetime of Tb3+ ions decreases after doping with Eu3+ ions. On 

5D4 lifetime values of Tb3+% of Tb3+

τ  (ms) τ  (ms) 1 2

1 atom % 0.24 (13 %) 2.23 (87 %) 
2.5 atom % 0.32 (11%) 2.62 (89%) 
5 atom % 0.36 (15 %) 2.44 (85%) 
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the other hand the Eu3+ lifetime has been found to increase after co-doping with Tb3+ ions. 

The lifetime values are given in the Table 11. The increase in lifetime corresponding to 5D0 

level of Eu3+ and decrease in lifetime corresponding to 5D  level of Tb3+
4  in co-doped samples 

compared to singly doped samples further confirms the energy transfer from Tb3+ ions to 

Eu3+ ions. 
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Fig.87. (a) Emission spectra from BiPO4:Tb3+(5 at%) and BiPO4:Eu3+(5 at%),Tb3+(5 at%) 

nanomaterials after excitation at 255 nm. The corresponding excitation spectrum is 
shown in Fig.87 (b). Decay curve corresponding to 5D  level of Tb3+

4  from these 
samples are shown in Fig 87 (c). 

  

Table 11. Lifetime values of excited states of Tb3+ 3+ and Eu  ions in BiPO  nanorods. 4
 

 (ms) τ  (ms) sample Lifetime of τ1 2
3+ 5 3+BiPO :5% Eu D  level of  Eu 0.34 (30 %) 1.72 (70 %) 4 0
3+ 5BiPO4:5% Tb D   level of  Tb3+ 0.36 (15 %) 2.44 (85 %) 4

5D4  level of  Tb3+ 0.19 (27%) 1.77 (73%) BiPO4:5%Eu3+, 5% Tb3+

 5D   level of  Eu3+ 0.66 (14 %) 2.8 (86%) 0
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3+4.4.7 Luminescence studies on Dy  doped BiPO4 nanorods: Figure 88 (a) shows the 

emission spectrum from BiPO 3+ nanorods doped with 2.5 at % of Dy4  obtained after 

excitation at 350 nm. It consists of two peaks at 478, 573 nm corresponding to 4F9/2→6H15/2 

and 4F9/2→6 3+H transitions, respectively of Dy  ion in BiPO13/2 4 nanorods. The corresponding 

excitation spectra monitored at 573 nm emission is shown in Fig.88 (b). It consists of a broad 

band centered at 255 nm along with sharp transitions above 300 nm. The broad band at 255 

nm is due to host absorption. Observation of host absorption peak while monitoring Dy3+ 

emission confirms the energy transfer from host to Dy3+ ions. The less intense sharp peaks in 

the excitation spectrum are arising due to f-f transitions of Dy3+ ion present in the lattice. The 

decay curve corresponding to 4F level of Dy3+
9/2  ion is shown in Fig.88 (c). It is a bi-

exponential in nature with lifetime component 22 ms (15%) and 793 ms (85%). 

200 250 300 350 400
0

200

400

600

800

In
te

ns
ity

 (a
rb

.u
ni

ts
)

wavelenght (nm)

λem = 573 nm

400 450 500 550 600 650 700
0

100

200

300

400 4F9/2    
6H13/2

4F9/2    
6H15/2

In
te

ns
ity

 (a
rb

.u
ni

ts
)

Wavelength (nm)

λexc= 350 nm

 
                (a) 

 
            (b) 

0 2 4 6
1

10

100

In
te

ns
ity

 (a
rb

.u
ni

ts
)

Time (ms)

λexc = 350 and λem = 573 nm

 
                                                             (c) 
 
Fig.88 (a) Emission spectrum obtained after excitation at 350 nm (b) excitation spectra 

monitored at 573 nm emission and (c) decay curve corresponding to 4F9/2 level of 
Dy3+ ion in BiPO :Dy3+ nanorods. 4
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3+4.4.8 Luminescence studies on Sm  doped BiPO4 nanorods: Figure 89 (a) shows the 

emission spectrum of Sm3+ ions doped in BiPO4 nanorods obtained after excitation at 402 

nm. The spectrum consist of four peaks at 560, 597, 645 and 706 nm corresponding to 4G5/2 

→ 6 4 4H5/2, G5/2 → H7/2, G5/2 → H9/2 and 4G5/2 → H11/2 transitions, respectively of Sm3+ ion 

present in the BiPO  lattice.  4
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Fig.89. (a) Emission spectrum obtained after 402 nm excitation, (b) excitation spectra 

monitored at 597 nm emission and (c) decay curve corresponds to 4G5/2 level of 
Sm3+ in BiPO :Sm3+nanorods. 4

 

The corresponding excitation spectrum monitored at 597 nm is shown in Fig.89 (b). The 

spectrum is similar to that of BiPO :Dy3+
4  samples and consists of broad band centered at 255 

nm along with sharp peaks above 320 nm. As explained in the case of BiPO :Dy3+
4  samples, 

the broad band is arising due to energy transfer from host to Sm3+ ion and the sharp peaks 
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3+ 4 ion. The decay curve corresponding to Gcorresponds to f-f transition of Sm 5/2 level of 

Sm3+ has been shown in Fig.89 (c). Bi-exponential nature of the decay curve has been 

attributed to Sm3+ ions present on the surface and in bulk of the nanorods. 
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CHAPTER 5: Zinc gallate (ZnGa2O4) 

5.1. Introduction: Zinc gallate (ZnGa2O4) belongs to the class of inorganic compounds 

having spinel structure. It crystallises in cubic structure with a space group of Fd3m [247]. 

ZnGa2O4 is an insulator with a band gap of 4.4 eV and has potential applications as materials 

for low voltage field emission displays (FEDs), electro-luminescent devices (ELDs) and 

vacuum fluorescent displays (VFDs) [247-254]. ZnGa2O4 exhibits higher chemical stability 

under high electric field and strong electron bombardment when compared with conventional 

sulfide based phosphors [251, 254]. Blue emission has been observed from ZnGa2O4 and is 

due to a transition via a self-activation centre under UV or low voltage electron excitations 

[255]. The intensity and wavelength maximum corresponding to blue emission vary with the 

nature of dopants. For example detailed studies are available regarding the luminescent 

properties of ZnGa2O4 when partially substituted with metal ions like Cd2+ (for Zn2+ ) and 

In3+ (for Ga3+) [ 256-258]. If nanoparticles of such luminescent materials are prepared with 

sufficient dispersability in organic solvents, then polymer based luminescent materials can be 

made out of them. Polymer based materials can be converted into devices by using cheap 

fabrication techniques. Primary requirement for incorporating nanoparticles in polymer 

matrix is to make them highly dispersible in organic solvents by stabilizing the nanoparticles 

with bulky organic ligands. However, such ligand-stabilised nanoparticles can be obtained 

only when the synthesis temperature is less than 250°C, so that as to prevent decomposition 

coordinated ligand. Hirano, et al. prepared ZnGa2O4 nanoparticles at a relatively low 

temperature of 90°C from aqueous solution of ZnSO4 and Ga2(SO4)3 by using precipitating 

agents like urea, aqueous ammonia and hexamethyl tetramine [248]. However, in this method 

ligand stabilization is difficult, as H2O being a solvent with low viscosity and poor 

coordinating characteristics does not prevent aggregation of the nanoparticles. Many methods 

are reported for the synthesis of ZnGa2O4 nanomaterials in the form of nanowires, helical 
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structures and thin films [259-264]. In this study ZnGa2O4 nanoparticles with different sizes 

with tuneable photoluminescent properties were prepared at 120°C by co-precipitation 

method. Ions like In3+, Eu3+, Tb3+ and Ce3+ could also be doped in ZnGa2O4 nanoparticles 

with a view to prepare nanomaterials with multicolour emission characteristics. Some of 

these nanoparticles are also incorporated in polymers like polymethyl methacrylate (PMMA) 

matrix by in situ polymerization reaction and their luminescence characteristics have been 

investigated.  

5.2. Effect of ethylene glycol (EG) - H2O solvent ratio on particle size and 

photoluminescence of ZnGa2O4 nanoparticles: Viscosity of the solvent is known to play an 

important role in the nucleation and growth of nanoparticles. In order to check whether this is 

applicable for the synthesis of ZnGa2O4 nanoparticles, experiments were carried out by 

changing the viscosity of solvent by varying the relative concentration of ethylene glycol 

(EG) and H2O in the reaction medium and the corresponding XRD patterns are shown in 

Fig.90.  

20 30 40 50 60

 

2θ/ο

35 ml EG

 

30 ml EG + 5 ml H2O

25 ml EG + 10 ml H2O

In
te

ns
ity

 (a
rb

.u
ni

ts
)

 

20 ml EG + 15 ml H2O

 

10 ml EG + 25 ml H2O

 

35 ml H2O

 

Fig.90. XRD patterns of ZnGa2O4 nanoparticles prepared in solvents containing different 
values of EG-H2O ratios 
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In pure EG an amorphous product is formed. As volume of H2O increases in the reaction 

medium, the crystallinity of nanoparticles also increasing as can be seen from the line width 

of the diffraction peaks. In pure H2O, average crystal size is found to be the highest.  Average 

crystallite size of ZnGa2O4 nanoparticles obtained with different EG-water solvent ratio is 

given in Table 12. The increase in particle size with increase in water to solvent ratio can be 

explained based on two aspects. The first one is as that with increase in water content urea 

hydrolysis becomes more effective and the second one is that the viscosity decreases with 

increase in water content facilitating diffusion of monomer towards the growth site.  

 
Table 12: Calculated average crystallite size of ZnGa2O4 nanoparticles as a function of EG-

H2O ratio. 
 

No. of moles 
of Zn2+ 
(mmol) 

No. of moles 
of Ga3+ 
(mmol) 

Vol. of H2O 
(ml) 

Vol. of EG 
(ml) 

Crystallite 
size (nm) 

1.43 2.86 35 0 10 
1.43 2.86 25 10 8 
1.43 2.86 15 20 7 
1.43 2.86 10 25 5 
1.43 2.86 5 30 1 
1.43 2.86 0 35 - 

 

  To confirm the nature of product obtained while EG only was used as the solvent, FT-

IR studies were carried out on the sample and the pattern is compared with that of samples 

prepared with EG-water mixture and are shown in Fig.91. Nanoparticles prepared in pure 

water shows two bands at 450 and 600 cm-1 and are attributed to Ga-O and Zn-O stretching 

vibrations, respectively of ZnGa2O4 [265]. The samples prepared in 25 ml EG and 10 ml 

water displayed these bands but appeared at a slightly higher frequency. Further, two other 

bands at 850 and 1050 cm-1 also appeared (Fig.91). The 1050 cm-1 peak is assigned to the C-

H bending of EG molecules present on the surface of nanoparticles. The bands at 450 and 

600 cm-1 shifted to higher frequency and have become broader with increase in the EG to 

water ratio in the solvent. This is attributed to the reduction of particle size with increase in 
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the EG to water ratio. For samples prepared in pure EG, FT-IR spectra is similar to that of 

samples prepared in solvents containing both EG and water. Hence, it is confirmed that the 

product formed when EG alone is used as the solvent is also ZnGa2O4. Poor crystallinity can 

be due to the very small particle size of ZnGa2O4 when EG alone is used as solvent. Further, 

the relative intensity of band corresponding to C-H vibration increases with increase in the 

EG volume in the solvent. It indicates that the nanoparticles are stabilized effectively by EG 

molecules. The increase in line width and blue shift of the peaks can be explained as follows. 

With decrease in particle size, number of atoms on the surface (which are having unsaturated 

coordination) increases and this leads to distortion in the lattice of ZnGa2O4 nanoparticles. 

Further, small particles of ZnGa2O4 in general must have higher electronic/vibrational energy 

levels compared to bulk ZnGa2O4. These two effects lead to broadening of the IR absorption 

peak and shifting of its maximum to higher frequency values. 
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Fig.91. FTIR spectra of ZnGa2O4 nanoparticles prepared in solvents containing different 

amounts of EG and water. 
 

 Photoluminescence spectra of all these samples obtained after excitation in the range of 

250-300 nm are shown in Fig.92 (a) and the corresponding excitation spectra are shown in 

Fig.92 (b). The emission maximum is found to vary from 385 to 455 nm with increase in the 
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water content in the reaction medium. Similar red shift is also observed in the excitation 

spectrum with increase in water content.   

 
    
  1.
 
 
 
 
 
 
 
 
 
 
   
           (a)                           (b) 
 
Fig.92.(a) Emission spectra of ZnGa2O4 nanoparticle prepared in solvents containing 

different ratios of EG and H2O. Corresponding excitation spectra are shown in Fig.92 
(b) 

 

Based on the previous studies, emission in the region of 385 to 455 nm has been 

attributed to the de-excitation of energy levels characteristic of GaO6 motif present in the 

ZnGa2O4 lattice [255]. The peak observed over the region of 250-290 nm in the excitation 

spectrum has been attributed to the excitation of electrons from valence band to the 

conduction band of ZnGa2O4 lattice. As particle size decreases, energy values corresponding 

to GaO6 units also increases and this will lead to shifting of emission maxima towards lower 

wavelength values. The same trend has also been observed in the excitation spectra, i.e., 

excitation maxima shifted from 250 to 275 nm with increase in particle size (Fig.92 (b)). The 

excitation spectra also show a weak band which shifts from 310 to 345 nm with increase in 

the particle size. This peak has been attributed to the localised levels corresponding to GaO6 

units in the band gap of ZnGa2O4 lattice. Excitation of ZnGa2O4 around 260 nm leads to 

creation of charge carriers namely electrons in conduction band and holes in valance band. 

The electron gets de-excited and reaches the localised levels created by the GaO6 structural 
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units. Radiative recombination of this trapped electron with hole in valance band leads to 

emission in the region 385 to 455 nm as schematically shown in Fig.93. 

 

 

Fig.93. Schematic representation of possible energy transitions in ZnGa2O4 nanoparticles. 
 

5.3. Effect of precursor concentration on particle size: ZnGa2O4 nanoparticles were 

prepared in 25 ml EG and 10 ml water with different concentrations of reactants namely 

gallium chloride and zinc acetate and XRD patterns of the resulting compounds are shown in 

Fig.94. For samples prepared with 0.14 mmol of gallium, XRD patterns revealed the 

formation of an amorphous product. This is probably due to very small size of the 

nanoparticles of ZnGa2O4 (as confirmed by FT-IR studies previously described). As the 

precursor concentration increases, particle size increases up to certain concentration, i.e., 1.44 

mmol of gallium and above that its starts decreasing and finally again giving rise to an 

amorphous product at 22.96 mmol of gallium. The calculated crystal sizes are given in the 

Table 13 as a function of the gallium concentration. This observed variation can be explained 

based on nucleation and growth processes involved for the formation of ZnGa2O4 particles. 

At lower Ga3+ concentration, both nucleation and growth are slower because ions are far 

away and attaining the super-saturation condition is difficult. As a result, the particle sizes are 

smaller. With increase in gallium concentration, growth becomes faster as compared to 
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nucleation, thereby leading to increase in the particle size. After certain concentration, due to 

super-saturation, nucleation is expected to be much faster than the growth and as a result 

particle size starts decreasing with increase in Ga3+ concentration. 
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Fig.94. XRD patterns of ZnGa2O4 nanoparticles prepared with different concentration of Ga3+ 
ions. 

 

Table 13: Calculated crystallite size of ZnGa2O4 nanoparticles as a function of increasing the 
reactants concentration.  

 
No. of moles 

of Zn2+ 
(mmol) 

No. of moles 
of Ga3+ 
(mmol) 

Vol. of H2O 
(ml) 

Vol. of EG 
(ml) 

Crystallite 
size (nm) 

0.07 0.14 10 25 - 
0.36 0.72 10 25 4 
0.72 1.44 10 25 5 
1.44 2.88 10 25 4 
3.59 7.18 10 25 3 
7.18 14.36 10 25 2 
11.48 22.96 10 25 - 

 

In order to check the phase formed at high concentration of reactants, FT-IR spectra were 

recorded and representative spectra were shown in the Fig.95. It has been observed that all 
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the compounds shows similar characteristics, except the broadening and shifting of the band 

position corresponding to Ga-O vibrations to higher wave numbers with increase in precursor 

concentration. Again based on the same logic mentioned in the previous section, this has been 

attributed to the reduction in the particle size with increasing the concentration of the 

reactants 
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Fig.95. FT-IR spectra of ZnGa2O4 nanoparticles prepared with different amounts of starting 

material. 
 

In order to check the morphology of these nanoparticles, TEM measurements for 

representative samples have been carried out and the images are shown in Fig.96. TEM 

measurements (Fig.96 (a)) revealed that samples prepared with 1.44 mmol Ga and 0.72 mmol 

Zn consist of particles with diameter around 4-6 nm. The distance between the lattice fringes 

from HRTEM image (Fig.96 (b)) has been measured and found to be matching with that of 

(311) plane of crystalline ZnGa2O4 phase. Concentric rings in SAED pattern (Fig.96 (c)) also 

confirm nanocrystalline nature of the sample. The TEM image of sample prepared with 22.96 

mmol of Ga and 11.48 mmol of Zn is shown in Fig.96 (d). From the image, presence 

nanoparticles having size in the range of 2-3 nm can be confirmed. The corresponding 

HRTEM (Fig.96 (e)) and SAED pattern (Fig.96 (f)) further confirm the smaller size of the 
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particles. Thus the TEM studies also confirm the observed variation in particle size as a 

function of Ga concentration. 

 Photoluminescence spectra of ZnGa2O4 nanoparticles prepared with different Ga3+ 

concentration are shown in Fig.97 (a) and corresponding excitation spectra are shown in 

Fig.97 (b). The emission spectra (Fig.97 (a)) clearly reveal that with increasing the Ga 

concentration, from 0.14 to 1.44 mmol, emission maxima shifts from 420 nm to 435 nm and 

for further higher concentration of gallium, it starts shifting to lower wavelength side. This 

again can be explained by considering the changes in the particle size with reactants 

concentration. The host absorption (Band edge absorption) also shows similar trend as 

evident from the excitation spectra (Fig.97 (b)) where the peak maximum shifts from 260 to 

270 and then to 255 nm. Wavelength maximum corresponding to localised centres present in 

ZnGa2O4 nanoparticles also varied in a similar fashion. 

 

 
(a) (b) (c) 
 

 
(d) (e) (f) 
 
Fig.96. TEM images (a, d), HREM images (b, e), SAED patterns (c, f) of ZnGa2O4 

nanoparticles prepared with 1.44 and 22.96 mmol Ga, respectively. 
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 From the above studies, it is inferred that the host emission from ZnGa2O4 can be 

tuned by varying the particle size. It is interesting to know the variation in emission 

maximum with iso-valent ions substitution at the Ga3+ site in the ZnGa2O4 lattice. Such 

substitution can modify the levels due to GaO6 octahedra in the band gap of ZnGa2O4. 

Keeping this in mind ZnGa2O4 nanoparticles have been doped with In3+ and their emission 

characteristics were measured as a function of In3+ concentration and the results are described 

below. In3+ ion is chosen in the present study, as it is iso-valent with Ga3+  ion and due its 

heavier mass, it is expected to reduce the energy level corresponding to Ga/InO6 units. This 

can lead to the shifting of the emission maximum towards higher wavelength. 
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Fig.97. (a) Emission spectra of ZnGa2O4 nanoparticles prepared by using different 

concentrations Ga3+ after exciting the samples in the range of 250-290 nm and (b) 
corresponding excitation spectra. 

 

5.4. Effect of Indium doping on crystallinity and photoluminescence of ZnGa2O4:  

ZnGa2-xInxO4 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.5) nanoparticles have been prepared in a mixture of 

25 ml EG and 10 ml water with 0.716 mmol of Zn and 1.44 mmol of Ga and In together at 

110°C. The corresponding XRD patterns for In3+ doped ZnGa2O4 nanoparticles are shown in 

Fig.98. With increase in the In3+ content, XRD peak becomes broader and shifts to lower 2θ 
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value. The lattice parameters calculated from the XRD patterns increase with increasing In3+ 

content in the ample. This is understandable as the ionic size of In3+ (0.81) is larger than that 

of Ga3+(0.6) and incorporation of In3+ at Ga3+ site leads to lattice expansion thereby shifting 

the diffraction peak maximum to lower 2θ value. The broadening of the diffraction peaks can 

be attributed to the distortion in the lattice brought about by incorporation of larger ionic radii 

In3+ at the expense of Ga3+.  Thus based on XRD studies it is confirmed that In3+ gets 

incorporated into the ZnGa2O4 lattice and forms solid solutions of type ZnGa2-xInxO4. 
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Fig.98. XRD patterns of ZnGa2-xInxO4 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.5) nanoparticles. 
 

TEM image of ZnGa1.5In0.5O4 nanoparticles is shown in Fig.99. Very fine particles 

with size in the range of 4-6 nm can be seen in the image. Corresponding SAED pattern is 

shown in the inset of the Fig.99 (a). The SAED pattern has been conformity with the 

formation of nanocrystalline ZnGa2-xInxO4 phase.  

Emission spectra of these samples are given in the Fig.100 (a). It is clearly seen that 

the emission maximum is shifted towards higher wavelength side from 430 to 455 nm with 

increase in the In3+ content in the sample and this has been attributed to the presence of In3+ 

 159



in the ZnGa2O4 lattice. It is known that In3+ is heavier than Ga3+, as a result the energy 

corresponding to GaO6 unit in the ZnGa2-xInxO4 nanoparticles will be less than that in 

ZnGa2O4. Hence, the λmax corresponding to emission and excitation of GaO6 level shifts to 

higher values with increase in the In3+ content. The decay curve corresponding to the excited 

state of blue emission from ZnGa1.5In0.5O4 nanoparticles is shown in Fig.100 (b). It is found 

to be bi-exponential in nature with lifetime values 0.49 μs (56 %) and 1.85 μs (44 %). The 

faster component is due to surface GaO6 units and longer component is due to GaO6 present 

in the bulk of the ZnGa2O4:In3+ lattice.  Since surface GaO6 units are directly bound to EG 

moiety, they will decay faster than bulk GaO6 structural units. 

 

 
    (a) 

 
    (b) 

Fig.99. (a) TEM image, (b) HRTEM image of ZnGa1.5In0.5O4 nanoparticles. SAED pattern 
from these nanoparticles is shown in the inset of Fig.99 (a) 
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Fig.100. (a) Emission spectra of ZnGa2-xInxO4 (x = 0, 0.05, 0.2, 0.5) nanoparticles after 
exciting samples in the UV region (260 to 280 nm). (b) Decay profile corresponding 
to blue emission from ZnGa1.5In0.5O4 nanoparticles. 
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Quantum yield of the blue emission was measured using integrating sphere by 

dispersing the nanoparticles in methanol and the maximum quantum yield of around 10% 

was observed for ZnGa1.5In0.5O4 nanoparticles. These nanoparticles were incorporated into 

poly methyl methacrylate (PMMA) matrix by in situ polymerization of methyl methacrylate 

(MMA) using AIBN as radical initiator at 72°C. The resultant polymer is soluble in organic 

solvents like CHCl3, toluene, CCl4, etc. The polymer was dissolved in CHCl3 and spin coated 

on a quartz plate at 2500 rpm. The film was exposed to 270 nm light and the blue emission 

coming from the nanoparticles incorporated film is photographed and is shown in Fig.101. 

These results establish the potential of these nanoparticles for polymer based display 

applications. In addition to the host emission, the scope of ZnGa2O4 as a luminescent material 

will further improve if lanthanide ions can be incorporated in the lattice of ZnGa2O4. 

 

 

 
Fig.101. Photograph of blue light emission from thin film of PMMA containing 

ZnGa1.5In0.5O4 nanoparticles, on a quartz substrate. The excitation wavelength was 
270 nm. 

 

5.5. Photoluminescence from lanthanide doped ZnGa2O4 nanoparicles:  

5.5.1. Ce3+ doped ZnGa2O4 nanoparticles: Figure 102 shows XRD patterns of undoped 

ZnGa2O4 and 5 atom % Ce3+ doped ZnGa2O4 nanoparticles. The XRD peaks of Ce3+ doped 

ZnGa2O4 nanoparticle are broader and can be explained based on the difference in the ionic 

sizes of Ga3+(0.61Å) and Ce3+(1.15Å) under six coordination. Replacement of Ga3+ ion by 

 161



Ce3+ in the lattice leads to significant strain in the lattice due to large ionic size of Ce3+ ion 

compared to Ga3+ ion. 

 Emission spectrum of 5 atom % Ce3+ doped ZnGa2O4 nanoparticles after exciting at 

265 nm light is shown in the Fig.103 (a) along with the corresponding excitation spectrum 

monitored at 350 nm emission. Emission spectrum shows broad band at 350 nm and is 

assigned to the 5d-4f transition of Ce3+ ion in the ZnGa2O4 host. The corresponding 

excitation spectrum shows a band at 265 nm and is arising due to the 4f-5d transition of Ce3+ 

ion. The decay curve corresponding to Ce3+ emission at 350 nm is shown in Fig.103 (b). The 

decay is single exponential with lifetime of 17.3 ns. Based on the studies it can be inferred 

that Ce3+ doping in ZnGa2O4 will be helpful for making bright luminescent materials showing 

emission in the UV region. 
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Fig.102. XRD patterns of undoped ZnGa2O4 and 5 at % Ce3+ doped ZnGa2O4 nanoparticles. 
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Fig.103. (a) Emission and excitation spectra of 5 at % Ce3+ doped ZnGa2O4 nanoparticles and 
(b) excited state decay profile of Ce3+ emission (λexc =265 nm, λem =350 nm). 
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5.5.2. Eu3+ doped ZnGa1.5In0.5O4 nanoparticles: Emission spectrum of Eu3+ doped 

ZnGa1.5In0.5O4 nanoparticles excited at 280 nm is shown in Fig.104 (a). It consists of a broad 

band around 460 nm over which sharp peaks ~ 590, 615, 700 nm are superimposed. The 

broad band is a characteristic emission of ZnGa1.5In0.5O4 host material and sharp peaks 

correspond to 5D0→7F1, 5D0→7F2 and 5D0→7F4 transitions of Eu3+ ion. Excitation spectra 

were monitored at 460 and 615 nm emissions (Fig.104 (b)).  
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Fig.104. (a) Emission spectrum obtained after 280 nm excitation and (b) excitation spectra 

obtained after monitoring 615 nm and 460 nm emissions along with (c) the decay 

curve corresponding to 5D0 level of Eu3+ in ZnGa1.5In0.5O4 nanoparticles. 
  

 The excitation spectrum monitored at 460 nm emission showed only one peak at 280 

nm corresponding to host absorption of the material. Unlike this excitation spectrum 

monitored at 615 nm emission consists of sharp peaks above 300 nm along with broad 
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asymmetric band at 280 nm. The broad band is a combination of host absorption and Eu-O 

charge transfer transition whereas the sharp peaks are characteristic f-f transitions of Eu3+ ion. 

The decay corresponding to the 5D0 level of Eu3+ in the sample is shown in the Fig.104 (c). It 

is bi-exponential in nature with lifetime components 200 ms (45%) and 526 ms (55%). The 

faster and slower components are due to surface and bulk Eu3+ ions, respectively present in 

ZnGa2O4 nanoparticles. 

5.5.3 Tb3+ doped ZnGa1.5In0.5O4 nanoparticles: Emission spectrum of Tb3+ doped 

ZnGa1.5In0.5O4 nanoparticles excited at 280 nm is shown in Fig.105 (a). The spectrum 

consists of a broad band at 460 nm along with sharp peaks at 490, 545, 585 and 620 nm. This 

broad band is the characteristic of the host emission and the sharp peaks are due to 5D4→7F6, 

5D4→7F5, 5D4→7F4 and 5D4→7F3 transitions of Tb3+
, respectively. 5D4 decay profile of Tb3+ 

(Fig.105 (b)) is a single exponential with lifetime of 1.39 ms.  
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Fig.105. (a) Emission spectrum and (b) 5D4 decay profile of Tb3+, from Tb3+ doped 

ZnGa1.5In0.5O4 nanoparticles. The excitation and emission wavelengths are 280 and 
545 nm, respectively. 
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CHAPTER 6: Tungstates [MWO4 (M = Ca, Sr, Ba)]  

6.1. Introduction: The tungstate materials have attracted much attention over the past two 

decades due to their important properties and applications in photoluminescence, microwave 

devices, optical fibers, scintillator materials, humidity sensors and catalysis [266-270]. They 

are expressed by the general formula of MWO4 and can exist in two different crystalline 

modifications depending on the size of cations [271, 272]. Tungstates of relatively larger 

bivalent cations (ionic radius >0.99 Å) such as Ca, Ba, Pb and Sr exist in the scheelite 

structure, where the tungsten atom adopts tetrahedral coordination. Unlike this tungstates of 

smaller bivalent cations (ionic radius <0.77 Å) like Fe, Mn, Co, Ni, Mg and Zn belong to 

wolframite structure, where the tungsten atom adopts an octahedral coordination. Calcium 

tungstate is known as a good scintillator and is blue light emitting material [69]. Preparing 

them in nanosize dimension and understanding their optical properties will be of interest and 

will be relevant for developing different types of optical materials for various applications. 

Further, lanthanide ions once incorporated in the lattice can result in energy transfer from 

host to lanthanide ions, thereby leading to improved luminescence from such materials. Due 

to similarities in coordination number and ionic sizes of ions like calcium with trivalent 

lanthanide ions [172], it is easy to replace Ca2+ ion by Ln3+ ion in the MWO4 lattice. 

Conventionally both doped and undoped MWO4 particles have been prepared by solid-state 

reactions. However, low temperature synthesis of MWO4 nanomaterials using co-

precipitation and solvo-thermal techniques has been reported recently [273-278]. It will be 

interesting if lanthanide doped MWO4 nanoparticles can be obtained at low temperature with 

suitable ligand stabilization, so that they can be dispersed in different solvents for further 

processing. Such nanoparticles are also expected to have different luminescence properties 

compared to those prepared through solid-state method. Keeping this in mind, in the present 

study a number of MWO4 nanoparticles doped with Eu3+, Tb3+, Dy3+, Sm3+ and Er3+ have 
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been prepared. Synthesis and luminescence properties of these nanoparticles are discussed in 

this chapter. Tungstate nanomaterials were prepared at room temperature in ethylene glycol 

by adding sodium tungstate to the metal nitrate solution. 

6.2. Effect of nature of metal ion on the particle size: Figure 106 shows XRD patterns of 

MWO4 (M = Ca, Sr, Ba) nanomaterials. All the peaks are characteristic of nanocrystalline 

tetragonal MWO4 with scheelite structure. The shifting of XRD peak maximum to lower 2θ 

values from Ca to Ba through Sr is due to the increase in the ionic radii of cation and 

associated lattice expansion. Line widths of diffraction peaks are also found to decrease with 

increase in the ionic radii of the metal ion. Average crystallite size was calculated by using 

Debye-Scherrer formula and is found to be 7, 10, 20 nm for CaWO4, SrWO4 and BaWO4, 

respectively.  
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Fig.106. XRD patterns of MWO4 (M = Ca, Sr, Ba) nanoparticles. 
 

Lattice parameters were calculated by least squares fitting of the XRD patterns. These are 

found to be a = 5.240Å, c = 11.381 Å for CaWO4, a = 5.415 Å, c = 11.951 Å for SrWO4 and 

a = 5.613 Å, c = 12.703 Å for BaWO4 nanoparticles. The increase in the lattice parameters 

are due to increase in the ionic sizes of metal ions. Increase in particle size with increase in 
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ionic radius of the metal cation can be explained based on the difference in the extent of 

stabilization of ligand (EG moiety) on the surface of MWO4 nanoparticles. As the 

stabilization of EG moiety on the nanoparticles occurs through cations like Ca2+, Sr2+ and 

Ba2+, the extent of stabilization of ligand will be the highest for CaWO4 nanoparticles and 

lowest for BaWO4 nanoparticles, due to the so called hard-hard and soft-soft interactions. 

Extent of stabilization of ligands with SrWO4 is in between that of CaWO4 and BaWO4. 

Higher the extent of stabilization, lower will be the extent of growth and this result in smaller 

particles. 

TEM images of CaWO4, SrWO4 and BaWO4 nanomaterials are shown in Fig.107. 

CaWO4 nanoparticles are relatively small with size in the range 5-10 nm and have uniform 

size distribution as can be seen in Fig.107 (a). The SAED pattern from these nanoparticles is 

shown in the inset of Fig.107 (a). The pattern consists of several rings, which are 

characteristic of very fine particles that are randomly oriented. HRTEM image of CaWO4 

nanoparticles is shown in Fig.107 (b). Distance between lattice fringes is found to be 3.1 Å 

and this matches well with that of (112) plane of CaWO4. TEM image of SrWO4 

nanoparticles is shown in Fig.107 (c). It is clear from the image that particles have 

homogeneous size distribution with sizes in the range of 15-25 nm. Corresponding SAED 

pattern is shown in the inset of Fig.107 (c), consists of both rings, and dots characteristic of 

nanocrystalline SrWO4 phase with slight aggregation. TEM image of BaWO4 nanoparticles is 

shown in Fig.107 (d). These particles are having rice shape with length around 500-1000 nm. 

SAED pattern from BaWO4 nanoparticles is shown in the inset of Fig.107 (d) and the pattern 

mainly consists of dots and is characteristic of single crystalline nature of BaWO4 

nanomaterials. Based on XRD and TEM studies it is inferred that CaWO4 nanoparticles are 

extremely small in size compared to other two tungstates. It would be of interesting to assess 

the MWO4 nanomaterials which can give optimum luminescence on lanthanide ion doping. 
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In order to check this aspect, these nanomaterials are doped with representative lanthanide 

ion namely the Eu3+ and their luminescence properties are described in the following section. 

 

 

 

(a) (b) 

(c) (d) 

Fig.107. TEM image of (a and b) CaWO4, (c) SrWO4 and (d) BaWO4 nanomaterials and inset 
of the images shows corresponding SAED pattern. 

 

6.3. Effect of metal ion on luminescence of MWO4:Eu3+ nanoparticles: Emission spectra 

of Eu3+ doped MWO4 (M = Ca, Sr, Ba) nanoparticles excited at 270 nm is given in the 

Fig.108 (a). It consists of four peaks at 590, 615, 650 and 700 nm and are attributed to 5D0 Æ 

7F1, 5D0 Æ 7F2, 5D0 Æ 7F3 and 5D0 Æ 7F4 transitions of Eu3+ ions present in the lattice. The 

5D0 Æ 7F2 transition is electric dipole allowed transition. It is hypersensitive and is highly 

dependent on the symmetry around the Eu3+ ion. Unlike this, 5D0 Æ 7F1 transition is a 

magnetic dipole allowed transition and is independent of the symmetry around Eu3+ ion in the 
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lattice. Asymmetric ratio is ~ 12 for all the three tungstates. High value of asymmetric ratio 

indicates that Eu3+ ion occupies a highly asymmetric environment in MWO4 (M = Ca, Sr, Ba) 

crystal lattice. The intensity of Eu3+ emission decreases with increase in the ionic size of the 

alkaline earth metal cations. Similar effect was observed by Blasse, et al. for UO6 emission in 

the tungstate host [69]. Presence of ions with large radius around the luminescent center is 

equivalent to soft surroundings. With increase in the softness of surroundings, stokes shift  

increases and as a result the excited tungstate group decays by a non-radiative route to ground 

state instead of transferring energy to lanthanide ions. This explains the decrease in 

luminescence intensity when going from CWO4 to SrWO4 and then to BaWO4. It is also 

known that with increase in the stiffness of the lattice, non-radiative process decreases. 
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 Fig.108. (a) Emission spectra and (b) excitation spectra from CaWO4: Eu3+, SrWO4: Eu3+, 

BaWO4: Eu3+ nanoparticles. (λexc = 270 nm and λem = 615 nm) 
 

In the present case the ionic radii of metal ion increases while going from CaWO4 to SrWO4 

and then to BaWO4. Hence, the stiffness of the lattice decreases in the same order and this 

explains the observed maximum in the luminescence intensity from CaWO4 as compared to 

SrWO4 and BaWO4. Values of lattice parameters further confirm this. The excitation spectra 

corresponding to Eu3+ emission is shown in Fig.108 (b). The patterns consist of broad peak 

centered at 270 nm and sharp peaks above 310 nm. The broad band is assigned to the Eu-O 
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charge transfer transition and sharp peaks to f-f transitions of Eu3+ ion present in the lattice. 

Eu3+ doped CaWO4 nanoparticles showed highest luminescence intensity as compared to 

Eu3+ doped SrWO4 and BaWO4. Hence, detailed studies were carried out on luminescence 

properties of undoped and different lanthanide doped CaWO4 nanoparticles. 

6.4. Luminescence studies on un-doped CaWO4 nanoparticles: Emission spectrum 

observed from undoped CaWO4 nanoparticles after exciting with 253 nm light is shown in 

Fig.109 (a). The spectrum is characterized by a broad band extended over a region of 325 to 

600 nm with maximum ~425 nm. A photograph of the emission (blue) observed from the 

sample dispersed in methanol after shining with 253 nm light is shown in Fig.109 (b). 

Excitation spectrum from the sample corresponding to 425 nm emission is shown in Fig.109 

(c). The spectrum consists of a broad peak centered at 253 nm and arises from the charge 

transfer transitions within the WO4
2- tetrahedra of CaWO4 [69]. From the view point of 

molecular orbital theory, the excitation and emission from CaWO4 nanoparticles can be 

attributed to transitions involving 1A1 ground state and 1B (1T2) excited state of WO4
2- ion. 

Excited state [1B (1T2)] decay profile of the WO4
2- ion monitored at 425 nm emission is 

shown in Fig.109 (d). The decay is found to be bi-exponential with lifetime components 0.5 

μs (25%) and 2.6 µs (75%). The shorter component has been assigned to the emission 

originating from the surface tungstate groups and longer component to the emission 

originating from bulk tungstate groups. Stabilizing ligands on the surface quenches the 

excited state of WO4
2- structural units and thereby leading to reduced lifetime of the 

corresponding excited state. In order to check whether the emission due to WO4
2- group is 

sensitive to the particle size of CaWO4, as prepared samples were heated at different 

temperatures and their structural and luminescent properties were investigated. The results 

are described below. 
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Fig.109. Emission spectrum (a) and photograph of emission (b) obtained from CaWO4:Eu 
nanoparticles after excitation at 253 nm. The corresponding excitation spectrum and 
decay curve, both monitored at 425 nm emission are shown in Fig.109 (c) and (d) 
respectively. 

 

6.5. Effect of heat treatment on particle size: CaWO4 nanoparticles prepared at room 

temperature were heated at different temperatures ranging from 300 to 900°C in air for 8 

hours and their XRD patterns are shown in Fig.110. All the samples show characteristic 

peaks of scheelite structure with tetragonal unit cell. With increase in the heating 

temperature, XRD peaks become sharper. This is due to the increase in the average crystallite 

size on aggregation. Average crystallite size has been calculated by using Debye-Scherrer 

formula (Table 14) and found to increase from 7 to 99 nm as temperature increases from 

room temperature to 900°C. 
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Fig.110. XRD patterns of as prepared, 300, 500, 700 and 900°C heated CaWO4 nanoparticles. 
 

Table 14. Average crystallite size of CaWO4 nanoparticles as a function of heat treatment 
temperatures. 

 
Temperature (°C) Avg. crystallite size (in nm) 

As prepared (Room temperature) 7 
300 8 
500 26 
700 90 

900 99 
 

6.6. Effect of particle size on photoluminescence of CaWO4 nanoparticles: Emission 

spectra of CaWO4 nanoparticles heated at different temperatures obtained after excitation at 

253 nm is shown in Fig.111 (a). As prepared (particle size 7 nm) and 300°C heated (particle 

size 8 nm) samples show weak emission and are having almost same intensity. Unlike this 

samples heated at 700°C (particle size 90 nm) and 900°C (particle size 99 nm) show bright 

luminescence and their intensities are almost same. Luminescence of 500°C (26 nm) heated 

samples is slightly higher than 300°C heated sample, but much lower than 700°C heated 

sample. Based on these results, it is inferred that photoluminescence of CaWO4 nanoparticles 

increases with increase in the particle size and crystallinity and associated decrease in the 

concentration of surface quenching sites.  
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Fig.111. Emission spectra (a) and excited state decay curves (b) of CaWO4 nanoparticles as a 
function of heat treatment temperatures (particle size). (λexc =253 nm and λem = 425 
nm) 

 

To confirm above inferences, decay curves corresponding to the excited state for the 

emission (425 nm) is recorded for different samples and are shown in Fig.111 (b). The 

corresponding lifetime values and their relative percentages are given in the Table 15. Decay 

curves corresponding to as prepared, 300 and 500°C heated CaWO4 nanoparticles are found 

to be bi-exponential in nature, whereas that of 700 and 900°C heated samples are found to be 

single exponential. In the case of samples showing bi-exponential decay curves, the shorter 

lifetime values are assigned to surface WO4
2- and longer lifetime values due to bulk WO4

2- 

structural units.  

 
Table 15. Excited state lifetime values of CaWO4 nanoparticles as a function of heat 

treatment temperature and particle size. 
 

             Lifetime values Sample Avg. crystallite 
size (in nm) τ1 (µs) τ2 (µs) 

As prepared 7 0.5 (25%) 2.602 (75 %) 
300°C 8 0.398 (13%) 2.798 (87 %) 
500°C 26 1.661 (9%) 7.004 (91 %) 
700°C 90 8.214 (100%) - 
900°C 99 7.829 (100%) - 

 

The lifetime value increases and relative percentage of shorter component decreases with 

increase in heat treatment temperatures. Hence from the steady state and lifetime 
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measurements, it is confirmed that increase in particle size and associated decrease in the 

concentration of surface quenching sites are responsible for the improved emission from the 

nanoparticles heated at high temperatures. In continuation of this work, detailed studies were 

carried out on lanthanide doped CaWO4 nanoparticles and their luminescence properties are 

described below. 

6.7. Luminescence studies on Tb3+ doped CaWO4 nanoparticles: Emission spectrum from 

as prepared 2 at% Tb3+ doped CaWO4 nanoparticles excited at 253 nm is shown in Fig.112 

(a). The spectrum consists of four sharp peaks at 490, 545, 590 and 621 nm and are attributed 

to the 5D4 Æ 7F6, 5D4 Æ 7F5, 5D4 Æ 7F4 and 5D4 Æ 7F3 transitions, respectively of Tb3+ ions 

present in the CaWO4 lattice.  
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Fig.112. Emission spectra (a) and photograph of emission (b) obtained after excitation at 253 
nm from CaWO3:Tb3+ nanoparticles. The corresponding excitation spectrum and 
decay curve monitored at 545 nm emission are shown in Fig.112 (c and d), 
respectively.  
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Strong green emission has been observed from Tb3+ doped CaWO4 nanoparticles in methanol 

after exciting at 253 nm (Fig.112 (b)). Excitation spectra corresponding 545 nm emission is 

shown in Fig.112 (c) and consist of a strong peak between 230 and 300 nm, with a maximum 

~260 nm along with less intense sharp peaks above 300 nm. The strong band is due to the 

overlap of host absorption and 4f-5d transition of Tb3+ ions present in the lattice. Sharp peaks 

above 300 nm are assigned to f-f transitions of Tb3+ ion. The decay curve corresponding to 

5D4 level of Tb3+ is shown in Fig.112 (d). The decay curve is bi-exponential in nature with 

lifetime components 0.978 ms (23%) and 1.59 ms (77 %). The shorter and longer lifetime 

component has been attributed to the surface and bulk Tb3+ ions, respectively present in the 

nanoparticles. 

6.8. Luminescence studies on Dy3+ doped CaWO4 nanoparticles: Emission spectrum from 

2 at % Dy3+ doped CaWO4 nanoparticles obtained after exciting the sample at 253 nm is 

shown in Fig.113 (a). It consist of peaks at 478, 574 and 665 nm and are due to 4F9/2  Æ 

6H15/2, 4F9/2  Æ 6H13/2 and 4F9/2  Æ 6H9/2 transitions, respectively of Dy3+
 ions present in the 

lattice. Strong greenish yellow emission is observed from the Dy3+ doped CaWO4 

nanoparticles in methanol after exciting at 253 ( Fig.113 (b)).  Excitation spectrum 

corresponding to 574 nm emission of Dy3+ is shown in Fig.113 (c). The spectrum consists of 

a strong band at 253 nm along with weak peak at 350 nm and the latter is due to f-f transition 

of Dy3+ ion. The strong band is characteristic of the host and is arising due to charge transfer 

absorption of host as there is no absorption band for Dy3+ in this region. Observation of host 

absorption peak in the excitation spectrum corresponding to Dy3+ emission at 574 nm 

confirms that the absorbed energy of the host get transferred to Dy3+ ions. The decay curve 

corresponding to 4F9/2 excited state of Dy3+ is shown in Fig.113 (d). The decay is found to be 

bi-exponential with lifetime components 0.1 ms (24%) and 0.36 ms (76%). Similar to the 

explanation given to the 5D4 decay of Tb3+ from CaWO4:Tb3+ nanoparticles, the faster and 
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slower lifetime components are attributed to Dy3+ ions present at the surface and bulk of the 

nanoparticles, respectively. 
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 Fig.113. Emission spectrum (a) and photograph of emission (b) obtained after excitation at 
253 nm from CaWO4:Dy3+ nanoparticles. Corresponding excitation spectrum and 
decay curve monitored at 574 nm emission are shown in Fig.113 (c and d).  

 

6.9. Luminescence studies on Sm3+ doped CaWO4 nanoparticles: Emission spectrum 

obtained from 2 at % Sm3+ doped CaWO4 nanoparticles after excitation at 253 nm is shown 

in Fig.114 (a). The spectrum consists of three peaks at 565, 602 and 645 nm and is attributed 

to 4G5/2 Æ 6H5/2, 4G5/2 Æ 6H7/2 and 4G5/2 Æ 6H9/2 transitions, respectively of Sm3+ present in 

the CaWO4 lattice. Orange emission visible to naked eye, observed from Sm3+ doped CaWO4 

nanoparticles in methanol is clear from the photograph shown in the Fig.114 (b). The 

excitation spectrum monitored at 602 nm emission of Sm3+ is shown in Fig.114 (c). It 
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consists of strong band at 255 nm along with weak peaks above 350 nm and the former is 

assigned to the charge transfer transition of the WO4
2- group whereas latter to f-f transitions 

of Sm3+ ions present in the lattice. The results are similar to that of CaWO4:Dy3+ samples. 

The results on CaWO4:Sm3+ samples also establish that strong energy transfer takes place 

from host to the Ln3+ ions in the CaWO4 nanoparticles. The decay curve corresponding to 

4G5/2 level of Sm3+ is shown in Fig.114 (d). The decay is bi-exponential in nature with 

lifetime components 18.5 µs (33%) and 67.8 µs (67%). 
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Fig.114. Emission spectrum (a) and photograph of emission (b) obtained after excitation at 
253 nm from CaWO4: Sm3+ nanoparticles. Corresponding excitation spectrum and 
decay curve monitored at 602 nm emission are shown in Fig.114 (c and d).  
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 Purity of the observed colour from a sample is decided by the CIE coordinates, which 

can be calculated from the emission spectrum. The abbreviation CIE stands for the French 

word Commission Internationale de l'éclairage and is an international governing body on 

light, illumination, color and color spaces. The CIE coordinates have been calculated for the 

undoped, Eu3+, Tb3+, Dy3+ and Sm3+ doped CaWO4 nanoparticle from corresponding 

emission spectra obtained by exciting samples at 253 nm. These values are plotted in the 

standard CIE diagram (Fig.115) and they are showing blue, red, green, greenish yellow and 

orange for undoped, Eu3+, Tb3+, Dy3+ and Sm3+ doped samples, respectively. 

 

E = CaWO4

D = CaWO4: Tb3+

C = CaWO4: Dy3+

B = CaWO4: Sm3+

**A*
B*C

*D

*E

A = CaWO4: Eu3+

 

Fig.115. CIE diagram. A, B, C, D and E in the diagram represent the color coordinates 
corresponding to different CaWO4:Ln nanoparticles. 

 

6.11. Luminescence studies on Er3+ doped CaWO4 nanoparticles: Emission spectra from 

Er3+ doped CaWO4 nanoparticles excited at 255, 380 and 522 nm are shown in the Fig.116 

(a). Strong NIR emission centered at 1535 nm is observed from these nanoparticles. Highest 

emission intensity is observed after exciting at 380 nm light. This emission can be assigned to 

4I13/2→4I15/2 transition of Er3+ ion in the CaWO4 nanoparticles. The splitting in the emission 
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peak can be attributed to the crystal field effect on the Er3+ energy levels. Excitation spectrum 

corresponding to 1536 nm emission of Er3+ ions is shown in Fig.116 (b). It is consist of broad 

peak at 255 nm along with sharp peaks at 380, 488 and 522 nm. The broad band is due to the 

charge transfer process in WO4
2- structural units and sharp peaks are due to f-f transitions of 

Er3+ ion in the CaWO4 lattice. The appearance of 255 nm band in the excitation spectrum 

corresponding to Er3+ emission indicates that energy transfer is taking place from host to Er3+ 

ions. 
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Fig.116. (a) Emission spectrum and (b) excitation spectrum of Er3+ doped CaWO4 

nanoparticles. 
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CHAPTER 7: Summary and Conclusions 
 

The work presented in this thesis deals with the synthesis and characterization of a 

variety of inorganic luminescent nanomaterials based on oxides, phosphates, gallates and 

tungstates. Luminescent and structural properties of these materials before and after doping 

with lanthanide ions have been investigated by using   XRD, TEM, SEM, FT-IR, Raman, 

TG-DTA, 31P MAS NMR and photoluminescence techniques. A brief introduction about 

nanomaterials, their luminescence properties and different types of luminescent materials are 

described in chapter 1. Basic principles of different experimental techniques used for the 

characterization of the prepared nanomaterials are discussed in chapter 2. Subsequent 

chapters (chapters 3-6) deal with the synthesis of lanthanide doped nanomaterials and 

investigation of their structural and luminescent properties. The last chapter summarizes the 

work of the present investigation. 

GaOOH nanorods with different aspect ratios were prepared by changing the urea 

concentration in the reaction medium. Lanthanide doping (~ 1 at %) in GaOOH nanorods 

causes significant structural and morphological changes leading to amorphisation of 

crystalline GaOOH. Based on XRD, SEM and vibrational studies it is concluded that the 

lanthanide ions interact with hydroxyl groups present at the inter-layers of GaOOH to form 

europium hydroxide, thereby disrupting the OH groups, which stabilizes the layered structure 

of GaOOH. This leads to the formation of finely mixed europium and gallium hydroxides. 

Existence of energy transfer between GaOOH and dopant lanthanide ions confirms the fine 

dispersion of lanthanide hydroxides with GaOOH.  On heating, the nanorods maintain their 

morphology and lanthanide ions diffuses into the Ga2O3 lattice as revealed by the existence of 

strong energy transfer between the Ga2O3 and lanthanide ions. Strong NIR emission (~ 1535 
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nm) is observed from Er3+ doped Ga2O3 nanomaterials. These materials have potential 

applications in fabrication of optoelectronic devices and optical amplifiers. 

 Orthorhombic Sb2O3 nanorods were prepared at room temperature. A distinct 

photoluminescence band is observed over the region of 500–600 nm for Sb2O3 nanorods and 

has been attributed to the morphology of Sb2O3 nanorods. Changes occurring in the Sb3+–O–

Sb3+ stretching and bending modes of vibration in the Raman spectrum at ~260 and 445 cm-1 

further confirm their shape selective nature. Lanthanide ions like Eu3+ if present during the 

room temperature synthesis of Sb2O3 nanorods,  leads to its interaction with Sb3+ ions to  

form amorphous europium antimony hydroxide. The amorphous compound on heating at 

high temperatures leads to decomposition, giving Eu2O3 and hydrated Sb(V) oxides as major 

phases. 

 Hexagonal GaPO4 nanoparticles were prepared at a relatively low temperature of 

130°C in glycerol medium. Based on the 31P MAS NMR studies on undoped and lanthanide 

doped GaPO4 it is concluded that upto 2.5 at % Eu3+, protons of the surface Ga-OH linkages 

are replaced by Eu3+ ions and beyond which a separate EuPO4 phase is formed along with 

GaPO4 nanoparticles. 

 Nanoparticles and nanoribbons of lanthanide ions doped SbPO4 were prepared at a 

low temperature of 120°C in mediums like ethylene glycol and glycerol. Morphology has 

been found to vary with the relative concentration of the solvents used for preparation of the 

sample. Based on the detailed infrared and Raman studies it has been confirmed that 

lanthanide ions are replacing Sb3+ ions from the SbPO4 lattice. Energy transfer from Ce3+ to 

Tb3+ has been observed from Ce3+ co-doped SbPO4:Tb nanomaterials. The efficiency of 

energy transfer is around 60% in both SbPO4:Ce3+(2.5%),Tb3+(5%) nanomaterials and 

SbPO4:Ce3+(2.5%),Tb3+(5%) incorporated in silica (SbPO4:Ce3+(2.5%),Tb3+(5%)-SiO2). 

However, incorporating these nanomaterials into silica matrix leads to the effective shielding 
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of surface Tb3+ ions from stabilizing ligands resulting in a single exponential decay curve 

corresponding to the 5D4 level of Tb3+ from the sample.   

 BiPO4 nanomaterials with hexagonal and monoclinic crystal structures have been 

prepared in ethylene glycol medium at a relatively low temperature. There exist solid solution 

formation between BiPO4 and different Ln3+ ions (like La3+, Eu3+ and Tb3+) as confirmed 

from XRD, FTIR and solid-state MAS NMR experiments. This type of solid solutions 

formation is highly desirable for making efficient light emitting and light harvesting 

materials. Orange, red, green and yellow emission has been observed from Sm3+, Eu3+, Tb3+ 

and Dy3+ doped BiPO4 nanomaterials, respectively. In the case of Eu3+-Tb3+ co-doped 

samples energy transfer has been observed from Tb3+ to Eu3+. 

 ZnGa2O4 nanoparticles with tunable sizes have been prepared at a relatively low 

temperature of 120°C. Particle size of ZnGa2O4 nanoparticles can be tuned by either varying 

the precursor concentration or by varying the viscosity of the reaction medium. 

Photoluminescence from these nanoparticles can be tuned from 385 nm to 470 nm by varying 

the particle size. Luminescence from the ZnGa2O4 nanoparticles also gets tuned by In3+ 

doping in the lattice. Intense blue emission with quantum yield of ~10% is observed from 

ZnGa1.5In0.5O4 nanoparticles. These nanoparticles were incorporated in PMMA matrix and 

such composite materials are useful for developing polymer based display devices. Doping 

lanthanide ions like Eu3+, Tb3+
 and Ce3+ in ZnGa2O4 nanoparticles lead to the development of 

multicolour light emitting nanoparticles 

 Un-doped and lanthanide ions doped MWO4 (M = Ca, Sr, Ba) nanoparticles were 

prepared at room temperature in ethylene glycol medium. Under identical conditions, particle 

size increases with increase in ionic size of the metal ions. Blue emission is observed from 

CaWO4 nanoparticles and this emission intensity increases with increase in particle size. 

Bright orange, red, green and greenish yellow emissions are obtained from Sm3+, Eu3+, Tb3+ 
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and Dy3+ doped CaWO4 nanoparticles, respectively. Energy transfer from host to lanthanide 

ions in CaWO4:Ln3+ nanoparticles are responsible for its bright luminescence. Strong NIR 

(1536 nm) emission is observed from Er3+ doped CaWO4 nanoparticles. These materials are 

expected to have potential application in the fields of telecommunication and lasers. 

Future work: As an extension of this work, it is proposed that further work needs to be 

carried out for the development of ZnGa2O4 and CaWO4 nanoparticles doped with lanthanide 

ions like Er3+ for employing them in NIR imaging as well as in polymer based optical 

amplifiers. The nanoparticles should have high dispersability in different organic medium for 

incorporating them in different polymers. Using bulky organic ligands as capping agents 

during the synthesis is one of the options. Optical amplifier will amplify the optical signal 

without converting into electrical signal. In optical amplifiers, lanthanide ions act as gain 

medium, which can amplify the optical signal. Optical amplifiers are widely used in 

telecommunication applications. However, polymer based optical amplifiers will have 

advantages like easy and economic fabrication as well as improved mechanical flexibility 

compared to the already existing thin film based devices.  A schematic representation of 

optical amplifier is given in the Fig.117.  

 

Fig.117. Schematic representation of an optical amplifier. 
 

Some of the phosphates like SbPO4 has layered structure which can accommodate/ intercalate 

different types of ions in the inter layer spacing. This property can be used for separation of 

different types of ions or species from solution. There are also some studies on the ion 
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exchange properties of the nanomaterials. For example Dong, et al. [279] have demonstrated 

that when GdF3 nanoparticles dispersed in water are exposed to excess of La3+ ions, rapid ion 

exchange of Gd3+ from GdF3 lattice by La3+ ions in aqueous solution takes place, resulting in 

the formation of LaF3 nanoparticles and aqueous solution of Gd3+ ions. It is observed that 

lanthanide ions in the left of the periodic table (for example La3+) can replace the ones from 

the right (for example Gd3+) present in a lattice.  In a recent study [280] it is also observed 

that rapid cation exchange takes place between Ce3+ ions in CePO4 host and Eu3+ and Y3+
 

ions in solution. Hence, in order to understand the potential of nanomaterials for separation 

applications, it is proposed to carry out detailed ion exchange studies on phosphate based 

nanomaterials synthesized in the present study. 

 It is also proposed to carry out work on electro-luminescence properties of the 

nanomaterials like ZnGa2O4, CaWO4, Sb2O3, etc., after incorporating them in suitable 

polymers. This will be helpful for the development of polymer based display devices. The 

general approach used for electroluminescence devices is given in the Fig.118. It consists of 

anode (generally ITO coated glass), hole injector, emissive layer and cathode. Electrons will 

be injected from cathode while holes will be injected from anode. They will recombine in the 

emissive layer which is nanoparticles incorporated polymer film. 

 

Fig. 118. Schematic diagram of an electro-luminescent device. 
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